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New insights into APCVD 
grown monolayer  MoS2 
using time‑domain terahertz 
spectroscopy
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Z. A. Ansari 4, Dibakar Roy Chowdhury 3 & Bipin Kumar Gupta 1,2*

In modern era, wireless communications at ultrafast speed are need of the hour and search for its 
solution through cutting edge sciences is a new perspective. To address this issue, the data rates in 
order of terabits per second (TBPS) could be a key step for the realization of emerging sixth generation 
(6G) networks utilizing terahertz (THz) frequency regime. In this context, new class of transition 
metal dichalcogenides (TMDs) have been introduced as potential candidates for future generation 
wireless THz technology. Herein, a strategy has been adopted to synthesize high‑quality monolayer 
of molybdenum di‑sulfide  (MoS2) using indigenously developed atmospheric pressure chemical 
vapor deposition (APCVD) set‑up. Further, the time‑domain transmission and sheet conductivity 
were studied as well as a plausible mechanism of terahertz response for monolayer  MoS2 has been 
proposed and compared with bulk  MoS2. Hence, the obtained results set a stepping stone to employ 
the monolayer  MoS2 as potential quantum materials benefitting the next generation terahertz 
communication devices.

The vision of wireless connectivity (Sixth generation connectivity, 6G) is drawing more and more attention due 
to its implications for the upcoming era of super smart society, artificial intelligence, virtual reality, smart wear-
able, autonomous vehicles, wireless local area networks (WLANs), high speed train (HST) communications and 
many  more1–3. Idea behind 6G is to achieve the target of Tbps data transmissions with eco-friendly and green 
connectivity for the betterment of life quality for upcoming generation. As higher data traffic rate is mandatory in 
6G wireless connectivity, introduction of underutilized terahertz (THz) frequency band is an important  step4,5 by 
widening the operational band to THz frequency range and hence, doors for higher data rate and better spectral 
efficiency can be opened up. Typically, THz domain signifies the frequency band between microwave and optical 
frequencies as its spectral range lies between 100 GHz and 10 THz. This frequency range carries tremendous 
potential for deployment of novel futuristic technologies based on photonics as well as electronics. For real life 
application of the wireless communication system, suitable materials need to be utilized for related components 
which should be designed and assembled in efficient manner and compact in nature. Therefore, in search of 
desired THz materials, scientific community is now looking at newly emergent 2D materials that can replace 
existing bulk  materials6. The atomically thin layered materials are considered exceptionally different due to their 
novel physical, chemical and electronic properties such as thermal stability, higher mobility, greater conductivity, 
bandgap tuneability, broadband optical response, and tuneable THz  properties7. Thus, these materials exhibit 
great potential in dynamically controlling THz responsivity along with THz wave  propagation7. Specific category 
of 2D materials i.e. transition metal diachalcogenides (TMDs) have captured significant attention because of 
stabilized carrier mobility and higher modulation efficiency. In this series, monolayer semiconducting TMDs 
with low dielectric screening reveal strongly bound  excitons8. By using proper optical excitation, the excitonic 
properties of TMDs can be tuned in ultrafast reaction time of photoluminescence (PL)9. It is well established 
that the thinning down a bulk TMDs to monolayer or few layers, shifts the band gap from indirect to direct band 
 gap10. Among all such TMDs,  MoS2 could be the most suitable and promising candidate for THz applications 
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because of its excellent electronic and photonic properties at room  temperatures11–14
. There are several methods 

to grow monolayer  MoS2, out of which, the atmospheric pressure CVD (APCVD) approach is strongly favoured 
due to the most consistent, high quality, large production and cost-effective along with vacuum-free and con-
tinuous in-line processes.

In present investigations, highly reproducible triangular shaped monolayer  MoS2 have been synthesised using 
indigenously developed low cost APCVD set-up at “CSIR-NPL” with calibration of zone temperature, main-
taining required temperature gradient throughout the quartz tube. The commercially available CVD set-up is 
equipped with two zone furnace system including expensive MFC (mass flow controller), whereas we developed 
a single zone CVD furnace set-up that is cost-effective and equipped with a calibrated high precision rotameter 
to control the inert gas atmosphere in quartz tube for synthesizing highly reproducible monolayer  MoS2. The 
quality of as-synthesized triangular shaped monolayer  MoS2 were characterized and validated through several 
standard microscopic and spectroscopic techniques. The major focus of the present work is to explore the 
terahertz characteristics of monolayer  MoS2 using time-domain terahertz spectroscopy and comparative study 
with bulk  MoS2 which is not reported so far. Additionally, the plausible mechanism of terahertz characteristics 
associated with monolayer  MoS2 has also been advocated in details to realize its potential usage in emerging 
next-generation terahertz communication devices as compared to bulk  MoS2.

Results and discussion
Monolayer  MoS2 was successfully synthesized on  SiO2/Si substrates using single step APCVD growth technique 
using indigenously developed set-up at “CSIR-NPL”, New Delhi, India as shown in Fig. 1. Prior to the APCVD 
for growth of monolayer  MoS2, all raw materials  (MoO3 and S powder) utilized in the process were examined 
by XRD for purity and phase identification as shown in Fig. S1a,b. The quality growth, desired shape and size 
of monolayer  MoS2 is dependent upon several important parameters such as growth time, growth temperature, 
heating rate, amount of gas flow and distance between the  precursors15. The reaction of vapor phase includes two 
step process, first is formation of intermediate phase of  MoO3-x during which sulfurization of oxide takes place 
as shown in Eq. (1), followed by further saturation of sulfurization to complete the proper substitution of sulfur 
in place of unsaturated oxygen atoms formed during the first intermediate  reaction16,17.

The following equation is obtained after combining above Eqs. (1) and (2):

In general, a complete sulfurization is essential for the growth of monolayer  MoS2, while incomplete sulfuriza-
tion is responsible for the growth of other secondary oxide phase  (MoO2/MoO3) of molybdenum. To avoid the 
incomplete sulfurization, the rate of sulfurization can be controlled by changing the position of the sulfur boat 
to the center of heating zone, where the substrate was placed. Furthermore, by reducing proportion amount of 
sulfur to precursor (molybdenum oxide;  MoO3) the growth of high-quality triangular shaped monolayer  MoS2 
can be controlled. Although, to optimize the condition, several statistical runs of APCVD were performed by 
varying the weight ratio of sulfur to  MoO3 and different morphologies as well as size of monolayer  MoS2 were 
deposited. The optimization of particular triangular shape has been done as reported in our previous  studies15,18. 
The customized growth condition of present investigation has been discussed in details in experimental sec-
tion. Further, to validate the number of layers of  MoS2 in terms of qualitative analysis, Raman spectroscopy 

(1)2MoO3 + xS → 2MoO3−x + xSO2

(2)2MoO3−x + (7− x)S → 2MoS2 + (3− x)SO2

(3)2MoO3 + 7S → 2MoS2 + 3SO2

Figure 1.  Pictorial representations of (a) Indigenously laboratory developed APCVD setup for synthesis of 
monolayer  MoS2. (b) Horizontal split furnace and quartz tube. (c) Arrangement of precursors and substrate 
inside the furnace at constant heating zone before growth and (d) after growth.
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was performed. Prior to Raman spectroscopy, the shape, size (lateral dimension) and thickness contrast of as-
deposited  MoS2 layer on  SiO2/Si substrate were probed by optical and field emission scanning electron micros-
copy (FESEM) techniques as shown in Fig. 2. The optical micrographs of as-deposited  MoS2 layer on  SiO2/Si at 
different magnifications have been shown in Fig. 2a–c. The morphologies of APCVD deposited  MoS2 appear in 
triangular shape with maximum lateral size of 26.06 μm have been observed as shown in Fig. 2a and its contrast 
appears as atomically thin  layer19. The maximum average lateral size is estimated to be 21.34 μm with number 
density of ~ 0.006/μm2 through FESEM as shown in Fig. 2d–f. The estimation of number density of monolayer 
 MoS2 is described in details in the supporting note S2 and Fig. S2a,b (supporting information). The estimation 
of number density of monolayer  MoS2 is based on selective area of FESEM image as shown in Fig. S2a. The 
statistical areal distribution of as grown monolayer  MoS2 is shown in Fig. S2b. The lateral size of atomically 
thin triangular shape  MoS2 obtained from FESEM is in agreement with lateral dimension obtained from optical 
micrographs as shown above. The same atomically thin triangular shape  MoS2 sample has been used here from 
different selective areas for optical micrographs and FESEM. Raman spectroscopy has been performed to confirm 
the quality and number of layers of as deposited  MoS2 by APCVD as shown in Fig. 3a. The Raman results exhibit 
the presence of two vibrational modes related to in-plane vibration of Mo and S atoms  (E1

2g) at 381.57  cm−1, and 
out-of-plane vibration of S atoms  (A1g) at 401.04  cm−1, respectively. The frequency difference (Δk) between  E1

2g 
and  A1g modes found to be 19.47  cm−1 at three different spatial positions of triangle selected randomly and the 
peak width estimated from full width half maxima (FWHM) of  E1

2g mode which is found to be 4.76  cm−1 are in 
good agreement with the previously reported values of the APCVD-grown monolayer  MoS2

18,20–25. Furthermore, 
Raman mapping has been performed to reveal the uniformity of vibrational modes throughout the triangular 
surface of as deposited monolayer  MoS2. The Raman mapping images of the triangular surface of as deposited 
monolayer  MoS2 evidence the uniform spatial distribution of Raman intensity for  E1

2g and  A1g vibration modes 
across the surface as shown in Fig. 3b,c. Thus, the Raman mapping confirms that the grown  MoS2 layer, consist-
ing of triangular shapes is monolayer in nature. Further, the absorption spectrum of monolayer  MoS2 has been 
recorded for determination of optical transition as represented in Fig. S3. The UV–visible absorption spectrum 
and tauc plot of monolayer  MoS2 have shown in Fig. S3a,b, respectively. The A excitonic peak (632 nm) emerges 
due to direct excitonic transition while B excitonic peak (612 nm) arises because of spin–orbit coupling as 
shown in Fig. S3a. Tauc equation has been employed to calculate the direct band gap of monolayer  MoS2 which 
is 1.82 eV as shown in Fig. S3b.

where α: absorption coefficient, h: Planck’s constant, ν: frequency, A: proportionality constant,  Eg: band gap 
energy, γ: nature of electronic transition (for direct allowed transition, γ = 2)

Furthermore, photoluminescence (PL) has been employed to analyse the quality of  MoS2 monolayer at room 
temperature as shown in Fig. 4a. The PL spectra of triangular shaped  MoS2 monolayer exhibits two distinct 
emission peaks upon excitation with diode laser of wavelength of 532 nm (2.33 eV). Among them, one of the 
strongest A excitonic emission peak is present in the range of 675 nm (1.83 eV) to 686 nm (1.80 eV) and centred 
at 680.86 nm (1.82 eV). While, another comparatively weak excitonic emission peak B exhibits in the range of 

(4)Tauc equation: (αhυ)γ = A
(

hυ − Eg
)

Figure 2.  Optical and FESEM  Characterizations. (a–c) Optical images. (d–f) FESEM images at different 
magnifications of APCVD grown monolayer  MoS2 over a 300 nm thick Si/SiO2 substrate, scale bar is mentioned.
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Figure 3.  Raman spectra and Raman mapping. (a) Raman spectra of triangular shaped monolayer  MoS2 on 
300 nm thick  SiO2/Si substrate at three of its corners represented with their frequency difference of in and out of 
plane vibration modes. Raman mapping of triangular shaped monolayer  MoS2with respect to vibrational peak 
intensity. (b) In plane  E1

2g. (c) Out of plane  A1g, scale bar is mentioned.

Figure 4.  PL Characterization and Mechanism. (a) PL spectrum of monolayer  MoS2 over 300 nm thick 
 SiO2/Si substrate. (b) Deconvoluted PL spectrum of monolayer  MoS2. (c) Proposed energy level diagram. 
(d) PL mapping of monolayer  MoS2 with respect to A excitonic peak, scale bar is mentioned.
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624 nm (1.98 eV) to 642 nm (1.93 eV), and centred at 633.82 nm (1.95 eV). The A and B excitonic emission 
peaks arise due to spin split direct transitions at K point of the Brillouin  zone26–29. The PL emission intensity ratio 
of A to B excitonic peak was calculated to be 1.77 which again confirms the good quality of monolayer  MoS2. 
The higher intensity of excitonic peak A than B implies the direct band transition in monolayer  MoS2. Thus, the 
obtained PL result suggests that the quality of the  MoS2 is monolayer in nature with direct band gap of 1.82 eV 
as compared to indirect bandgap of bulk  MoS2 i.e.1.23 eV, which is also further supported by the above estimated 
band gap from absorption spectrum using Tauc plot and is in good agreement with several recently published 
PL  results18,30. Further, a deconvolution analysis of the observed PL spectrum was carried out by fitting with 
three Gaussian peaks i.e. the neutral exciton  (A0), negative trion  (A−) and B exciton. The  A0 and B exciton peaks 
are associated with the direct band gap transition at K point in the Brillouin zone, with energy split from the 
strong valance band spin orbit coupling as shown in Fig. 4b. The deconvolution result of PL spectrum exhibits 
 Ao exciton energy of 1.82  eV21 while  A- trion energy has been 1.79  eV18. The PL intensity of  Ao is observed to be 
much higher as compared to  A- trion, as shown in Fig. 4b. Moreover, for better understanding of PL emission 
process as well as dominance of  Ao exciton as compared to  A- trion in as-synthesized monolayer  MoS2, an energy 
level diagram has been proposed as shown in Fig. 4c. This energy level diagram also helps to understand the 
difference in PL process between bulk  MoS2 indirect transition to monolayer direct transition. The theoretical 
prediction based on bulk  MoS2 models estimates the indirect bandgap of bulk  MoS2 as ~ 1.23  eV26. However, in 
case of monolayer  MoS2, it is interesting to know that A excitonic peak originates due to the change of excitonic 
binding energy or the gap between the lowest conduction band (CB) and the highest valence band at the K 
point of the Brillouin zone. One remarkable feature could be realized that when the layer thickness decreases 
from even few layers and bi-layer to monolayer, the PL intensity of A exciton is strongly enhanced, but that of 
the B exciton remains nearly constant as also experimentally observed by many research groups including our 
previous work related to quantification of number of layers of  MoS2 using PL  spectroscopy19. On the other hand, 
in case of bulk  MoS2 the PL intensity of A and B excitons are almost  similar31,32. While the presence of strong 
enhancement of the A exciton in monolayer  MoS2 as compared to bulk can be implicit by the indirect to direct 
bandgap crossover as shown in Fig. 4a as well as in proposed energy level diagram in Fig. 4c, where the stark 
contrast of B exciton is showing a nearly constant intensity even when the thickness is changed from mono to 
bi-layer as reported in our previous studies  too19. On the ground of experimental observations, the proposed 
energy level diagram represents the A and B excitonic transitions including the possibility of dominance of the 
presence of  Ao exciton as compared to  A− trion defect level which is originated due to charge impurity present 
in as-synthesized monolayer  MoS2. The lesser presence of  A− trion defect level exhibits the better crystal qual-
ity of as-synthesized monolayer  MoS2. Furthermore, the dominance of  Ao exciton interaction with conduction 
band electron of higher energy creates a strong charge-dynamic coupling which is strongly impactful to generate 
terahertz characteristics as further realized in THz-TDS results. Moreover, the spatial PL intensity distribution 
and uniformity of individual triangular shaped monolayer  MoS2 throughout the surface was examined by using 
PL mapping technique where, 532 nm diode laser as a source of excitation with spot size of 1 μm was used as 
shown in Fig. 4d. The PL mapping result reveals that the PL intensity of the as–synthesized monolayer  MoS2 is 
excellent with almost uniform throughout the triangular  region33.

Furthermore, the terahertz time-domain spectroscopy (THz-TDS) has been performed to explore the tera-
hertz characteristics of as deposited monolayer  MoS2 and bulk  MoS2 on sapphire substrate by APCVD technique 
as shown in Fig. S434. To satisfy the need of highly resistive substrate in order to nullify the conductive losses in 
 substrate35 for THz-TDS measurements, the sapphire substrate has been chosen for growth of monolayer  MoS2. 
The already optimized growth parameters have been used for growth on sapphire substrate as discussed in the 
experimental part. In order to validate the quality of as grown material on sapphire, optical microscopy and 
Raman spectroscopy have also been performed on sapphire substrates and shown in Figs. S5 and S6, respectively. 
A femtosecond (FS) laser in combination with photo conductive switch antennas are used for the generation and 
detection of terahertz pulses in order to perform THz-TDS on the samples. Briefly, THz-TDS technique employs 
a FS laser beam, which further splits into two parts. The actual set-up of THz-TDS as shown in Fig. 5a,b, depicts a 
schematic representation of THz-TDS mechanism. In THz-TDS set-up, the laser beam arrangements have been 
adapted in two different paths to generate and detect THz. In the first path, the split laser beam travels directly to 
terahertz emitter where it interacts with (photo conducting antenna) PCA to generate THz pulses, while in the 
other path, split beam reaches the detector in order to detect the generated THz pulse that passes through the 
sample  (MoS2 on sapphire substrate in this study) (see, Fig. 5b). In such a way detected time-domain terahertz 
pulses are further converted to frequency domain spectra through Fast Fourier Transformations (FFT) resulting 
in complex frequency domain spectrum, as represented in the below equation:

Therefore, THz-TDS can provide information about both amplitude and phase. Further, with suitable ref-
erencing, such transmission measurements can provide frequency dependent information related to various 
optical parameters, such as, conductivity, refractive index, absorption coefficient etc. of the material under study. 
It is noticeable that the THz-TDS are performed at room temperature in dry atmosphere in order to negate the 
influence of humidity in atmosphere, hence capturing the genuine responses of  MoS2 as closely as possible. The 
precision of the measurement of time-domain terahertz spectroscopy was calibrated in air as well as with known 
commercial sample for terahertz spectroscopy in terms of responsivity, transmission and sheet conductivity.

Further, Tinkham approximation has been used for analyzing the behaviors of ultrathin films of monolayer 
 MoS2

36. Therefore, frequency dependent conductivities are estimated using the following relations:

(5)E(t) →FT 1
√
2π

+∞
∫

−∞
E(t)e−iωtdt = E(ω)
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here FFT: Fast Fourier transformation, T ( ω ): Transmission,  ns: refractive index of substrate,  Z0: vacuum imped-
ance (377 Ω),  Esample(ω ): THz EF signal through sample,  Esubstrate(ω ): THz EF signal through bare substrate

The observations for time-domain terahertz spectroscopy were carried out in denser areas of triangular 
shaped monolayers  MoS2 (greater than terahertz spot size) which was confirmed through optical microscopy 
prior to measurement. Figure 6 depicts the terahertz signal transmitted through the monolayer  MoS2. The 
transmitted terahertz pulse through the monolayer  MoS2 has been first converted into frequency domain spec-
tra using FFT and analyzed further. THz-TDS measurements of monolayer  MoS2 show that monolayer  MoS2 
can modulate radiations as well as demonstrate certain responsivity in THz region as shown in Fig. 6a–d. The 
THz pulses transmitted through the monolayer  MoS2 on sapphire substrate along with bare sapphire  substrate36 
are shown in Fig. 6a. However, Fig. 6b is the magnified view of pulses which are shown in Fig. 6a to depict the 
changes in transmitted pulses closely. Further, THz conductivities extracted using Tinkham relation are shown 
in Fig. 6d for 0.2–1.2 THz frequency range. Transmission spectrum through monolayer  MoS2 demonstrates 
high transmission of almost 94–97% which is observed due to higher energy bandgap present in monolayer 
 MoS2 as shown in Fig. 6c. The extracted sheet conductivity of APCVD grown monolayer  MoS2 turn out to be 
around 1.3304 ×  10−4 to 4.42 ×  10−4 S/m for the similar THz frequency range. The unusual variations observed in 
conductivity may be explained on the basis of Ligand field theory. However, there is no direct evidence reported 
earlier for the same effects. Generally, this theory results from combining the principles laid out in molecular 
orbital theory and crystal field theory, which describes the loss of degeneracy of metal d-orbitals in transition 
metal complexes. It is interesting to observe that a small absorption of THz signal and blue shift were found due 
to the quantum confinement effect observed in monolayer  MoS2. A strong spin–orbit coupling occurred between 
the conduction band electrons with  A0 exciton direct band transition which is also supported by observed PL 
results as discussed earlier. Furthermore, for better clarity, a plausible mechanism has been proposed to explain 
the outstanding THz characteristics of atomic thin monolayer  MoS2 as compared to bulk  MoS2 crystal as shown 
in Fig. 7. Prior to perform the THz-TDS on bulk  MoS2, the purity of crystal has been examined through XRD 
and Raman spectroscopy techniques as shown in Figs. S7 and S8, respectively. In present investigations, THz 
beam (with spot size 3–4 mm) is passed through monolayer  MoS2 sample on substrate. Simultaneously, sub-
strate is also measured prior to any deposition of monolayer  MoS2 on it as shown in Fig. S9. Finally, THz signal 
passing through  (MoS2 + substrate) is normalized with THz signal passed through substrate only. This way, we 
captured intrinsic true response of monolayer  MoS2, which is devoid of any contribution from the substrate. 
The Fig. 7a–c represents the condition when terahertz signal interacts with bulk  MoS2. The bulk  MoS2 has lesser 
transmission of THz signal due to the continuous valance and conduction bands with indirect transition (band 
gap; Eg = 1.23 eV) which results in larger carrier-carrier scattering (2 ps)37, carrier-phonon scattering (20 ps)37 and 
intervalley scattering (2.6 ns)37. However, in case of monolayer  MoS2, direct transition (band gap; Eg = 1.82 eV) 
with discreet energy levels are present because of quantum confinement effect, and hence defect assisted scat-
tering (< 500 fs)37 and carrier-phonon scattering (80 ps) 37 are less dominating as shown in Fig. 7d–f. Therefore, 
transmission and sheet conductivity behave differently in case of thin monolayer  MoS2 while it quenches sig-
nificantly in case of bulk  MoS2. Additionally, the terahertz signal is transmitted efficiently through monolayer 

(6)σ(ω) =
1+ n

Z0

(

1

T(ω)
− 1

)

(7)T(ω) =
FFT[Esample(ω)]

FFT[Esubstrate(ω)]

Figure 5.  Time-domain terahertz spectroscopy set-up. (a) Pictorial view of Time-domain terahertz 
spectroscopy system and insets show the arrangement of parabolic mirrors and sample holder. (b) Schematic 
representation of THz-TDS mechanism.
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 MoS2 because resonance phenomenon occurs between incident and transmitted terahertz signals which can 
provide larger room for tunability for future THz  applications38. This resonance phenomenon happens since the 
terahertz signal pulse width better synchronizes with monolayer  MoS2 because of intraband direct transition 
time 350 fs  reported9 earlier for monolayer  MoS2 which is much smaller than the terahertz signal pulse width as 
shown in Fig. 7e. However, in case of bulk  MoS2, the terahertz pulse does not synchronize with terahertz signal 
pulse width because of indirect band transition time is in the range of ps which is much larger than the terahertz 
signal pulse width in the range of fs. This could cause the major loss of terahertz signal in bulk  MoS2, as a result 
the terahertz signal intensity in bulk  MoS2 could significantly reduce as shown in proposed mechanism in Fig. 7b 
and major loss of terahertz signal, as also observed by other research groups for bulk  MoS2

39. We also performed 
two more measurements for monolayer  MoS2 at different denser locations to ensure the successive repeatability 
of results as shown in Fig. S9. Thus, the time-domain spectroscopy results of monolayer  MoS2 quantum material 
legitimate its potential use in wireless communication and also ignite us further to do more study for ultrafast, 
pump probe and 2D coherent spectroscopy to design the suitable next generation THz devices which will be 
our forth coming focus of study.

Conclusions
A successful strategy has been proposed to synthesize high-quality monolayer  MoS2 using indigenously devel-
oped APCVD set-up at CSIR-NPL, New Delhi, India. The optical and spectroscopic characterizations of mon-
olayer  MoS2 have been qualitatively validated through optical microscopy, Raman, UV–Vis and PL spectroscopic 
techniques which further quantified the deposited  MoS2 as monolayer in nature. Moreover, the uniformity and 
spatial intensity distribution throughout the surface of monolayer  MoS2 crystals was ensured through PL and 
Raman mapping and also the different in-plane and out-of-plane vibrations of Mo and S atoms were explored 
through mapping  E1

2g at 381.57  cm−1 and  A1g at 401.04  cm−1, respectively. The morphologies and average lateral 
sizes of ~ 21.34 µm of triangular shaped monolayer  MoS2 was confirmed through FESEM. Moreover, THz-TDS 
studies reveal conductivities in the range of 1.3304 ×  10–4 – 4.42 ×  10–4 S/m for monolayer  MoS2 within the fre-
quency range of 0.2–1.2 THz frequency domain. The unexplored terahertz characteristics of monolayer  MoS2 
was explained in details and successfully proposed a plausible mechanism to explore the optical absorption 

Figure 6.  Time-domain terahertz spectroscopy. (a) THz signal transmitted through monolayer  MoS2 on 
sapphire substrate. (b) Magnified view of transmitted THz pulse. (c) Transmitted THz amplitude through 
monolayer  MoS2 grown on sapphire substrate. (d) Extracted sheet conductivity of monolayer  MoS2 on sapphire 
substrate in THz frequency domain.
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introduced by electron-photon interaction in monolayer  MoS2 including the role of exciton carrier dynamics 
of monolayer  MoS2 due to quantum confinement effect and supported the argument through observed PL and 
terahertz characteristics. Thus, the obtained terahertz optoelectronic characteristics show potential of monolayer 
 MoS2 as an impactful quantum material as compared to bulk  MoS2 to participate in the development of next 
generation compact terahertz communication devices.

Experimental
An indigenously laboratory developed APCVD set was used for the synthesis of monolayer  MoS2 as shown in 
Fig. 1. The APCVD growth of monolayer  MoS2 was optimized by varying the growth parameters such as gas flow, 
amount of precursors, distance between ceramic boats and heating rate etc.40. This process involves the evapora-
tion of both metal oxide and chalcogenide precursors at different growth temperatures in horizontal quartz tube 
furnace. Several statistical runs of APCVD have been performed to optimize the condition on the basis of above 
mentioned parameters. The optimum condition was achieved with 15 mg of  MoO3 (99.9%, Sigma Aldrich) and 
100 mg of Sulfur (S) (CDH Delhi) in powder forms in ceramic boats (length 9 cm each) and placed in heating 
zone of furnace (24 cm distant from each other) in a quartz tube (specifications: 12.27 cm length, 6 cm inner 
diameter, 6.5 cm outer diameter) in horizontal split furnace. Further, cleaned  SiO2/Si substrates were kept facing 
down on ceramic boat inside the furnace. Before heating the tube, it was evacuated with rotary pump for vacuum 
pressure of 4.2 torr to avoid any contamination of Oxygen during the growth. Further, the tube was purged with 
480 sccm of Argon (Ar) gas for removal of different kinds of absorbed contaminants in tube such as moisture, 
dust etc.16. This inert environment of tube avoids any reaction with foreign particle impurities during the growth 
process. Heating ramp was set up for 30 min and was completed in two sequential  steps21,40,41. In first step, gas 
flow was maintained same as before (480 sccm) up to 300 °C with a ramping rate of 14 °C/min. In second step, 
the gas flow rate was reduced to 120 sccm and ramping rate was allowed to increase up to 23 °C/min. Then, the 
vapor phase reaction started and growth was performed for 5  minutes41 at 655 °C. After growth, the furnace 
was allowed to cool naturally. Flow of inert gas was maintained inside the tube until the furnace cools down 
to 100 °C16,34. After the successful deposition of the monolayer  MoS2 on  SiO2/Si substrate, the substrate color 
was observed different from its body color prior to perform APCVD process. After successful deposition, the 
monolayer  MoS2 was analyzed under optical microscope and other characterization techniques to validate its 
monolayer nature and quality. The optimum conditions were also examined through several sequential statisti-
cal runs and ultimately developed the strategy to grow highly reproducible monolayer  MoS2 using indigenously 
developed APCVD.

Figure 7.  Comparative study of THz characteristics of bulk and monolayer  MoS2. (a) THz signal incident 
on bulk  MoS2. (b) THz signal transmitted through bulk  MoS2. (c) Energy level diagram of bulk  MoS2. (d) THz 
signal incident on monolayer  MoS2. (e) THz signal transmitted through monolayer  MoS2. (f) Energy level 
diagram of monolayer  MoS2.
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Characterization tools. To check the quality and purity of precursors prior to monolayer growth process 
using APCVD method, X-ray diffraction (XRD) has been performed for commercially purchased  MoO3powder, 
S powder and  MoS2 crystal through Rigaku made Mini Flex II X-ray diffractometer with Cu Kα1 (λ = 1.5418Å) 
radiation source. In order to visualize the synthesized monolayer  MoS2 over the  SiO2/Si substrate (GMS-India), 
optical microscopy is carried out. The LEXT 3D measuring laser microscope OLS5100 having the objective 
lenses MPLAPON50XLEXT, MPLAPON100XLEXT with NA and working distance of 0.95 and 0.35  mm, 
respectively is utilized in the bright field mode. Field emission scanning electron microscopy (FESEM) was 
used to investigate the surface morphology with Carl ZEISSSUPRA40 VP. Further, the Raman spectroscopy of 
monolayer  MoS2 and bulk  MoS2 crystal was performed using Renishaw inViaTM confocal Raman microscope 
(magnification: 50x, 100x) source of excitation laser wavelength was selected 532 nm/2.33 eV energy in back-
scattering mode at room temperature. UV–visible absorption spectrum of the monolayer has been recorded 
using a UV–Vis spectrometer (AvaLight-DH-S-BAL) to observe the excitonic states. The complementary PL 
spectroscopy was carried out using same instrument of Raman with configurational change at room tempera-
ture. The Raman and PL mappings were also performed with same Renishaw inViaTM confocal equipment at 
different spatial mapping configurations. The terahertz characteristics of monolayer  MoS2 was extensively exam-
ined with the help of THz- TDS using TOPTICA FemtoErb THz FD6.5 (specifications: laser radiation 1560 nm, 
repetition rate 100 MHz, laser power 80mW).

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 20 December 2022; Accepted: 6 March 2023

References
 1. Pawar, A. Y. et al. Terahertz technology and its applications. Drug Invent. Today 5, 157–163 (2013).
 2. Serghiou, D. et al. Terahertz channel propagation phenomena, measurement techniques and modeling for 6G wireless communica-

tion applications: A survey, open challenges and future research directions. IEEE Commun. Surv. Tutor. 24, 1957–1996 (2022).
 3. Koelemeij, J. et al. A hybrid optical—Wireless network for decimetre-level terrestrial positioning. Nature 611, 473–478 (2022).
 4. Chowdhury, M. Z. et al. 6G wireless communication systems: applications, requirements, technologies, challenges, and research 

directions. IEEE Open J. Commun. Soc. 1, 957–975 (2020).
 5. Devi, K. M., Jana, S. & Chowdhury, D. R. Topological edge states in an all-dielectric terahertz photonic crystal. Opt. Mater. Express 

11(8), 2445–2458 (2021).
 6. Goel, N. & Kumar, M. 2D materials for terahertz application. Nano Express 2, 031001 (2021).
 7. Abohmra, A. et al. Two-dimensional materials for future terahertz wireless communications. IEEE Open J. Antennas Propag. 3, 

217–228 (2022).
 8. Shi, J. et al. THz photonics in two dimensional materials and metamaterials: Properties, devices and prospects. J. Mater. Chem. C 

6, 1291–1306 (2018).
 9. Docherty, C. J. et al. Ultrafast transient terahertz conductivity of monolayer  MoS2 and  WSe2 grown by chemical vapor deposition. 

ACS Nano 8, 11147–11153 (2014).
 10. Splendiani, A. et al. Emerging photoluminescence in monolayer  MoS2. Nano Lett. 10, 1271–1275 (2010).
 11. Wei, L. et al. Electronic and elastic properties of  MoS2. Phys. B 405, 2498–2502 (2010).
 12. Yue, Q. et al. Mechanical and electronic properties of monolayer  MoS2 under elastic strain. Phys. Lett. A 376, 1166–1170 (2012).
 13. Ermolaev, G. A. et al. Broadband optical properties of monolayer and bulk  MoS2. npj 2D Mater. Appl. 4, 21 (2020).
 14. Mak, K. et al. Atomically thin  MoS2: A new direct-gap semiconductor. Phys. Rev. Lett. 105, 136805 (2010).
 15. Bradford, J. Growth and Characterisation of Two-Dimensional Materials and Their Heterostructures on SiC. PhD Thesis ,Queensland 

University of Technology (2019).
 16. Guo, Y. et al.  MoO3–MoS2 vertical heterostructures synthesized via one-step CVD process for optoelectronics. 2D Materials 8, 

035036 (2021).
 17. Luo, B. Chemical vapor deposition of clean and pure  MoS2 crystals by inhibition of  MoO3−x intermediates. CrystEngComm 23, 

146–152 (2020).
 18. Papanai, G. S. et al. New insight into the growth of monolayer  MoS2 flakes using an indigenously developed CVD setup: A study 

on shape evolution and spectroscopy. Mater. Chem. Front. 5, 5429–5441 (2021).
 19. Papanai, G. S. et al. Qualitative analysis of mechanically exfoliated  MoS2 nanosheets using spectroscopic probes. J. Phys. Chem. C 

123, 27264–27271 (2019).
 20. Li, F. et al. Anomalous lattice vibrations of CVD-grown monolayer  MoS2 probed using linear polarized excitation light. Nanoscale 

11, 13725–13730 (2019).
 21. Han, T. et al. Probing the growth improvement of large-size high quality monolayer  MoS2 by APCVD. Nanomaterials 9, 433 (2019).
 22. Li, X. et al. Isotope-engineering the thermal conductivity of two-dimensional  MoS2. ACS Nano 13, 2481–2489 (2019).
 23. Yu, Y. et al. Controlled scalable synthesis of uniform, high-quality monolayer and few-layer  MoS2 films. Sci. Rep. 3, 1–6 (2013).
 24. Wang, Q. et al. Wafer-scale highly oriented monolayer  MoS2 with large domain sizes. Nano Lett. 20, 7193–7199 (2020).
 25. Yalon, E. et al. Temperature-dependent thermal boundary conductance of monolayer  MoS2 by Raman thermometry. ACS Appl. 

Mater. Interfaces 9, 43013–43020 (2017).
 26. Cheiwchanchamnangij, T. & Lambrecht, W. R. J. P. R. B. Quasiparticle band structure calculation of monolayer, bilayer, and bulk 

 MoS2. Phys. Rev. B 85, 205302 (2012).
 27. Mueller, T. & Malic, E. J. N. D. M. Exciton physics and device application of two-dimensional transition metal dichalcogenide 

semiconductors. npj 2D Mater. Appl. 2, 1–12 (2018).
 28. Steinhoff, A. et al. Efficient excitonic photoluminescence in direct and indirect band gap monolayer  MoS2. Nano Lett. 15, 6841–6847 

(2015).
 29. Kim, J. G. et al. Effect of interlayer interactions on exciton luminescence in atomic-layered  MoS2 crystals. Sci. Rep. 6, 1–7 (2016).
 30. Chowdhury, S. et al. Two-step growth of uniform monolayer  MoS2 nanosheets by metal-organic chemical vapor deposition. ACS 

Omega 6, 10343–10351 (2021).
 31. Kim, T. & Shin, J. C. Structural defects in a nanomesh of bulk  MoS2 using an anodic aluminum oxide template for photolumines-

cence efficiency enhancement. Sci. Rep. 8, 6648 (2018).



10

Vol:.(1234567890)

Scientific Reports |         (2023) 13:4146  | https://doi.org/10.1038/s41598-023-31102-z

www.nature.com/scientificreports/

 32. Dhakal, K. et al. Confocal absorption spectral imaging of  MoS2: Optical transitions depending on the atomic thickness of intrinsic 
and chemically doped  MoS2. Nanoscale 6, 13028–13035 (2014).

 33. Sun, L. et al. Vacuum level dependent photoluminescence in chemical vapor deposition-grown monolayer  MoS2. Sci. Rep. 7, 1–9 
(2017).

 34. Wen, H. et al. Magneto-optical properties of monolayer  MoS2-SiO2/Si structure measured via terahertz time-domain spectroscopy. 
Nano Select 2, 90–98 (2021).

 35. Jana, A. et al. External bias dependent dynamic terahertz propagation through  BiFeO3 film. Nanotechnology 33, 325202 (2022).
 36. Wang, C. et al. Substrate-induced electronic localization in monolayer  MoS2 measured via terahertz spectroscopy. Opt. Lett. 44, 

4139–4142 (2019).
 37. Shi, H. et al. Exciton dynamics in suspended monolayer and few-layer  MoS2 2D crystals. ACS Nano 7, 1072–1080 (2013).
 38. Shi, J. et al. Room temperature terahertz electroabsorption modulation by excitons in monolayer transition metal dichalcogenides. 

Nano Lett. 20, 5214–5220 (2020).
 39. Yan, X. et al. Dielectric property of  MoS2 crystal in terahertz and visible region. Appl. Opt. 54, 6732–6736 (2015).
 40. Tummala, P. et al. Application-oriented growth of a molybdenum disulfide  (MoS2) single layer by means of parametrically opti-

mized chemical vapor deposition. Materials (Basel) 13, 2786 (2020).
 41. Singh, A. et al. NaCl-assisted substrate dependent 2D planar nucleated growth of  MoS2. Appl. Surf. Sci. 538, 148201 (2021).

Acknowledgements
Authors acknowledge the Director, Prof. Venugopal Achanta, CSIR-NPL, for providing the research facility for 
the mission mode project on “Metrology of 2D quantum materials”. We are thankful to Mr. Anish Bhargava and 
Anish Alam for their continuous support in the Optical Microscopy facility. We thank Dr. V.P.S. Awana for 
providing the XRD facility. We also thank Dr. J.S. Tawale for FESEM characterization. The authors, S.S and P.C. 
acknowledge to University Grant Commission (UGC), India and CSIR, India for their UGC-SRF and CSIR-JRF 
research fellowships, respectively. Authors SR and DRC acknowledges partial supports from 58/14/32/2019-
BRNS/11090. Authors acknowledge CIF, Jamia Millia Islamia for providing the Raman and PL measurements.

Author contributions
S.S. has conceived the concepts, investigations, methodology, analysis and writing draft of the research. P.C. has 
done some analysis part of the research. S.R. performed the time-domain terahertz spectroscopy measurements 
as well as helped in analyzation part. U. R. constructed the 3D view schematic representations of experiment. 
S.S. has helped in the fabrication of the samples and reviewed the writing part. Z.A.A. carried out Raman & 
PL measurements also edited and reviewed the project. D.R.C. provided the facility of time-domain terahertz 
spectroscopy measurement also edited and reviewed the writing part. B.K.G. conceived, conceptualized, edited, 
reviewed and supervised the project. All authors contributed to the preparation of the manuscript. Availability of 
Data and Materials: The datasets used and/or analysed during the current study available from the corresponding 
author on reasonable request.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 31102-z.

Correspondence and requests for materials should be addressed to B.K.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-31102-z
https://doi.org/10.1038/s41598-023-31102-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	New insights into APCVD grown monolayer MoS2 using time-domain terahertz spectroscopy
	Results and discussion
	Conclusions
	Experimental
	Characterization tools. 

	References
	Acknowledgements


