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Abstract:

Semiconducting 2D siloxene nanosheets of thickness 1.7nm and band gap of 2.54 eV are 

synthesized using simple chemical route. Strong photoluminescence is observed in the as-

synthesized nanosheets due to presence of oxygen atoms. The photoluminescence behaviour 

of siloxene nanosheets is investigated by controlling temperature, excitation and pH of the 

solution to understand the optical response and stability of the material. The as-synthesized 

sample heated with temperature 200  shows a blue shift of 90 nm compared to the sample ℃

synthesized at room temperature. The low temperature luminescence measurements of as-

synthesized samples dried at different temperatures viz. 27, 100 and 200 . It is seen that the ℃

luminescence intensity is increasing with decreasing temperature for the sample dried at room 

temperature. However, after heating the sample at 100 the luminescence intensity is not only ℃, 

increased but also red-shifted up to 52 nm. The photocurrent has been measured for the device 

structure of ITO/PEDOT: PSS/Siloxene/Al with different film thicknesses to optimize the 

photocurrent and the maximum percentage change in photo power gain. The maximum 

photopower gain of 2693% is observed for the film thickness of 600nm. 

Keywords:Siloxene Nanosheet, Rapidly synthesized, Photoluminescence, Photo-induced 

conductivity



1. Introduction

Now-a-days, the two-dimensional (2D) materials are the main focus in the area of nanoscale 

materials because of their unique structures, electronic and optical properties and applications in 

nano devices. Extensive research has been carried out on graphene, the two-dimensional (2D) 

hexagonal lattice in different field’s viz. field effect transistors [1-4], organic photovoltaic [5-7] 

and transparent conducting coating for optoelectronic devices [8-13]. It is well known that 

graphene has a very poor optical activity because of its zero band gap. However, superior optical 

property has been generated in graphene by introducing functionalization, doping or intercalation 

[14-25] techniques. On the other hand, siloxene, another graphene like 2D material with silicon 

backbone is a direct band gap semiconductor.  Therefore, siloxene is an alternative 2D material 

which possesses good optical activity without any functionalization, doping or intercalation. 

Different chemical structures such as Weiss structure and the Kautsky structure are already 

available in the literature [26-28]. Deak et al. presented the oxygen incorporation into a planar 

silicon matrix resulting quantum confinement effect which is responsible for the luminescence 

behaviour [29]. Here we have introduced a simple technique to synthesize siloxene nanosheets. 

The two-dimensional (2D) silicon network in siloxene is characterized via XRD, FTIR, TEM, 

XPS, UV-Vis absorption etc. The direct band gap (2.54 eV) of siloxene also demands the 

pronounced upcoming 2D semiconductor for application in electronic devices. The 

photoluminescence of siloxene nanosheets is investigated carefully with respect to excitation, 

temperature, and pH effect to understand the optical response and stability of the material. The 

temperature dependent PL spectra of siloxene nanosheets are carried out for the excitation at 380 

nm. The intensity of photoluminescence of 2D siloxene nanosheet is increased significantly with 

decreasing temperature down to 120K. Upon further decreasing the temperature down to 77K, the 



PL intensity becomes almost saturated. From the pH dependent PL spectra it is seen that the 

maximum intensity is obtained at pH 1 and the intensity is gradually decreasing and blue shifted 

with increasing pH from 1 to 10. The PL spectra of sample heated at different temperatures (27-

200  are measured. The low temperature PL measurements for the siloxene heated at different ℃)

temperatures 100 and 200 in the form of film are carried out over the temperature from 77-300K. ℃ 

It is seen that the PL intensity is increased for sample heated at 200  whereas for sample heated ℃

at 100  the PL intensity not only increased but also red-shifted by an amount of 52nm.  The decay ℃

time (1.38ns) of exciton has been measured carefully to investigate the change in electronic 

conductivity under light i.e. photoconductivity. So, the photocurrent has been measured for the 

device structure of ITO/PEDOT: PSS/Siloxene/Al.  We have also measured the change in 

photocurrent for different thicknesses of siloxene nanosheets. It is to be mentioned that noticeable 

power gain (∆P/PD=2693%) is achieved for the as-synthesized siloxene film of thickness of 

600nm. 

2. Experimental section

2.1. Materials: Calcium silicide (CaSi2, Merck), hydrochloric acid (35%, Merck), ethanol (99.9%, 

Merck), indium tin oxide (ITO) coated glass and double distilled water were used as received.

2.2. Synthesis of siloxene sheet from CaSi2:

A mixture of 0.5g of CaSi2 in 20ml conc. HCl (35%) is dispersed at 00 C and sonicated for 2h. 

After sonication the black residue is turned to yellowish green and then it is poured in to 100ml of 

ethanol taken in a beaker. This material was washed several times using ethanol to remove CaCl2 

and dried in vacuum oven at 500 C.
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2.3. Characterization: 

Fourier Transform Infra-Red (FTIR) measurements are carried out using a NICOLET MAGNA 

IR 750 system. Raman spectra of the  composites are done using a micro-Raman JYT-6400 model. 

The crystal structure of the sample is determined by a X-ray diffractometer (Seifert 3000P) using 

Cu Kα radiation (λ = 1.54178 Å). The morphology and the detailed structural features are 

investigated by a high-resolution transmission electron microscopy (HRTEM; JEOL 2100). UV-

Vis measurements are taken with a Cary UV 5000 spectrophotometer. Photoluminescence spectra 

are collected using PTI QM-400 spectroflurometer.  The optical measurements were done by 

taking a small amount of the purified sample dispersed in ethanol in a quartz cuvette for pH 

dependent spectra. The fabrication of the device is provided in the Fig. S1 (Supporting 

Information). In the first step, ITO (indium tin oxide) coated glass is properly cleaned through 

ultrasonic vibration in acetone and isopropyl alcohol and dried it in a dry nitrogen. Then a thin 

layer of PEDOT: PSS (poly 3, 4-ethylenedioxythiophene: polystyrene sulfonate) is coated on ITO 

via the spin coater with 5000 rpm and heated in a vacuum oven at 700C for 1 h. Siloxene is coated 

on the PEDOT: PSS layer and dried at room temperature. On the top of the Siloxene film an Al 

electrode of thickness ~ 100 nm is deposited using a thermal evaporator and the photocurrent is 

measured in the device structure of ITO/PEDOT: PSS /Siloxene/Al. The Siloxene films of 

different thicknesses have also been prepared to investigate the thickness dependent photocurrent. 

Thickness of the film was measured by FE-SEM analysis which is shown in Fig. S2 (supporting 

Information). The current-Voltage (I-V) measurements are carried out with the electrometer at 

room temperature. An electrometer (Keithley 2601) is connected to the two electrodes of the 



device. Photocurrent measurements are performed under the UV irradiation (365nm) using Xenon 

lamp.

3. Results and Discussion

3.1. Morphology and structural study: The FTIR measurement has been performed to measure 

the different vibrational modes of siloxene. Fig.1a shows the peaks according to the respective 

vibrational modes. A broad absorption peak at 3460cm-1 corresponds to O-H stretching vibration 

for siloxene synthesized at room temperature. Two peaks with very small intensities at 2245 cm-1 

and 2134cm-1 correspond to H-SiO3 and Si-H stretching vibrations [30]. The Peak for O-H bending 

vibration is appeared at 1623cm-1. A very sharp peak arises at 1067cm-1 due to Si-O-Si stretching 

vibration. Peak at 873cm-1 appears for Si-H2 scissor mode. Peaks at 938 cm-1 and 446cm-1 are 

ascribed to Si-O-Si bend stretching and Si-O-Si bending vibration [31] respectively. We have also 

measured the FTIR spectra of the siloxene annealed at 100 0C and 200 0C. The broad absorption 

peak at 3460cm-1 is decreased in case of annealed samples indicating the removal of –OH groups 

from the siloxene. We have also studied the Raman spectra for potential conformation of Si-O-Si 

in siloxene. Normally, the strong Raman peak of Si-O-Si arises in the region 450-550 cm-1. The 

experimental result of Fig.1b shows the peak at 517 cm-1 due to the motion of O in Si-O-Si 

symmetric stretching-bending modes. 

To investigate the morphology and structure of Siloxene, we have measured the high-resolution 

transmission electron microscopy (TEM) and X-ray diffraction (XRD) respectively. The X-ray 

diffraction pattern of as-prepared siloxene is shown in Fig. 2a. The diffraction peaks observed at 

14.1° and 26.1° correspond to the (001) and (100) planes of two-dimensional (2D) silicon derived 

from CaSi2 with a hexagonal unit cell [32]. The broad peak at 2θ=14.1° represents the siloxene 



interlayer spacing confirming the layer type structure of siloxene. The lower magnified TEM 

images in Fig. 2b show almost layer type structure of Siloxene and EDX analysis of the TEM 

image represents the presence of Si and O in siloxene as given in Fig. S3 (Supporting Information). 

We have also measured atomic force microscopy (AFM) to characterize the thickness and surface 

morphology. Here we observe the 2D sheet of thickness 1.7nm as shown in Fig. 3. Therefore, 

AFM images confirm the formation of 2D nanosheet of siloxene.

3.2 Optical and photoconductivity study

3.2.1 UV-Vis study:

The UV-Vis absorption spectra of siloxene at room temperature are shown in Fig. 4a. Two peaks 

are observed, one being due to π−π*transition at 240nm and the other due to n−π*transition at 

400nm. The optical band gap of siloxene has been determined from the absorption spectra. The 

absorption occurs due to interband transition among extended states in both valence and 

conduction bands. The absorption coefficient depends on optical band gap, given by: 

α(ν)= K(hν – Eg)n/hν  (1) 

where  Eg represents  the  optical  band  gap,  K is  a  constant  and  n  depends  on  the  nature  of  

the  transition  having  values  of  1/2,  3/2,  2,  and  3  for  allowed  direct  transitions,  forbidden  

direct transitions,  allowed  indirect  transitions,  and  forbidden  indirect  transitions  respectively. 

The siloxene shows the direct band gap of 2.54 eV which is quite interesting result due to the 

growth of two dimensional arrays of Si and O atoms. The theoretical calculation of siloxene 

represents the direct band gap of the order of 1.5 eV to 2.7 eV [33-34]. 



3.2.2 Photoluminescence (PL) Study: Photoluminescence (PL) is a non-destructive and powerful 

method to investigate the carrier recombination and transport characteristics in semiconductor 

materials. Here we have measured the excitation, temperature and pH dependent 

photoluminescence of siloxene as shown in Fig. 5. From the excitation dependent PL, we have 

shown that the recombination occurs at a particular luminescent centre for the wide range of 

excitation from 300nm to 520nm as shown in Fig. 5a. The maximum PL intensity is obtained at 

room temperature for the excitation of 380nm.

The pH dependent PL of siloxene is studied to understand the influence of surface functional 

groups on the fluorescence of siloxene. The luminescence spectra of siloxene are presented as a 

function of pH which varies from 1 to 10 which is shown in Fig. 5b. From the pH dependent PL, 

we have shown that photoluminescence intensity is the maximum at pH 1 and the intensity is 

gradually  blue shifted and decreased with increasing pH from 1 up to 10 and vanishes the PL 

property at pH10. This is because of the fact that electrons are donated to the valence band of 

siloxene form the HOMO of the OH group. Filling up of partial holes by the donating electron 

should diminish the radiative recombination. So PL is decreased and blue shifted due to the partial 

filling of upper level of valance band. The mechanism of decreasing PL with increasing pH is 

schematically shown in Fig. S4 (Supporting Information).

The temperature dependent PL measurements on the siloxene film are carried out over the 

temperature range from 77-300K using a low temperature optical cryostat (OXFORD 

INSTRUMENT- Optistat DN2). Fig. 5c shows the PL spectra as a function of temperature at 

excitation wavelength 380nm. With decreasing temperature down to 120K, the intensity of 

photoluminescence for the film at room temperature is increased significantly as shown in Fig 5d.  

After further decreasing the temperature down to 77K, the luminosity of the material becomes 



saturated. This saturation of low-temperature PL mechanism (77 K – 120 K) of the material is 

dominated by localized PL transitions, while the high-temperature PL mechanism is dominated by 

the thermal energy which prevents the exciton localization.

We have also measured the PL spectra of siloxene film heated at different temperatures (27 to 200

 as shown in Fig. 6a and the PL peak positions at 534, 486, 441, 439 and 439nm are obtained ℃)

for siloxene film heated at temperatures 27, 50, 100,150 and 200  respectively. It is observed ℃

that the PL peak for the excitation of 380nm is blue shifted with increasing temperature up to 100 

 however the PL intensity is reduced with further increasing temperature up to 200 . It is ℃ ℃

explained on the basis of the mechanism as shown in Fig. 7.  We have also investigated the 

temperature dependent PL spectra for siloxene film heated at different temperatures to understand 

the luminescence stability. The low temperature PL spectra for the siloxene film heated at 

temperature 100 and 200  are shown in Fig. 6b & 6c and it is observed that PL intensity for film ℃

heated at 200   increases with decreasing temperature but for the film heated at 100  the PL ℃ ℃

intensity is increased as well as peak position is also red shifted up to 52nm. These experiments 

indicate that the localized states ( for  –OH groups)  in between HOMO and LUMO levels for 

siloxene heated at 200   are almost removed compared to that of the siloxene heated at 100 .℃ ℃

3.4.3 Time correlated single photon counting (TCSPC) study: Time-Correlated Single Photon 

Counting (TCSPC) study is performed because of the fact that lifetime measurement is one of the 

most powerful tools to investigate photoconductivity. The time resolved decay curve of siloxene 

is shown in Fig. 6d. A laser pulse is used as an excitation source of 375 nm to measure the decay 

times for our sample and the data are best fitted to uniexponential function by using the equation 

<τ> =(Σaiτi
2)/(Σaiτi). The decay time of siloxene sheet is obtained as 1.38ns. 



3.2.4 Photoconductivity study: We have studied the change in electronic conductivity of 2D 

siloxene nanosheet in absence and presence of light using the current- voltage characteristic (I-V). 

It has been investigated for the device structure of ITO/PEDOT:PSS/Siloxene/Al which is 

schematically shown in Fig. S1. I-V characteristics are measured under the dark and light 

illumination by xenon source at excitation wavelength of 365nm. The power gain for all the 

devices are estimated from the I-V curves shown in Fig. 8 using light - ∆𝑃 = [∫1.5
―1.5𝐼𝑑𝑣] [∫1.5

―1.5𝐼𝑑𝑣]
dark and are summarized in Table 1. The photoconductivity obtained at excitation wavelength of 

365nm is shown in Fig. S5. It is also seen that the maximum power gain is achieved for the medium 

thickness (600nm) of siloxene. The thickness dependence of the device performance is also 

investigated and seen that the photocurrent is the maximum for the sample with medium thickness. 

For thinner sample, a portion of light passes through the film resulting lower photocurrent while 

for thicker sample increased scattering from the extra layers reduces the photocurrent. Therefore, 

the optimum film thickness for the best device performance is 600nm.    

4. Conclusion:

In summary, it is seen that graphene being a very good 2D electronic material, its optical property 

is very poor due to its zero gap. Its optical property has been generated by introducing 

functionalization, doping or intercalation [13-24, 34] techniques. However, in the present work, 

we have introduced another graphene like two dimensional mateial with silicon backbone i.e. 

siloxene nanosheet, which is a direct bandgap semiconductor synthesized using a very simple 

route. It takes only 2 hours to synthesize. The photoluminescence behaviour of 2D semiconductor 

siloxene with direct band gap has been successfully characterized in details with respect to 

excitation, pH and heating effect to understand the luminescence intensity, photostability. From 

the photo response of the material with respect to excitation, heating effect and pH effect it is seen 



that the 2D siloxene nanosheet which does not need any functionalization, doping or intercalation to 

synthesize as compared to graphene might be an alternative for the upcoming semiconductor industry for 

application in electronic devices.
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Fig. 1 (a) FT-IR spectra of siloxene; (b) Raman spectra of siloxene



Fig. 2(a) XRD spectra of siloxene; (b) TEMimage of siloxene

Fig.3 AFM image of siloxene nanosheet



Fig.4 (a) UV-Vis spectra of siloxene nanosheet; (b) direct bandgap of siloxene nanosheet

Fig.5 (a) excitation independent photoluminescence spectra of siloxene nanosheet; (b) pH effect 

on PL spectra of siloxene nanosheet;  (c) Low temperature PL spectra of siloxene nanosheet;(d) 



PL intensity vs temperature curve of siloxene nanosheet, inset shows digital photograph of 

siloxene nanosheet under visible and UV light (365nm)

Fig.6 (a) PL spectra of siloxene nanosheet heated at different temperature, The low temperature 

dependent PL of siloxene heated at (b) 100 0C (c) 200 0C and  (d) decay time measurement of 

siloxene



Fig.7 Mechanism of blue shifted PL for heated siloxene nanosheet

Fig.8. I-V characteristic of siloxene nanosheet for different thickness (a) 230nm (b) 600nm and 

(c) >1µm
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