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ABSTRACT: This study investigates the structural, optical and gas sensing properties of tin 
oxide (SnO₂)-doped germanium oxide (GeO₂) thin films synthesised by pulsed laser deposition 
(PLD) on Si (111) substrates. Doping concentrations of 2 wt %, 3 wt%, 5 wt% and 8 wt% 
were employed using a constant laser energy of 350 mJ. The fabricated films were evaluated 
for ammonia (NH₃) gas sensing at operating temperatures of 200°C, 250°C and 300°C. X-ray 
diffraction (XRD) analysis confirmed that the deposited films were polycrystalline in nature. 
The dominant crystalline phases were identified as hexagonal GeO₂ (101) and SnO₂ (110). 
Scanning electron microscopy (SEM) images revealed a progressive increase in particle size 
with increasing SnO₂ doping concentration. In contrast, atomic force microscopy (AFM) 
analysis showed an increase in grain size distribution, surface roughness and root mean square 
(RMS) values as the SnO₂ content increased. Optical measurements indicated that absorbance 
increased with higher SnO₂ doping levels, accompanied by a reduction in the optical band 
gap energy. Gas sensing measurements demonstrated that the GeO₂ film doped with 8 wt% 
SnO₂ exhibited the best performance, achieving a maximum sensitivity of 16% at 300°C 
under exposure to 100 ppm NH₃. The optimised sensor also showed fast dynamic behaviour, 
with a response time (t_res) of 26.1 s and a recovery time (t_rec) of 34.1 s. The remaining 
GeO₂:SnO₂/Si samples exhibited comparatively lower and varied sensing responses.

Keywords: GeO2 Nanostructures, GeO2:SnO2 thin film, pulsed laser deposition (PLD), gas 
sensing, direct energy bandgap

1.	 INTRODUCTION

Semiconductors are the cornerstone of modern technology, driving advancements 
from microelectronics to renewable energy owing to their tunable electronic 
and optical properties. This has stimulated intensive research into metal oxide 
semiconductors (MOS) for cost-effective and high sensitivity gas sensing, which is 
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crucial for environmental monitoring and industrial safety.¹–³ Rutile germanium oxide 
(r-GeO₂) is a promising ultra-wide band gap (UWBG) semiconductor with a band 
gap of approximately 4.7 eV. It is distinguished by its high thermal conductivity and 
predicted carrier mobility. Unlike many conventional semiconductors, GeO₂ exhibits 
unique dipolar doping behaviour.⁴ Various phases of germanium oxide (GeOₓ and 
GeO₂), in both crystalline and amorphous forms, are widely utilised in applications 
such as photovoltaic modulators, optical fibres, nonlinear optics and gas sensors due to 
their favourable optical and electrical properties.⁵,⁶ However, the large band gap and 
inherently high resistivity of GeO₂ present challenges for scalable device applications. 
These limitations can be mitigated by optimising stoichiometry and controlling defect 
chemistry through approaches such as vacancy engineering. Although techniques such 
as chemical vapour deposition (CVD) and plasma sputtering are commonly employed 
for GeO₂ film fabrication, they often suffer from limited thickness precision and 
uniformity.⁷–¹⁰ Consequently, doping r-GeO₂, particularly with tin oxide (SnO₂), 
has emerged as an effective strategy to tailor its structural and electronic properties 
and to promote the formation of oxide heterojunctions.¹¹–¹³ In this context, pulsed 
laser deposition (PLD) offers a highly controlled physical method for fabricating 
semiconductor and insulating thin films, providing excellent control over thickness 
and homogeneity.¹⁴,¹⁵ Given that ammonia (NH₃) is a widely produced industrial 
by-product associated with significant toxicity and explosion risks, its detection is 
of considerable importance.¹⁶,¹⁷ This study investigates the synthesis of SnO₂-doped 
GeO₂ thin films using the PLD technique. The work systematically examines the 
influence of SnO₂ doping concentration on the structural and optical properties of 
GeO₂ and establishes a correlation between these modifications and the gas sensing 
performance toward NH₃. SnO₂-doped GeO₂ thin films were deposited on Si 
substrates at a laser energy of 350 mJ and characterised using X-ray diffraction (XRD), 
scanning electron microscopy (SEM), atomic force microscopy (AFM) and optical 
analysis. Their NH₃ gas sensing performance was subsequently evaluated.

2.	 EXPERIMENTAL PROCEDURES

GeO₂:SnO₂ thin films were synthesised using a PLD system. High-purity GeO₂ and 
SnO₂ powders (99.99% purity, supplied by Sigma) were mixed and pressed into 
targets containing varying SnO₂ concentrations (2 wt %, 3 wt%, 5 wt% and 8 wt%). 
The deposition process was performed at room temperature (20°C) under a vacuum 
pressure of 10⁻² mbar using a Q-switched pulsed laser (DIAMOND-289, λ = 289 
nm).18 Figure 1 shows the PLD system. The laser operating parameters were set to a 
pulse energy of 350 mJ, a pulse duration of 10 ns, and a repetition rate of 6 Hz, with a 
total of 100 pulses. The laser beam was focused onto the target at an incident angle of 
45°. Prior to deposition, Si (111) substrates were thoroughly cleaned and positioned 
at a target-to-substrate distance of 3 cm. The film thickness, measured by optical 



Journal of Physical Science, Vol. 37(2), 103–121, 2026	 105

interferometry, ranged from 259 nm for the undoped GeO₂ sample to 263 nm for the 
film doped with 8 wt% SnO₂. NH3 gas sensing measurements were carried out using 
a custom-built sensing system equipped with a UNI-T UT81B digital multimeter. 
The test gases were introduced under controlled flow conditions.

Figure 1: The PLD experimental setup.

2.1	 Film Characterisation 

XRD analysis was performed using a Philips PW 1055 diffractometer to investigate the 
structural properties of the GeO₂:SnO₂ thin films. Optical absorption measurements 
in the wavelength range of 300 nm–800 nm were carried out using a Perkin Elmer 
UV–Vis spectrophotometer (Model UV-VIS-PV-88). Surface morphology was 
examined using a JEOL 700 SEM. The gas sensing properties were evaluated using 
a custom-built sensing system. In addition, X-ray photoelectron spectroscopy (XPS) 
was conducted with a PHI 5800 ESCA system (47.0.211) to analyse the surface 
elemental composition and chemical states.

3.	 RESULTS AND DISCUSSIONS 

Figure 2 presents the XRD patterns of pure GeO₂ and GeO₂:SnO₂ thin films 
deposited by PLD at a laser energy of 350 mJ. The films exhibit a polycrystalline 
hexagonal phase consistent with JCPDS No. 98-020-0731.19 Prominent diffraction 
peaks observed at 2θ values of 20.170°, 26.282° and 41.26° are indexed to the (010), 
(011) and (102) crystallographic planes, respectively. The sharp and well-defined 
diffraction peaks indicate good crystallinity and structural ordering of the deposited 
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films.20 The crystallite size (D), which represents the size of coherently diffracting 
domains (typically smaller than the particle size observed in SEM analysis), was 
estimated using the Debye–Scherrer equation:20

D
cos
k
b i
m= 	 (1)

Where, D is the crystallite size (nm), k is the shape factor (0.9), λ is the X-ray wavelength 
(0.15406 nm for Cu–Kα radiation), β is the full width at half maximum (FWHM) of 
the diffraction peak (in radians) and θ is the Bragg angle (in degrees). Table 1 shows 
an increase in crystallite size with increasing SnO₂ doping concentration, which is 
consistent with the findings reported by Chen et al., (2025).20

Figure 2:	 XRD of GeO2:SnO2 thin films, (a) GeO2 pure, (b) GeO2:2wt%SnO2,  
(c) GeO2:3wt%SnO2, (d) GeO2:5wt%SnO2 and (e) GeO2:8wt%SnO2.
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Table 1: Crystal structure parameters of GeO2 on a silicon base at various SnO2 ratios

Name of 
sample

2θ 
(degree)

FWHM 
(rad)

Crystallite 
size (nm)

Miller 
Indices 
(hkl)

Standard 
d-spacing 
(Å)

Experimental 
d-spacing (Å)

Crystalline 
system

GeO2 20.60 0.322 26.70 (010) 4.33 4.30 Hexagonal

26.91 0.357 25.91 (011) 3.21 3.19 Hexagonal

36.01 0.301 32.85 (110) 2.45 2.41 Hexagonal

38.02 0.3 33.84 (102) 3.21 3.20 Hexagonal

42.01 0.401 26.84 (020) 2.17 2.15 Hexagonal

Average Crystallite 29.228

2 wt% 
SnO2

20.842 0.353 24.45 (010) 4.322 4.303 Hexagonal

26.733 0.422 21.22 (011) 3.348 3.360 Hexagonal

36.121 0.357 29.05 (011) 2.491 2.480 Hexagonal

36.89 0.343 29.16 (110) 2.385 2.335 Hexagonal

41.956 0.311 34.59 (102) 2.161 2.150 Hexagonal

61.51 0.227 73.88 (121) 1.754 1.732 Tetragonal

Average Crystallite 35.39

3wt%SnO2 20.52 0.34 25.12 (010) 4.32 4.29 Hexagonal

26.74 0.528 17.22 (011) 3.33 3.35 Hexagonal

36.11 0.356 28.29 (011) 2.48 2.47 Tetragonal

38.27 0.358 28.46 (110) 2.35 2.3 Hexagonal

42.87 0.24 45.48 (102) 2.15 2.14 Hexagonal

50.87 0.27 46.95 (020) 2.40 2.37 Hexagonal

61.87 0.28 60.60 (121) 1.56 1.51 Tetragonal

66.04 0.12 164.16 (031) 1.63 1.58 Tetragonal

Average Crystallite 52.035

5wt%SnO2 20.56 0.322 26.53 (010) 4.33 4.30 Hexagonal

26.90 0.467 19.20 (011) 3.21 3.19 Hexagonal

36.00 0.321 30.80 (011) 2.45 2.41 Tetragonal

38.01 0.20 50.76 (110) 3.21 3.20 Hexagonal

41.23 0.501 21.23 (102) 2.17 2.15 Hexagonal

50.82 0.28 101.53 (020) 2.40 2.37 Hexagonal

61.88 0.29 50.22 (121) 1.56 1.51 Tetragonal

66.04 0.12 164.16 (031) 1.63 1.58 Tetragonal

Average Crystallite 58.05 nm
(continue on next page)
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Name of 
sample

2θ 
(degree)

FWHM 
(rad)

Crystallite 
size (nm)

Miller 
Indices 
(hkl)

Standard 
d-spacing 
(Å)

Experimental 
d-spacing (Å)

Crystalline 
system

8wt%SnO2 20.57 0.321 26.61 (010) 4.32 4.28 Hexagonal

26.93 0.321 27,95 (011) 3.33 3.19 Hexagonal

36.21 0.311 31.88 (011) 2.47 2.41 Tetragonal

38.41 0.41 24.90 (110) 3.22 3.20 Hexagonal

41.33 0.32 33.29 (102) 2.18 2.16 Hexagonal

50.81 0.21 60.28 (020) 2.39 2.35 Hexagonal

61.78 0.211 80.18 (121) 1.59 1.54 Tetragonal

66.24 0.11 180.50 (031) 1.73 1.69 Tetragonal

Average Crystallite 58.19

AFM images (see Figure 3) of the GeO₂:SnO₂ thin films demonstrate good adhesion 
and uniform surface morphology across all samples. As summarised in Table 2, 
the average surface grain size remains below 106 nm. A clear trend is observed in 
which the average grain size increases with increasing SnO₂ doping concentration. 
This behaviour may be attributed to the enhanced ejection of smaller particles from 
the target surface at higher laser energy, resulting in a higher deposition rate and 
subsequent coalescence into larger grains on the substrate surface.23 

Figure 3: AFM images of GeO2:SnO2 thin films at 350 mJ, (a) GeO2, (b) GeO2:2wt%SnO2, 
(c) GeO2:3wt%SnO2, (d) GeO2:5wt%SnO2 and (e) GeO2:8wt%SnO2.

Table 1: (continued)
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Table 2: AFM data for GeO2:SnO2 thin films at 350 mJ

Samples Grain size (nm) Roughness (nm) Root mean square (nm)

GeO2 65.01 20.2 25.1

GeO2:2wt%SnO2 78.40 38.1 45.7

GeO2:3wt%SnO2 92.15 43.5 50.2

GeO2:5wt%SnO2 97.07 50.1 56.3

GeO2:8wt%SnO2 105.34 56.7 60.4

SEM images (see Figure 4) of the GeO₂:SnO₂ thin films deposited at a laser energy 
of 350 mJ reveal homogeneous porous structures distributed over the silicon 
substrate. Particle size analysis indicates a non-monotonic variation with SnO₂ 
doping concentration. The GeO₂:2 wt% SnO₂ (171.96 nm) and GeO₂:8 wt% SnO₂ 
(105.22 nm) samples exhibit relatively larger particle sizes, whereas the undoped 
GeO₂ (60.71 nm) and 5 wt% SnO₂ (18.73 nm) films show comparatively smaller 
particles. All films display a semi-spherical particle morphology. In general, increasing 
SnO₂ doping tends to reduce particle size and limit agglomeration. However, the 
observed agglomeration in the 2 wt% and 8 wt% SnO₂ films may be associated with 
fluctuations in deposition conditions during the PLD process. These variations in 
particle size are likely influenced by the interaction between the pulsed laser plume 
dynamics and the ionic radius of the incorporated Sn⁺ ions.24 

Figure 5 presents the XPS analysis of the GeO₂:2 wt% SnO₂ and GeO₂:8 wt% SnO₂ 
thin films. As shown in Figure 5a, the Sn 3d spectrum confirms the presence of 
Sn(IV) species in both samples, with the characteristic Sn 3d₅/₂ and Sn 3d₃/₂ peaks 
located at 486.2 eV and 494.6 eV, respectively.25 Quantitative XPS analysis revealed 
notable differences in the surface Sn/Ge atomic ratios, with values of 17% for GeO₂:2 
wt% SnO₂ and 7% for GeO₂:8 wt% SnO₂. These results indicate a preferential 
surface enrichment of Sn species, which may influence crystal growth and structural 
ordering.26 Interestingly, the GeO₂:2 wt% SnO₂ sample exhibits more than twice the 
surface Sn/Ge ratio compared to the 8 wt% SnO₂ film (see Figure 5b). This suggests 
that at lower nominal doping levels and deposition conditions, Sn species may be 
more strongly segregated at the surface rather than uniformly incorporated into the 
film bulk.27 
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Figure 4:	 SEM images of GeO2:SnO2, (a) GeO2, (b) GeO2:2wt%SnO2, (c) GeO2:3wt%SnO2, 
(d) GeO2:5wt%SnO2 and (e) GeO2:8wt%SnO2.
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Figure 5:	 XPS spectra of GeO₂:2 wt.% SnO₂ and GeO₂:8 wt.% SnO₂ thin films in (a) Sn 3d  
and O 1s, and (b) core-level regions, presented for direct comparison.

Figure 6 illustrates the UV–Vis absorption spectra of GeO₂:SnO₂ thin films deposited 
on Si substrates at ambient temperature using a laser energy of 350 mJ. All samples 
exhibited a maximum absorption peak at approximately 290 nm. The absorbance 
generally increased with increasing SnO₂ doping concentration. In particular, the 
GeO₂:8 wt% SnO₂ sample showed the highest absorbance value (0.95), while the 
remaining samples ranged between 0.92 and 0.944 for 0 wt%, 2 wt%, 3 wt% and 
5 wt% SnO₂, respectively. The enhanced absorption with higher doping levels may 
be attributed to modifications in film microstructure and increased defect density, 
which can enhance light–matter interaction.27 These observations are consistent with 
previous reports by Ristoscu et al.28 Figure 7 presents the optical band gap (E_g) of 
GeO₂:SnO₂ thin films deposited by PLD at varying SnO₂ concentrations (0 wt%–8 
wt%). The band gap was determined by extrapolating the linear region of the Tauc 
plot ([αhν]² versus hν). The doping concentration had a pronounced effect on E_g. 
An initial increase in the band gap was observed at 2 wt% SnO₂ (3.65 eV), followed 
by a gradual decrease at higher doping levels, reaching 3.45 eV for the 8 wt% SnO₂ 
sample. The undoped GeO₂ film exhibited an E_g value of 3.55 eV. These findings 
are in agreement with the results reported by Takane et al.25 The observed band gap 
variations can be attributed to competing mechanisms. The initial increase may be 
associated with improved crystallinity and structural rearrangement, whereas the 
subsequent decrease at higher doping levels may result from the introduction of defect 
states or impurity energy levels within the band structure.29 
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Figure 6: The absorbance of GeO2:SnO2 at different ratios at 350 mJ.
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Figure 7: Energy gap of GeO2:SnO2 thin films at different ratios at 350 mJ.

The sensing performance of metal oxide thin film sensors are strongly influenced 
by the film morphology, as the surface structure directly determines the effective 
area available for gas interaction. Enhanced sensitivity is achieved by maximising 
the active surface area, where increased surface roughness and optimised grain size 
provide a higher density of active adsorption sites for NH₃ molecules.30 In addition, 
grain boundaries play a crucial role in signal modulation, acting as potential energy 
barriers whose height changes significantly upon gas exposure.31 A highly porous 
structure further promotes efficient gas diffusion and penetration throughout the 
film, which is essential for achieving rapid response and recovery characteristics.32 
Therefore, precise structural and morphological control is fundamental to optimising 
gas–solid interactions and improving overall sensing performance (see Figure 8). 
Figures 9–13 present the real-time resistance response of the GeO₂:SnO₂ gas sensors, 
demonstrating good reversibility and repeatability. The GeO₂:2 wt% SnO₂ sensor 
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exhibited a decrease in sensitivity with increasing operating temperature, whereas the 
GeO₂:8 wt% SnO₂ sensor showed enhanced sensitivity at elevated temperatures. The 
undoped GeO₂/Si sensor achieved a maximum sensitivity of 20% at 250°C, while 
the GeO₂:SnO₂/Si composite sensors reached 16% at 300°C. A decline in sensitivity 
was observed at temperatures above 300°C, which can be attributed to accelerated gas 
desorption processes.33 The sensing mechanism is based on resistance variation upon 
gas exposure, initiated by the adsorption of oxygen species on the surface of GeO₂ and 
GeO₂:SnO₂ films under ambient air conditions.34–36 

g ads2 2"q q^ ]h g 	 (2)

ads e ads e ads202 2 2" "q q q+ +- - - - -] ] ]g g g 	 (3)

e 2"q q+- - - 	 (4)

Upon contact to NH3 gas, hydrogen molecules engage with oxygen ions affixed to the 
sensor surface, as delineated by the following equation.

NH N Hads e2 3 3 30 03 22"+ + +- -] g 	 (5)

Upon exposure to NH₃, electrons released from surface reactions reduce the width 
of the electron depletion layer, leading to a change in electrical resistance and an 
enhanced sensor response. The adsorption of NH₃, driven by its reducing nature, 
significantly affects the surface chemistry of the GeO₂:SnO₂ films. All sensors were 
subjected to identical calcination conditions to ensure comparable physical properties. 
The sensor response was primarily influenced by the GeO₂–SnO₂ composition and 
was further enhanced by increasing the SnO₂ doping level and optimising the laser 
energy during fabrication.33 Larger grain sizes contributed to improved sensitivity by 
increasing the effective active surface area and the number of adsorption sites, whereas 
smaller particles provided fewer active sites, resulting in reduced sensitivity.37 The 
calculated sensitivity values are summarised in Table 3. Improved crystallinity was 
also associated with enhanced sensing performance, as reduced intrinsic resistance 
facilitates more efficient charge transfer. For example, pure GeO₂ at 250°C and 
GeO₂:8 wt% SnO₂ at 300°C exhibited relatively high sensitivity (16% for the latter), 
which can be attributed to their larger grain sizes and increased active surface area, 
promoting stronger NH₃ interaction.38 Due to the limited number of recent studies 
investigating pure GeO₂ as an NH₃ gas sensor at relatively low operating temperatures 
largely owing to its ultra-wide band gap the comparison table includes the sensing 
performance of the undoped GeO₂ film from this study as a reference, alongside 
relevant recent reports on GeO₂-based materials (see Table 4).
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Figure 8: Sensing mechanism diagram for GeO2: SnO2/Si thin film ammonia sensor.

Figure 9:	 Resistance changes with time of GeO2 thin film prepared with 350 mJ, for NH3 gas 
(a) at 200℃, (b) at 250℃ and (c) at 300℃.
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Figure 10:	 Resistance changes with time of GeO2:2 wt% SnO2 thin film prepared with  
350 mJ, for NH3 gas (a) at 200℃, (b) at 250℃ and (c) at 300℃.
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Figure 11:	Resistance changes with time of GeO2:3 wt% SnO2 thin film prepared with  
350 mJ, for NH3 gas (a) at 200℃, (b) at 250℃ and (c) at 300℃.

Figure 12:	 Resistance changes with time of GeO2:5 wt% SnO2 thin film prepared with  
350 mJ, for NH3 gas (a) at 200℃, (b) at 250℃ and (c) at 300℃.
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Figure 13:	 Resistance change with time of GeO2:8 wt% SnO2 thin film prepared with  
350 mJ, for NH3 gas (a) at 200℃, (b) at 250℃ and (c) at 300℃.

Table 3: The sensing parameters for GeO2 and GeO2:SnO2/n-Si as reducing gas sensors (NH3)

Name of sample Operator 
temperature (℃)

Sensitivity 
%

Response time 
(s)

Recovery time 
(s)

GeO2 pure 200 4.4 17.6 36.9

250 5.3 10.3 31.2

300 15.5 24.7 35.0

GeO2:2wt%SnO2/Si 200 4.7 14.1 34.1

250 11.2 23.3 12.9

300 11.4 27.6 24.2

GeO2:3wt%SnO2/Si 200 3.5 19.0 21.4

250 12.5 10.8 18.0

300 11.2 10.5 29.1
(continue on next page)
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Name of sample Operator 
temperature (℃)

Sensitivity 
%

Response time 
(s)

Recovery time 
(s)

GeO2:5wt%SnO2/Si 200 4.3 17.2 45.7

250 3.2 11.7 20.1

300 8.4 22.5 28.3

GeO2:8wt%SnO2/Si 200 3.2 8.4 33.1

250 2.5 9.3 39.6

300 16.1 26.1 34.1

Table 4:	 Comparison of NH3 gas sensing performance for GeO2:SnO2 thin films against 
GeO2 based and related literature. 

Sensing material Synthesis 
method

Test gas / 
concentration

Operating 
temperature 
(°C)

Sensitivity 
(%)

Ref.  
(APA In-text)

Pure GeO2  

(This Work)
PLD NH3 (100 ppm) 300 ∼2.5 (This Work)

GeO2 Nanowires CVD CO (200 ppm) 450 ∼15.0 (Park & Kim, 
2022)40

GeO2 
(Nanobridge)

Thermal 
Evaporation

Ethanol (50 ppm) 350 ∼5.0 (Li et al., 
2020)39

GeO2: SnO2  
(8 wt%)

PLD NH3 (100 ppm) 300 16.0 (This Work)

4.	 CONCLUSION

In this study, hexagonal polycrystalline thin films of pure GeO₂ and SnO₂-doped GeO₂ 
(2 wt%, 3 wt%, 5 wt% and 8 wt%) were successfully fabricated on Si (111) substrates 
using PLD at a laser energy of 350 mJ with 100 pulses. The incorporation of SnO₂ 
markedly influenced the structural, morphological, optical and sensing properties 
of the films. AFM analysis revealed a progressive increase in grain size distribution, 
surface roughness and RMS values with increasing SnO₂ concentration. SEM showed 
that the smallest particle size (60.71 nm) was observed for the undoped GeO₂ film, 
whereas the largest particle size (171.36 nm) was recorded for the 2 wt% SnO₂-doped 
sample. Optical characterisation indicated that the absorbance reached a maximum 
value of 0.95 for the 8 wt% SnO₂ film. Concurrently, the optical band gap decreased 
from 3.55 eV for pure GeO₂ to 3.45 eV with increasing SnO₂ doping concentration. 
Among all samples, the GeO₂:8 wt% SnO₂ composite exhibited the most promising 
gas sensing performance, achieving a maximum sensitivity of 16% at an optimal 
operating temperature of 300°C. Kinetic analysis further demonstrated rapid dynamic 

Table 3: (continued)
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behaviour, with a response time (t_res) of 26.1 s and a recovery time (t_rec) of 34.1 s. 
The enhanced sensing performance can be attributed to the improved morphological 
characteristics induced by optimised SnO₂ doping, including increased porosity and 
larger grain size, which promote efficient gas diffusion and surface reactions.
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