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Abstract. This work reports the structural and humidity-sensing properties of Tin (Sn)-doped Zinc 
Oxide (ZnO) nanostructures deposited on Aluminum-doped Zinc Oxide/Polyethylene Terephthalate 
(AZO/PET) substrates via the sol-gel immersion method. Accordingly, X-ray Diffraction (XRD) and 
FESEM analyses confirmed that low-level Sn incorporation (1 at.%) enhanced the (002) orientation 
and crystallinity, while higher doping introduced lattice distortion and defects. Meanwhile, humidity 
sensing measurements revealed that undoped ZnO exhibited the highest sensitivity (178.5), though it 
recorded a very slow response (231 s) and recovery (648 s). In contrast, 1 at.% Sn-doped ZnO 
achieved a balanced performance, combining high sensitivity (144.4) with much faster response (121 
s) and recovery (411 s). These results demonstrate that controlled Sn doping optimizes ZnO 
nanostructures for flexible humidity-sensing applications. Overall, the findings provide valuable 
insight for developing real-time environmental and wearable sensing devices, with future work 
focusing on stability testing and mechanical flexibility evaluation.  

Introduction 
Humidity sensors are measuring devices that determine the moisture content, or Relative Humidity 

(RH%), in the atmosphere and play a significant role across various industrial sectors and 
applications. The recent improvements in humidity sensors have expanded the market for humidity 
sensors across numerous industries, such as semiconductors, agriculture, and medicine [1,2]. For 
instance, the semiconductor industry precisely regulates humidity levels during wafer processing 
using humidity sensors [3,4]. Meanwhile, the agricultural sector employs humidity sensors to monitor 
soil moisture. In the context of the medical industry, humidity sensors are utilized to monitor human 
respiration through various tools, such as incubators, ventilators, and biological products. 

An ideal humidity sensor should have key characteristics, such as minimal hysteresis, strong 
thermal stability, high sensitivity, fast response, and quick recovery. In this regard, metal oxide 
nanomaterials are used to fabricate high-performance humidity sensors due to their large specific 
surface areas [5]. In particular, Zinc Oxide (ZnO) has experienced a surge in popularity over the years, 
as it is among the most suitable metal oxide candidates for producing high-quality humidity sensors 
and other nanotechnology applications [5]. This includes electronics, ultraviolet, and 
photoconduction [4,6]. 
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The extensive use of ZnO across various technical domains is attributed to its excellent properties, 
such as a wide bandgap (3.37 eV), an optimal excitation binding energy (60 meV), and the ability to 
form at low temperatures [6,7]. Notably, the ZnO surface contains numerous oxygen vacancies, which 
facilitate strong interactions between water molecules and the nanostructure, thereby enhancing 
humidity sensitivity [4]. On top of that, ZnO is naturally non-toxic and cost-effective.  

In recent years, various synthesis and improvement methods for ZnO, for instance, sol-gel 
immersion [8], Radio Frequency (RF) magnetron sputtering [9], spin-coating [10], as well as 
Chemical Vapor Deposition (CVD)[11], have been implemented. Alternatively, the doping technique 
has been implemented to improve ZnO’s humidity-sensing performance and enhance the surface area 
[12,13]. Notably, metal oxides commonly used as doping materials include Aluminum (Al), Copper 
(Cu), Indium (In), and Tin (Sn) [12,13]. Remarkably, the effectiveness of ZnO in humidity sensors is 
greatly affected by the choice and amount of dopant, along with its electrical characteristics [6,14]. 

Similar dopants have also been explored in other composite systems beyond ZnO-based structures. 
For instance, studies on ceramic composites demonstrated that Sn doping effectively enhanced 
structural stability and improved electrical properties [15]. Likewise, polymer-based composites 
incorporated with Sn dopants have exhibited improved dielectric behavior and conductivity, 
highlighting the versatility of this dopant across different material systems [16,17]. Collectively, these 
findings across ceramics, polymers, and other composites further emphasize the potential of Sn as a 
functional dopant, thereby justifying its application in ZnO-based humidity sensors. 

Meanwhile, plastic-based substrates are rarely reported, though they are attracting greater attention 
from the research community due to their unique advantages over glass substrates. In particular, 
plastic-based substrates are lightweight, flexible, durable, and robust and consume minimal power in 
electronic devices [18,19,20, 9]. As such, Polyethylene Terephthalate (PET) is one of the most widely 
utilized plastic-based substrates in electronic device applications. 

To the best of our knowledge, comprehensive studies on Sn-doped ZnO on PET substrates remain 
limited. Considering the potential use of such integration in humidity sensor development, this paper 
investigated the structural characteristics and humidity-sensing capabilities of a Sn-doped ZnO 
nanorod array-based PET substrate utilizing the sol-gel immersion method. In essence, the results of 
this research are projected to offer a detailed understanding of their structural properties, which are 
essential for advancing their use in future humidity-sensing technologies. 

Methodology 
The preparation of Aluminum-doped Zinc Oxide (AZO) seed layer solution involved dissolving 

0.4 M Zinc Acetate Dihydrate (Zn(CH3CO2)2.2H2O, 99.5% purity, Aldrich) served as the precursor, 
0.004 M Aluminum Nitrate Nonahydrate (Al(NO3)3.9H2O, 98% purity, Analar) prepared as the 
dopant source, 0.4 M Monoethanolamine (MEA, H2NCH2CH2OH, 99.5% purity, Aldrich) utilized as 
the stabilizer, and 2-methoxyethanol as the solvent. Subsequently, the mixture was stirred and heated 
on a hotplate stirrer at 80°C and 300 rpm for 3 h, then left to age at room temperature for 24 h at 300 
rpm to obtain homogeneous solutions. Then, the mixed solution was applied to the PET substrate 
using the spin coating method, with ten drops deposited at 3,000 rpm for 60 s. The deposition process 
was repeated five times to obtain the desired thickness. Following this, the sample was dried at 80°C 
for 10 min between each spin coating prior to being annealed at 140°C for 1 h.  
      The Sn-doped ZnO sol-gel solution was prepared using 0.1 M Zinc Nitrate Hexahydrate 
(Zn(NO3)2.6H2O, 98.5% purity, Schmidt) as the precursor, while 0.1 M Hexamethylenetetramine 
(HMT, C6H12N4, 99% purity, Aldrich) served as the stabilizer. Both reagents were dissolved in 200 
mL of Deionized Water (DIW) and gently stirred until the mixture turned a whitish color. The solution 
was then subjected to ultrasonication at 50°C for 30 min, followed by continuous stirring on a hotplate 
stirrer at 250 rpm for 3 h. 

The deposition of a Sn-doped ZnO sol-gel solution onto the AZO seed layer was performed using 
an immersion technique. Initially, a sonicated solution was transferred into a Schott bottle containing 
the AZO seed-layer-coated PET substrate, which was then placed in a 95°C water bath for 30 min to 
promote growth. Following immersion, the samples were removed, rinsed with DI water to eliminate 
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residual particles, and subsequently dried and annealed at 80°C and 140°C, respectively. This 
procedure was repeated with varying immersion durations ranging from 1 to 4 h, different doping 
(Sn) concentration percentages, and different annealing times (80°C to 130°C) to obtain optimized 
characterization properties. For doped films, the process was repeated, and Sn (IV) chloride 
pentahydrate (SnCl4.H2O, 98%, Sigma Aldrich) was added to the mixture at doping concentrations of 
1, 2, 3, 4, and 5 at.% Sn.  

Characterization of Sn-doped ZnO thin film on an AZO seed layer was performed to assess its 
structural properties and sensor performance for humidity-sensing applications. Next, structural 
analysis of the samples was performed utilizing FESEM (JEOL JSM-7600F) and X-ray Diffraction 
(XRD, Rigaku Ultima IV). Accordingly, humidity sensor measurements were performed on the 
fabricated device, with Silver (Ag) as the metal contact deposited by thermal evaporation. The 
distance between the electrodes was 60 μm. Note that the metal contact served to effectively capture 
or transfer the signal from the thin film to the external circuit within the humidity chamber. In line 
with this, sensor performance was evaluated utilizing current-voltage measurements (I-V, Keithley 
2400) and a humidity-sensing measurement system (ESPEC SH261). Concurrently, the sample was 
evaluated in a humidity chamber set at 25°C (room temperature), with RH% ranging from 40% to 
90%.  

I-V measurements were performed using a two-probe setup and the humidity sensor measurement 
system (ESPEC SH261). Note that a voltage ranging between -5 V and 5 V was provided using the 
Keithley 2400 instrument. A thermal evaporator was utilized to deposit an Ag layer onto the film. 
This Ag layer serves as a metal contact/electrode for the purpose of I-V characterization.  

Correspondingly, the performance of the samples as sensors was evaluated through I-V 
measurements. These measurements aimed to assess how varying nanostructures influence the 
sensor’s response time, recovery time, and sensitivity. In this study, sensitivity values were obtained 
from I-V data to assess the overall performance of the humidity sensor. Hence, the sensitivity can be 
written as below (Eq. 1) [21]:  
 

𝑆𝑆 = 𝐼𝐼90 𝑅𝑅𝑅𝑅%
𝐼𝐼40 𝑅𝑅𝑅𝑅%

, 
(1) 

 
where 
𝑆𝑆                      = sensitivity, 
𝐼𝐼40𝑅𝑅𝑅𝑅%           = sensor’s current under exposure to minimum humidity (40% RH), and 
𝐼𝐼90𝑅𝑅𝑅𝑅%   = sensor’s current in the maximum humidity (90% RH). 
 

In addition to sensitivity (S), a humidity sensor’s performance is influenced by its response time 
(adsorption) and recovery time (desorption). The response time is the time required for the transient 
current to stabilize to 90% of the total resistance change when RH increases from 40% to 90%. 
Conversely, the recovery time corresponds to the change from high RH (90%) back to low RH (40%). 
These parameters are calculated employing (Eq. 2) and (Eq. 3) [23]:  

 

𝐼𝐼(𝑡𝑡) = 𝐼𝐼0 �1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝑡𝑡
𝑡𝑡𝑟𝑟
��, 

 
Regarding the response time (adsorption process) 

 
(2) 

  
     𝐼𝐼(𝑡𝑡) = 𝐼𝐼0𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝑡𝑡
𝑡𝑡𝑑𝑑
�, 

 
Concerning the recovery time (desorption process) 

 
(3) 
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where 
I = the magnitude of the current, 
I0 = the saturated current, 
t = the time, 
tr = the response time constant, and  
td = the recovery time constant.  

Results and Discussion 
Structural properties from Fig. 1 illustrate the surface morphology of ZnO nanostructures for (a) 

undoped and Sn-doped samples at (b) 1 at.%, (c) 2 at.%, (d) 3 at.%, (e) 4 at.%, and (f) 5 at.% prepared 
using the sol-gel immersion method. Note that the ZnO nanostructure was characterized and analyzed 
using FESEM at a 5 kV voltage and under 50,000x magnification. In addition, the figure displays 
nanostructures with a hexagonal structure. However, there is variation in the nanostructure diameter, 
possibly due to the non-uniform surface of the AZO seed layer deposited on PET substrates [24]. 
       

  
a) undoped b) 1 at.% 

  
c) 2 at.% d) 3 at.% 
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Fig. 1 FESEM images of samples on different doping concentrations at.% Sn of (a) undoped, (b) 1 
at.%, (c) 2 at.%, (d) 3 at.%, (e) 4 at.%, and (f) 5 at.% 

 
     The samples undergo different growth processes as the doping percentage increases. At 1 at.% 
doping (165 nm), the average diameter is significantly larger than in the undoped state (83 nm). As 
the doping concentration continues to rise to 2 at.% and 3 at.% Sn, the average diameter also 
experiences a further increase, reaching 217 nm and 231 nm, respectively. However, at 4 at.% doping, 
the average diameter decreases to 157 nm. This could be attributed to a complex interplay between 
doping-induced strain, surface energy effects, and crystallinity. Furthermore, it is possible that at 
higher doping concentrations, the growth kinetics are influenced by the interplay of these factors, 
leading to a different size distribution. At 5 at.% doping, the trend of decreasing average diameter 
continues, reaching 92 nm. This suggests that beyond a certain doping concentration, the 
incorporation of foreign atoms might hinder nanostructure growth, leading to smaller particle sizes.  
Previous research has argued that the average diameter decreases as the Sn doping concentration 
increases [25,26]. This behavior can be explained by the substitution of smaller Sn⁴⁺ ions (0.69 Å) 
into larger Zn²⁺ sites (0.74 Å), which introduces both an ionic-radius mismatch and a valence-state 
difference. Consequently, the size mismatch generates local lattice distortion, while the higher 
valence state of Sn⁴⁺ creates a charge imbalance, which is typically compensated by oxygen 
vacancies. Moreover, these effects combine to produce local strain within the ZnO lattice, thereby 
increasing lattice distortion and suppressing crystallite growth, consistent with our findings and 
previous reports [25,27]. In line with this, Ismail et al. have also stated that a doped ZnO crystal 
structure exhibits greater formation energy compared to undoped ZnO, indicating that the 
incorporation of Sn inevitably enhances lattice distortion during growth [25]. On the other hand, the 
observed increase in nanostructure diameter at higher dopant concentrations is attributed to enhanced 
coalescence and lateral growth. In contrast, the decrease in diameter is due to strain and charge 
imbalance caused by Sn incorporation. Table 1 below provides the recorded diameter. 
 
Table 1. The average diameter of ZnO nanostructure with different doping concentrations at.% Sn 

Doping at % Sn Average Diameter [nm] 
undoped 83 

1 165 
2 217 
3 231 
4 157 
5 92 

 

The samples’ structural analysis was performed using XRD. Fig. 2 illustrates the XRD spectra of 
the Sn-doped ZnO nanostructure at various doping at.% Sn of (a) undoped, (b) 1 at.% (c) 2 at.%, (d) 
3 at.%, (e) 4 at.%, and (f) 5 at.%, respectively. The patterns in Fig. 2 display characteristic diffraction 

  
e) 4 at.% f) 5 at.% 
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peaks consistent with the hexagonal wurzite structure of ZnO (JCPDS card no. 36-1451) and the 
tetragonal rutile structure of SnO2 (JCPDS card no. 41-1445) at various doping concentrations [24, 
28]. In this research, the XRD analysis identified specific diffraction peaks for SnO2 at 2θ angles of 
± 26.6°, ± 33.8°, and ± 37.9°, according to lattice planes (110), (101), and (200), respectively. For 
ZnO, primary diffraction peaks were observed at ± 31.8°, ± 34.4°, and ± 47.5°, in accordance with 
lattice planes (100), (002), and (101), respectively. Notably, the most prominent peak across all 
samples examined was the (002) reflection at 2θ = 34.5◦, which refers to the preferential c-axis 
orientation of ZnO nanorods.  

 

 
 

Fig. 2 The XRD spectra at various doping concentrations at.% Sn of (a) undoped, (b) 1 at.%, (c) 2 
at.%, (d) 3 at.%, (e) 4 at.%, and (f) 5 at.% 

 
Furthermore, the dominance of this peak indicates that the growth of ZnO nanostructures is 

strongly oriented along the c-axis, which is favorable for electron transport and humidity-sensing 
applications [29]. In addition, the presence of multiple well-defined peaks with significant intensities 
at (a) undoped suggests that the original polycrystalline structure of pure ZnO, as synthesized, has 
been maintained and remains in a highly crystalline form, as described by Subki et al. [30]. Previous 
studies, such as Xu et al. [26], have reported similar XRD patterns for Sn-doped ZnO thin films. They 
suggested that low concentrations of Sn doping, such as 1 at.% Sn can elevate the intensity of the 
(002) peak, signifying an improvement in the c-axis orientation of ZnO thin films. Nonetheless, when 
Sn doping exceeds 1 at.% Sn, as depicted in Fig. 4.5, the crystallinity of the (002) peak deteriorates. 
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This decrease in intensity suggests a degradation in the crystalline structure due to defects introduced 
in the lattice [30].  

Researchers, including Lee and Park [31], have observed that the (002) peak decreases when the 
Sn-doping concentration exceeds 2 at.% Sn. They proposed that the (002) peak intensity of Sn-doped 
ZnO thin films is affected by doping concentration and deposition parameters. A similar report from 
Algün and Akçay [14] stated that the (101) peak intensity increased with Al doping up to 1 mol%. 
However, it then weakened as the Al concentration exceeded 1 mol%. This observation was attributed 
to stress induced by the size mismatch between ZnO and Al ions, as well as the accumulation of Al 
at grain boundaries as the doping concentration increased.  

Electrical Properties 
Fig. 3 depicts the I-V plot of the ZnO nanostructure at various doping at.% Sn of (a) undoped, (b) 1 
at.%, (c) 2 at.%, (d) 3 at.%, (e) 4 at.%, and (f) 5 at.% at RH% values differed from 40 to 90%. Based 
on Fig. 3, the I values at 5 V, as well as (40%, 90%) of the ZnO nanostructure deposited for various 
doping concentrations, are provided in Table 2. 
 

  
a) undoped b) 1 at.% 

  

c) 2 at.% d) 3 at.% 
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e) 4 at.% f) 5 at.% 

Fig. 3 The humidity sensitivity measurements at different doping concentrations at.% Sn of (a) 
undoped, (b) 1 at.%, (c) 2 at.%, (d) 3 at.%, (e) 4 at.%, and (f) 5 at.% at RH% values ranging from 

40 to 90. 
 

The sensitivities of the ZnO nanostructures obtained at different doping concentrations: undoped, 
1 at.%, 2 at.%, 3 at.%, 4 at.%, and 5 at.%, respectively, are 79.04, 144.4, 104.2, 98.6, 93.2, and 75.9. 
During desorption and adsorption processes, the response and recovery times of the ZnO 
nanostructure-based humidity sensor, deposited with various doping concentrations, are represented 
in brackets: undoped (231 s, 648 s), 1 at.% (121 s, 411 s), 2 at.% (159 s, 577 s), 3 at.% (294 s, 431 s), 
4 at.% (100 s, 177 s), and 5 at.% (149 s, 80 s). The calculated sensitivities, responses, and recovery 
times are displayed in Table 2 below: 

 
Table 2. Current-Voltage Data and Calculated Sensitivity, Response, and Recovery Times of  

Sn-Doped ZnO Nanostructures at 5 V 
 

Doping 
at.% Sn 

Current of 5 V 
(40% RH) [A] 

Current of 5 V 
(90% RH) [A] 

Sensitivity Response 
time [s] 

Recovery 
time [s] 

undoped 1.49x 10-10  2.66 x 10-8  178.5 231 648 
1 6.75 x 10-11   9.75 x 10-9  144.4 121 411 
2 5.56 x 10-11   4.52 x 10-9  104.2 186 577 
3 2.22x 10-10   2.19 x 10-8  98.6 294 431 
4 1.23x 10-10  1.15 x 10-8  93.2 100 177 
5 7.05 x 10-11   5.35 x 10-9  75.9 149 80 

 
Sensitivity declines when the Sn dopant at% is increased beyond an optimal level. This behavior 

is consistent with the literature (e.g., Shishiyanu et al. [32] for NO₂ sensing, and other work on ethanol 
sensing with Sn-ZnO [33], where at moderate Sn content, sensitivity increases. However, further Sn 
addition leads to decreased performance. The likely reasons are that excessive Sn leads to defect 
clustering or secondary phase formation, reduces the number of available adsorption sites, and 
increases charge-carrier recombination due to trap states [34]. 

Based on Table 2, the sensitivity trend revealed a general decrease as the doping concentration 
increased, with 1 at.% Sn demonstrating the highest sensitivity (144.4) among the doped samples. 
Additionally, the sensitivity trend of ZnO nanostructures with varying Sn doping concentrations 
reveals nonlinear behavior. Although the undoped ZnO sample exhibited the highest sensitivity 
(178.5), its response time (231 s) and recovery time (648 s) were significantly slower. This indicates 
that, while oxygen vacancies in undoped ZnO promote high water adsorption, limited charge transport 
and greater hysteresis hinder fast desorption, resulting in sluggish sensor dynamics. Hence, high 
sensitivity alone does not guarantee practical sensing performance. 
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In contrast, the 1 at.% Sn-doped ZnO nanostructure demonstrated an optimal balance between 
sensitivity (144.4) and much faster response (121 s) and recovery (411 s). This improvement can be 
attributed to the substitutional incorporation of Sn⁴⁺ ions into the Zn²⁺ lattice sites. Meanwhile, the 
smaller ionic radius of Sn⁴⁺ (0.69 Å) compared to Zn²⁺ (0.74 Å) induces a slight lattice strain that 
enhances c-axis orientation, reduces defect scattering, and promotes better crystallinity. In essence, 
these structural modifications improve carrier mobility, thereby accelerating electron-hole exchange 
and enabling faster sensor response. 

However, when the Sn doping concentration exceeded 1 at.%, the crystallinity and sensitivity 
progressively deteriorated. At higher doping levels (≥ 2 at.% Sn), the excessive substitution of Zn²⁺ 
with Sn⁴⁺ creates significant lattice mismatch, strain, and dislocations. These structural defects act as 
charge trapping centers, disrupting the conduction pathway and reducing the density of active 
adsorption sites. Consequently, the sensitivity decreases with increasing Sn concentration. Similar 
observations have been reported in previous studies, where excessive dopant incorporation led to 
lattice distortion and defect-induced degradation of ZnO’s electrical and sensing performance [35]. 

Overall, these results demonstrate that the sensing behavior is governed by a trade-off between 
high sensitivity and fast response/recovery times. At the same time, undoped ZnO provides higher 
sensitivity due to abundant oxygen vacancies, controlled doping at 1 at.% Sn optimizes the structural 
and electronic properties, resulting in a more reliable and practical humidity sensor.   

Conclusion 
This study demonstrates a strong correlation among Sn doping concentration, structural evolution, 

and humidity-sensing performance of ZnO nanostructures deposited on AZO/PET substrates via the 
sol-gel immersion method. Specifically, XRD analysis confirmed that undoped ZnO possessed good 
crystallinity, yet the incorporation of 1 at.% Sn further enhanced the (002) orientation and long-range 
structural order due to the slight lattice strain introduced by substitutional Sn⁴⁺ ions. At higher Sn 
concentrations (>1 at.%), excessive dopant incorporation led to lattice distortion, dislocations, and 
oxygen vacancy-related defects, disrupting the crystal structure and reducing crystallinity. 

These structural changes were reflected in the sensing properties. Although undoped ZnO yielded 
the highest sensitivity (178.5), its slow response (231 s) and recovery (648 s) times restrict its practical 
use. In comparison, 1 at.% Sn-doped ZnO achieved a balanced performance, combining high 
sensitivity (144.4) with significantly faster response (121 s) and recovery (411 s). This demonstrates 
that controlled doping provides a better trade-off between accuracy and speed, making 1 at.% Sn the 
optimal concentration. 

The practical implication of these findings is that low-level Sn doping enables the fabrication of 
flexible humidity sensors with improved response speed and stability, which are crucial for real-time 
monitoring in environmental, industrial, and biomedical applications. For future work, it is 
recommended to evaluate the long-term stability of the sensors under continuous operation, assess 
their performance under mechanical bending or stretching to confirm durability for flexible 
electronics, and explore integration into wearable and portable monitoring systems. Nevertheless, 
these studies will be essential to fully establish the applicability of Sn-doped ZnO nanostructures in 
next-generation flexible sensing devices. 
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