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Abstract: The lightly Zn-doped (PbS)1-x (Zn)x with x=0, 0.03, and 0.05 wt.% in thin film form were produced by thermal vacuum 

evaporation. The structural, morphological, and elemental composition of the thin films has been analyzed using XRD, SEM, and 

EDXS, respectively. The electrical conductivity and Seebeck coefficient of (PbS)1-x (Zn)x film of 200 nm thick were determined and 

discussed. Thin films' electrical conductivity increased with temperature and film thickness. Pure PbS films manifested a positive 

Seebeck coefficient value indicating a P-type semiconducting behavior. The appearance of negative S values in Zn: PbS films could 

be assigned to the increase in electron concentration provided by Zn-doping and refers to the change of the conduction to n-type one. 

Pure films possess a high majority carrier concentration of 8.07×1018 Cm-3. Zinc-metal-doped lead sulfide thin films were tested as 

NH3 gas sensors with 150 ppm of target gas concentration. The sensitivity of the PbS sensor to NH3 gas was determined at various 

gas concentrations ranging from 50 to 150 ppm. The gas sensitivity increased as concentrations increased. The best-attained results 

of 93% and 174s & 310s for sensitivity and response & recovery times respectively, were obtained by (PbS)0.95 (Zn)0.05 at RT. 

Keywords: lead sulfide thin films, The parameters of the microstructure, thermal vacuum evaporation, and electrical conductivity, 

and Seebeck coefficient 

  

1. Introduction 

Gas sensors are important for many industrial applications, 

including process control, industrial health and safety, and 

environmental monitoring and detection [1-3]. Ammonia 

emissions contribute significantly to the production of 

secondary inorganic aerosols [4,5]. Additional common sources 

of ammonia are soils, fertilizers, chemical manufacture, etc. It is 

obvious how important it is to find this gas. 

PbS films were produced utilizing several procedures, such 

as chemical bath deposition (CBD), thermal evaporation 

deposition, spray pyrolysis, and deposition by electrochemistry, 

for use in contemporary applications [6-8]. For instance, all 

NH3, NO2, H2S, water vapor, SO2, CH3OH, LPG, benzene, 

CH3COCH3, HCHO, and CCl4 gases demonstrate a gas response 

based on their resistivity [2]. 

PbS is a highly good and widely used optoelectronic 

semiconducting semiconductor. PbS is used in gas sensing 

applications because of its ability to detect changes in material 

resistance in response to various gaseous atmospheres. This 

change is caused by the interchange of charge carriers between 

the surface of the sensor material and the absorbed gas. 

Therefore, the surface structure of PbS would dictate its gas-

sensitive characteristics. 

PbS is a significant IV-VI compound semiconductor having 

a small band gap that has found widespread use in optical 

communication apparatus, radiation-detecting devices, and 

optical data storage due to its unique optoelectronic features [9-

11]. Additionally, the excitation Bohr radius of PbS is 

considerable (18 nm). It has a wide range of applications, 

including near-infrared sensors [12,13], the indicators of 

biology [14,15], materials with thermoelectric properties [16], 

environmental applications [17], quantum dot-based solar cells 

[18], and solar cells of the third generation [19-22]. 

The interchange of charge carriers between the sensor 

material (PbS) and the adsorbed gas molecules (NH3) might be 

related to the PbS gas sensing mechanism, leading to a 

modification in the sensor's resistance conductivity [23].  

In the present paper, thermal vacuum deposition was used to 

prepare (PbS)1-x(Zn)x (x=0, 0.03 and 0.05) thin films. 

Investigations were conducted to determine how Zn doping 

affected the films' microstructural, morphology, electrical, 

Seeback, and gas sensor characteristics of the films under study. 

Following that, novel characteristics of thin films are acquired 

for NH3 gas sensor applications.  

2. Experimental details 

2.1 Thin Film Synthesis 

Undoped and zinc metal-doped lead sulfide thin films with a 

thickness of 200 nm have been prepared on glass slides with the 

Edwards E306A coating equipment and the thermal evaporation 

method. The rate of deposition showed a change from 1.2 to 3.5 

Å/sec as we were preparing our films. At the beginning of the 

deposition step, the chamber was evacuated to 4 × 10-4 mbar and 

3.63 × 10-5 mbar at its final stage. High-purity 99.99% lead 

sulfide (PbS) and zinc (Zn) powders from the Aldrich 

Association were employed to obtain the produce samples. The 
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powder mixes of (PbS)1-x (Zn)x (where x = 0, 0.03 and 0.05 

wt.%) were synthesized using stoichiometric quantities of high 

purity of Zn and PbS. Cold pressing was used to form the 

product into tablets. To obtain uniformity in the compounds. 

The samples are combined and heated for two hours at 300 ℃, 

three hours at 350 ℃, and two hours at 400 ℃. After re-milling 

the samples for two hours, the powder that was produced was 

pressed into tablets. The tablets went through a sintering process 

at a temperature of 600℃ for three hours to obtain the uniformity 

of the forming compounds utilized as our thin film sources. The 

tablets were put inside a molybdenum vessel which possessed a 

melting point of around 2600 °C. 

The substrates were cleaned in an ultrasonic cleaner (VGT-

1613 QTD) equipped with an electronic timer that could contain 

2000 mL after initially being cleaned with acetone and hot 

distilled water. The INFICON model digital film thickness 

meter, namely the SQM-16, was utilized to determine the 

thickness of the film and the rate of the thermal deposition 

process. 

2.2. Thin Film Characterizations 

The X-ray diffractometer (XRD) method was employed for 

analyzing the structural characteristics of (PbS)1-x (Zn)x (where 

x = 0, 0.03 and 0.05 wt.%). The XRD measurements were 

carried out using a German Bruker D8 Advance device. Copper 

(Cu) was utilized as the target material, while nickel (Ni) was 

used as the filter. The copper kα1 radiation with a wavelength 

of 1.54 Ǻ was employed as the X-ray source. The XRD 

measurements were carried out at a scan rate of 2.6 degrees per 

minute (°/min) with an operating voltage of 30 kV and a current 

of 30 mA. 

The surface morphology and chemical composition of 

(PbS)1-x (Zn)x films were studied using field emission scanning 

electron microscopy (FE-SEM). The analysis was investigated 

with a JSM-6100 microscope made in Japan by JEOL. The 

chemical compositions of the films were examined using the 

Energy Dispersive X-ray Spectroscopy (EDS) unit (HNU5000, 

USA) with the FE-SEM.  

In the temperature range of 450–670 K, we used a two-point 

probe approach to evaluate the electrical resistance of the 

samples. Two electrodes were formed on the samples using a 

silver paste, spaced approximately 2 mm apart, with no silver 

paste in the middle of the films. The electrometer device (HP 

HEWLETT-PACKARD) and a chromel-alumel thermocouple 

were employed to measure the specimen's resistance and 

temperature, respectively. 

The Seebeck coefficient was determined for a 200 nm thick 

film of (PbS)1-x(Zn)x that was deposited on glass slides at RT. 

Using this formula to determine the kind of carriers and have a 

better knowledge of the conducting behavior. 

𝑆 =
𝛥𝑉

𝛥𝑇
                                                                                                                  (1) 

where S is the Seebeck coefficient at RT. The sample's seeback 

voltage was measured with a digital micro voltmeter, and the 

temperature was measured with a thermal contact chromel-

alumel thermocouple on the surface of the specimen. 

(PbS)1-x(Zn)x samples with a thickness of 200 nm deposited 

on glass slides were experimentally evaluated as NH3 gas 

sensors. The sensor was mounted inside a closed container of 

plastic containing various concentrations of NH3. When the 

sensor was exposed to NH3, its resistance increased for pure PbS 

and decreased for Zn-doped PbS, indicating the sensor's highly 

sensitive samples and quick response to NH3 

3. Results and Discussion: 

3.1. Structural analysis 

 

Fig. 1: XRD  spectrum of (PbS)1-xZnx (x=0, 0.03 and 0.05) thin 

films of 200 nm thick 

Figure 1 shows the Zn: PbS XRD patterns for x = 0, 0.03, 

and 0.05 wt%. As can be seen, all peaks for the undoped film (x 

= 0) relate to the PbS, indicating a high degree of purity of the 

film. Furthermore, with Zn-doped films, the Zn element could 

not be represented by any phases, suggesting that Zn was 

effectively incorporated into the PbS lattice. The intensity of the 

observed peaks and the number of peaks decrease as the Zn-

doping ratio increases, showing an increase in microstructural 

disorder [23]. For undoped PbS, some observed peaks at 2𝜃 

=25.97, 30.084, 43.064, 50.984, 53.426 and 62.535  are 

corresponding to (111), (200), (202), (311), (222) and (400), 

respectively,  compatible with standard data JCPDS COD 

9008694. 

In the F.C.C. cubic structure, crystalline growth has a 

preferred direction along the most intense peak (200). As shown 

in Fig. 1 and Table 1,  the drop in β-values with doping indicates 

that Zn-doping leads to peak broadening and intensity reduction. 

The following equations are used to estimate the crystallite size 

D, lattice strain ɛ, dislocation density δ, lattice constant a, and d-

spacing, respectively.   

𝐷 =  
0.94 𝜆

𝛽 𝑐𝑜𝑠 𝜃
                                                                                                       (2) 

휀 =  
𝛽 𝑐𝑜𝑠 𝜃 

4
                                                                                    (3) 

𝛿 =  
1

𝐷2                                                                                              (4) 

a = d √h2 + k2 + l2                                                                       (5) 

𝑑 =
𝜆

2𝑠𝑖𝑛𝜃
                                                                                      (6) 
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Under these conditions, β stands for the overall width at half-

maximum of the XRD peak, θ for Bragg's angle, and λ for the 

X-ray wavelength. 

Table 1 shows that the crystallite size D decreases with Zn 

doping, which is typical of substitutional doping [24-26]. 

Because doped Zn has a smaller (0.74 Å) ionic radius than Pb2+ 

(1.19 Å), it is easier for it to occupy substitutional sites in the 

PbS lattice, resulting in a shrinkage in crystalline size, a fact 

verified by the detected peak shift to lower θ values causing a 

𝑐𝑜𝑠𝜃 increase (equ 1).  

Equations 1-3 indicate a rise in both and with increasing 

doping levels, which may be related to the formation of defects 

in the lattice structure. The parameters of the microstructure of 

the films displayed in Table 1 confirm that the crystallite size 

decreases as the Zn dopant concentration increases. 

Additionally, an increasing tendency for lattice defects such as 

internal microstrain and dislocation density may be observed 

with an increase in Zn dopant. Such a change may be caused by 

the crystalline degradation nature [27]. 

Equations 4 & and 5 explain the observed increases in cell 

volume (V= 𝑎 3), lattice constant, and d-spacing as the (200) 

peak shifts to a lower 2θ value. 

Table1. The parameters of the microstructure of the Zn: PbS 

films of preferable (2 0 0) Orientation. 

3.2. Morphological analysis (SEM) 

Fig.2 shows the microstructures and surface morphologies 

of (PbS)1-x(Zn)x thin films with different concentrations. The 

grains are found to be homogeneously spread and highly 

collected on the film surface, with an aptitude for spherical 

shapes. The size of grains is not uniform [28] and the grain size 

varies with the amount of Zn concentration. The mean particle 

sizes determined by the J-programme ranged from 70 to 188 nm. 

3.3.Compositional analysis (EDXS) 

The chemical compositions of the present samples with a 

composition of  Zn: PbS were analyzed using EDXS, as shown 

in  Fig.3. The appeared signals correspond to Pb, S, and Zn, and 

no other signals can be identified for contaminants or impurities 

that accomplish the subject films. A random variation in the 

Pb:S ratio that appeared in the spectra could be owing to the 

effect of surface roughness or the existence of a few inherent 

defects inside the films [29] because of the deficiency of sulfur 

during the thermal deposition of the film [30,31]. 

 

 

3.4. Electrical Properties 

Figure 4 illustrates the temperature effect on the electrical 

conductivity of Zn: PbS thin films, it is obvious that the 

electrical conductivity value of the films increases with the Zn 

doping increase, which can be related to the increase in carrier 

concentration due to substitutional incorporation of Zn ions in 

the PbS structure and/ or sulfur deficiencies [30,31]. This Sulfur 

release can occur during the thermal deposition process and 

leads to an excess of Pb atoms that act as donor single sites. 
 

    
 

 
 

 
 

Fig.2: SEM images of (PbS)1-xZnx deposited on a glass 

Besides, conductivity activation by the increase in 

X=0 

X=0.03 

X=0.05 
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temperature indicates the semiconducting behavior of the films. 

The thermal activation energy 𝐸𝝈  can be computed using the 

following Arrhenius relation: 

𝜎 = 𝜎1 exp(
−𝐸𝜎1

𝑘𝐵𝑇
) + 𝜎2 exp(

−𝐸𝜎2

𝑘𝐵𝑇
)                                           (7) 

The symbols 𝐸𝜎1 and 𝐸𝜎2 represent the thermal activation 

energies associated with conductions, where σ1 and σ2 are the 

pre-exponential factors wthatexhibits variability in its values 

based on the specific type of conductivity, kB is Boltzmann’s 

constant and T is the absolute temperature. The well-fitting to 

straight portions of ln (𝜎) with 1000/T plots are illustrated in 

Fig.5 

 
 

 
 

 
 

Fig. 3. EDXS of (PbS)1-xZnx at x=0 (a), x=0.03 (b), and x=0.05 

(c) deposited on glass slides 

 
Fig.4. (σ)-(1000/T) for different compositions of (PbS)1-x Znx 

film with 200 nm thick 

 
Fig. 5. ln(σ) - (1000/T) for different compositions of (PbS)1-x 

Znx film with 200 nm thick 

The type of conduction in the films can be identified by the 

polarity and values of the Seeback coefficient S, Table 2. The 

positive S value of the pure PbS film illustrates its P-type 

semiconducting behavior. The negative values of S appeared for 

Zn: PbS films refer to the transformation of the conduction to n-

type one. Such results of S could be described by the following 

two opposite carrier mechanisms [32]:  

𝑆 =
|𝑺𝒑|µ𝒑𝒑−|𝑺𝒏|µ𝒏𝒏

µ𝒑𝒑+µ𝒏𝒏
 =  

|𝑺𝒑|−|𝑺𝒏|
µ𝒏𝒏

µ𝒑𝒑

𝟏+
µ𝒏𝒏

µ𝒑𝒑

                                            (8)  

According to the mentioned P-to-n-type transition, can take 

place when 
µ𝑛𝑛

µ𝑝𝑝
 the ratio is larger enough than unity due to the 

increase in mobility value and/or the electron density offered by 

Zn-doping. 

Besides to Benko and Koffy [33], the Seebeck coefficient is 

associated with the energy position Ef of Fermi-level through the 

following relation: 

𝑬𝒇

𝑲𝑻
=

|𝐒|𝐞

𝑲
− 𝑨,where𝐴 ≈ 1.                                                      (9) 

For P-type semiconductors, the negative and positive values 

of Ef refer to degenerate and non-degenerate semiconductors, 

respectively, and vice versa for n-type ones. Thus, from the 

values of 𝑒
𝐸𝑓

𝐾𝑇 recorded in Table .2, one can conclude that the P-

type PbS film is a degenerate semiconductor, but all Zn-doped 

films are non-degenerate semiconductors. The concentrations of 

the majority charges (N) at room temperature in the considered 

films were calculated using the following equation;  

𝑁 =
𝟐(𝟐𝝅𝒎𝑲𝑻)

𝟑
𝟐⁄

𝒉𝟑  𝒆
𝑬𝒇

𝑲𝑻⁄
                                                               (10) 

and recorded in Table.2. The N-values confirm the degenerate 

and non-degenerate behaviors of pure and Zn-doped films, 

respectively. 

3.5 NH3 Gas sensing 

The adsorbed environmental oxygen molecules on the n-

type film surface acting as acceptor centers trap electrons from 

the material forming a negatively charged layer on the surface, 

where O2 ads+2e- →2O- this leads to the majority charge carriers 

(electrons) concentration decreasing. Therefore, the n-type Zn: 

PbS resistance films increase and may become overloaded at 

RT. However, for P-type PbS films, the trapped electrons by 

oxygen molecules make the hole concentration ratio more 

https://sjsci.journals.ekb.eg/
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significant in the film, causing a resistance decrease to a certain 

relatively low value at RT. 

Table 2. The characteristics of the seeback coefficients of the 

(PbS)1-x Znx films  
)3-N(cm T/KEfe T/KfE S (V/K) σ2∆E σ1∆E x(wt%) 

18×108.07 0.403663 -0.907 +0.000008 0.57 0.44 0 

15×101.33 5-×106.63 -9.62 -0.000743 0.62 0.54 0.01 

15×102.18 0.000109 -9.12 -0.0007 0.70 0.68 0.03 

15×103.09 0.000155 -8.77 -0.00067 0.79 0.56 0.05 

 
When the n-type or P-type films are exposed to reducing 

NH3-gas, which reacts with oxygen ions liberating the electrons 

back to the films, where  

𝟐𝑵𝑯𝟑 + 𝟕𝑶−(𝒂𝒅𝒔. ) → 𝟑𝑯𝟐𝑶 + 𝟐𝑵𝑶𝟐 + 𝟕𝒆−                   (11) 

These liberated electrons enlarge the electron density in n-

type Zn:PbS films lowering their resistances, while they 

recombine with the holes in P-type PbS film reducing their 

concentration and consequently the film resistance increases. 

Such impact of NH3 on the electrical resistance of PbS and Zn: 

PbS films has been exploited for NH3-gas sensing.  

The performance of the gas sensing process was evaluated 

through the following indicating parameters: 

1-Sensitivity(S): which is the minimum concentration of the 

target gas that can be detected. It can be expressed by the 

following relation [34] . 

 𝑺 = |𝑹𝒊𝒏 − 𝑹𝒈|/𝑹𝒈                                                         ( 12 ) 

 where Rin and Rg are the initial and after gas exposure, 

respectively. 

2- Reversibility: the sensor's ability to restore its original state. 

3- Response time (tres): the sensor's necessary time to identify 

the target gas, which is estimated by the time necessary to attain 

90% of the complete variations during the response process 

[35,36]. 

4- Recovery time (trec): the sensor's necessary time for the 

sensor to attain 90% of the complete variation during the 

recovery process.  

Figure. 7 (a,b) gives the resistance variation of the present 

films with NH3 exposure time (texp) about the Zn-doping ratio 

and gas concentration. As shown, the resistance of the undoped 

or Zn-doped PbS films increases or decreases with the 

elongation of texp attaining its maximum or minimum values at 

texp= 500 or 400 sec, respectively.   

After ending the gas exposure towards the p-type-PbS or n-

type Zn: PbS films, the resistance decreases or increases 

attaining, its initial value Rint within a certain recovery time trec 

depending on the gas concentration or Zn-doping ratio, 

respectively. This confirms the reversibility of the NH3 gas-

sensing process of the present films. 

Figure 8 (a) depicts the sensitivity variations with gas 

exposure time texp at different gas concentrations and Zn-

dopant ratio. As shown, S increases with either gas 

concentration increase or exposure time elongation to its 

saturation value at texp ≥300 sec. Besides, both response tres 

and recovery trec times were calculated and noted in Table 3.  

As seen in Fig.8 (b), S begins to slightly increase and after a 

certain period of gas exposure depending on Zn-doping level it 

abruptly increases attaining, its maximum value, Smax of 73, 

91,93 % at texp=360, 381 & 400 sec for (PbS)1-xZnx films of 

x=0.01, 0.03 & 0.05, respectively, and then declines with further 

elongation of texp.  

This decline in S-values may be assigned to the increase in 

Rg-values with texp elongation because of the density decrease 

or maybe exhausting of the surface adsorbed oxygen molecules, 

which results in the reduction or even ending of the liberated 

electrons back to the n-type Zn: PbS sensor material. The S-texp 

behavior could be more clarified by employing the sensitivity 

variation rate given by 

𝒕𝒉𝒆 𝒕𝒉𝒆 
𝒅𝑺

𝒅𝒕𝒆𝒙𝒑
=

𝑹𝒊𝒏𝒊𝒕

𝑹𝒈
𝟐 (

𝒅𝑹𝒈

𝒅𝒕𝒆𝒙𝒑
)                                                                  (13) 

 indicates that S-variation is proportional to 𝑅𝑔
−2 values and 

𝑑𝑅𝑔

𝑑𝑡𝑒𝑥𝑝
 trend. 

Table.3 summarizes the obtained NH3 sensing results 

compared with some reported ones. The obtained results of 

91%, 120 sec &630 sec and 93%, 174 sec & 310 sec of 

sensitivity response and recovery times, respectively, for zinc-

doped films were better than those of un-doped lead sulfide film. 

 

Fig. 6: NH3 sensing operation by n-type semiconductor. (a) 

effect of environmental oxygen, (b) after NH3 adsorption 

Conclusions 

Thin films of lead sulfide doped with zinc have been produced 

through the thermal evaporation method. The film's structural 

investigation by x-ray diffraction showed that the intensities of 

the observed PbS peaks and the number of crystalline peaks 

decreased with the increase in Zn doping levels, indicating an 

increase in microstructural disorder. SEM measurements 

manifest that the grains are found to be spread and highly 

collected on the film surface,with an aptitude for spherical 

shapes. The chemical compositions of the present samples with 

a composition of  Zn: PbS were analyzed using EDS, showing 

the deficiency of sulfur during the thermal deposition of the film 

which impacted the film conductivity.
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Fig. 7. The response of (PbS)1-x Znx where x=0.01, 0.03 and 0.05 W.t% sensor resistance towards NH3 with time at different 

concentrations (50, 100 and 150 PPm). 

 

Fig. 8. Change of (PbS)1-xZnx where (a) x=0 and (b) x=0.01, 0.03 and 0.05 W.t%  sensitivity with timeexp at various concentrations 

Table 3 comparision of the present results with the earlier publications of PbS thin films as NH3 gas sensors. 

X (wt%)/ Deposition method Sensor concentrations (Ω)initR S% (S)rest (S) rect Ref 

X=0 Thermal evaporation 50 6×108 32 330 735 Present 
Work 

100 6×108 46 223 1340 

150 6×108 72 292 1650 

X=0.01 150 6×10178 73 23 1100 

X=0.03 6×10190 91 120 630 

X=0.05 6×10205 93 174 310 

PbS PbS prepared with Na2S 

used for precipitating agent 

301 - 8.08 46 67 [37] 

PbS nanostructures Chemical precipitation. 120 90 26 60 -- [38] 

PbS nanostructures Sol-gel technique 0.22 - 7.3 52 70 [2] 

(MAPI) 3PbI3NH3perovskite halide CH standard method 1 - 55 140 120 [39] 

polyaniline/SrGe4O9 situ chemical oxidation 
polymerization method 

0.2 - 95.1 62 223 [40] 
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The electrical conductivity measurements of (PbS)1-xZnx thin 

film of 200 nm thick deposited on glass slides confirmed a better 

knowledge of the conducting behavior. Seebeck coefficient 

study at RT demonstrated the p- to n-type behavior transition 

influenced by the Zn metal doping. (PbS)1-xZnx films 

investigation for gas, sensing has shown their good responses 

towards NH3-gas where their sensitivity increases with target 

gas concentration increase. The best NH3 sensing promise has 

appeared by (PbS)0.95Zn0.05 film of 200 nm at 150ppm of the gas 

according to its best results of 93% and 174 s & 310 s for 

sensitivity and response & recovery times respectively, while 

the sensitivity of PbS reaches only  the maximum value of 72% 

at 150 ppm. 
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