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By using the chemical bath deposition (CBD) technique, polycrystalline CdS thin films 

were prepared on glass and doped with In during the growth process by adding relative-

volumes (VR) of In(NO3)3 into the growing aqueous solution. No post-growth annealing on 

the layers was applied. In general, for the values of VR used here, the lower (higher) VR 

more (minor) efficient the In-doping mechanism. Furthermore, high VR values induce the 

formation of In2S3 into CdS films. By means of thermoelectric power measurements the 

sign and density of carriers were determined, and it was found that majority carriers are 

electrons. For samples with low VR values, the doping increases if VR also increases. Dark 

conductivity () measurements at room temperature indicate values of  up to 3.5 orders 

of magnitude higher than undoped CdS. For samples grown with high VR values, the 

optical absorption spectra clearly show two transitions one of them located on 2.4 eV 

belonging to the fundamental energy gap (Eg) of CdS and the other one on 2.1 eV, which 

has been associated to the Eg of In2S3. 
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1. Introduction 
 

The research of the optical and electrical properties of semiconducting CdS layers has 

always been constant matter of attention for many researchers because of their applications [1-3]. 

CdS is an important semiconductor useful for photovoltaic [4], sensor [5], optical [6], among 

others, devices fabrication. In this work the increase of the density of carriers to improve the 

electrical conductivity () with no change in the optical band gap (Eg) properties, was our main 

goal. Wide-band-gap window (2.4 eV) and a higher electrical conductivity can be obtained 

simultaneously by employing adequate growth methods. In our case, the chemical bath deposition 

(CBD) growth process was used to deposit and to dope CdS thin films at the same time. No 

annealing processes on the layers were added.  In the past some works were reported about In-

doping CdS by using other growth methods and even the CBD technique [7,8], however the 

doping process was not so efficient. In our case, the doping was effective and homogeneous 

because of the In-ions are substitutionally introduced inside the film during growth-process and no 

gradients in the In distribution are produced. Gradients in density of carriers arise in methods like 

ionic implantation. 

 

 

                         
*
Corresponding author: jlfernandez@ipn.mx 



2 

 

 

2.  Experimental details 
 

The growth of polycrystalline CdS films was performed at 80  1 °C on glass substrates. 

Details of the growth process have been previously reported elsewhere [9]. Salts reagents 

(concentrations) used in the CdS:In preparation were: CdCl2 (0.02 M), KOH (0.15 M), NH4NO3 

(1.5 M), SC(NH2)2  (0.2 M) and In(NO3)3-3H2O (0.1 M). The total solution (100 ml) for growing 

CdS was completed with relative volumes (VR) of the In(NO3)3 agent-solution from 1.0% until 

10.0% in steps of 1% (1.0 ml). This allowed the study with ten different doping levels. Sample 

labeled CdS:In0 corresponds to the undoped layer, and those labeled CdS:In1-CdS:In10 are the 

other doped ten samples, respectively. The thickness of layers, measured by utilizing a Dektak II 

profilometer, were in the range of 20010 nm. Average diameter of grains were 30  10 nm. The 

structural characterization was carried out by means of the X-ray diffraction (XRD) data registered 

in a Siemens D-5000 diffractometer and employing the CuK line. Optical Absorption spectra 

allowed us to calculate the band gap energy (Eg) by using the 
2
 versus h plot; here  is the 

optical absorption coefficient and h the photon energy. Dark conductivity measurements were 

achieved in vacuum in the absolute temperature range 100-450°K. The sign and concentration of 

carriers (n) were determined by means of thermoelectric power data. 

 

 

3. Results and discussion 
 

Spectra of doped and undoped CdS show the cubic zincblende (ZB) crystalline structure. 

In Fig. 1 the diffractograms of all the samples studied are exhibited. It can be observed how the 

CdS thin films grow mainly on the (111) direction. For CdS:In1-CdS:In4 samples the (111) 

interplanar distance was, in average, smaller than the one corresponding to the undoped sample. 

This reduction only can be a consequence of the incorporation of In into the lattice. The smaller 

ionic radius of In
3+

 (0.81 Å) as compared with that of Cd
2+

 (0.95 Å) can be the cause for the 

decreasing of the (111) interplanar distance. Of course, this occurs if In-ions enter substitutionally 

in Cd sites such as occur in some other cation-doping-CdS cases. In CdS:In5 and CdS:In6 the (111) 

interplanar distance (d111) is larger than d111 of the CdS:In0 sample, and we suppose in this case In 

enters in both substitutionally and interstitially manners. For CdS:In7-CdS:In10, In2S3 is formed on 

account of higher impurity concentration and also due to the electronic affinity between In
3+

 and 

S
2-

 that almost has the same value than the electronic affinity between Cd
2+

 and S
2-

 [10,11]. In Fig. 

2, magnified XRD patterns of CdS:In7 to CdS:In9 are illustrated, in all these patterns a peak at 2  

55.22° and a faint signal at 2  52.3
o 

appear, which correspond to [200] and [112] planes of the 

hexagonal phase of In2S3 (-In2S3) [12]. The -phase of In2S3, considered as the high temperature 

modification in single crystals [13], has been observed in In2S3/ITO/glass films deposited by CBD 

[14]. In diffractograms of CdS:In1 to CdS:In6 samples the peaks of -In2S3 do not appear. The 

separation of In2S3 from CdS happens because the solubility of In2S3 in CdS has been observed to 

occur only until 2% [15].  
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Fig. 1. Diffractograms of all the CdS:In layers 

studied. The solitary peak observed correspond 

to the [111] family of planes of the cubic phase. 

 

 
Fig. 2. XRD peaks corresponding to [002] and 

[112] planes of the hexagonal phase of In2S3 at 2 

 55.4° and 52.3
o
, respectively, in samples CdS:In7 

– CdS:In9. 

 

 

The dark conductivity () versus 1/kT plot is illustrated in Fig. 3, where k is the 

Boltzmann constant and T the absolute temperature. Measurements were carried out in the range 

100  T  450 K. For the samples CdS:In1- CdS:In6,  increases so rapidly with respect to  of 

CdS:In0. All these doped samples exhibit a similar behavior and reach a relative maximun value of 

 (0.07 
-1

cm
-1

) at 1/kT = 38.6 (eV)
-1

, i.e., at room temperature (RT, T= 300 K). This property 

makes the layers very suitable to be used in electronic devices operating at this temperature. The 

difference between the higher  values of CdS:In4 and  of CdS:In0  at RT is  3.5 orders of 

magnitude. Afterward, by using the Arrhenius method in the interval 38.6  1/kT  47.0 eV (247  

T  300 K), where the mechanism predominant on  is the thermoionic emission, the calculated 

average (including CdS:In0) activation energy (EA) was 0.26 ± 0.01 eV. A level with this EA-value 

has been often found in undoped CdS having low or high values of resistivity [16-18]. In a 

previous work [19], we identified the depression observed in the curves at T  410 K (1/kT  30 

eV
-1

). We assumed it is originated by the annihilation of vacancy–interstitial (VCd-ICd) pairs of Cd, 

when Cd ions return to their original position. VCd-ICd pairs appears when the metastable cubic 

zincblende (ZB) structure attempts to transform to the stable hexagonal wurtzite (W) structure 

when T rises, but the process is inhibited by the absence of sulfur vapor in the annealing-furnace, 

in which vacuum was done. These VCd-ICd pairs are responsible of the bowing of the  versus 

1/KT curves before the maximum [19].  
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Fig. 3. Log10() versus 1/kT in the range 100 – 450 K for all the samples studied. 

 

 

Fig. 4 shows the log() vs (KT)
-1/4

 plot for CdS:In2, Cds:In4, CdS:In6, three representative 

doped samples. The straight line means that Mott
,
s variable range hopping (VRH) mechanism 

dominates the transport of electrons at low temperatures, 0.26  T
-1/4

  0.32  (95  T  218 K). 

Ramaiah and coworkers [20] have observed this type of behavior in CdS:In films prepared by 

spray pyrolysis. The VRH functional dependence has been explained in Ref. 20 by demonstrating 

that for small CdS grain size, which is the case, the average grain size (l) of the polycrystalline 

CdS is shorter than the Debye length (LD), since if l << LD grains are depleted and VRH occurs. In 

our case, since the size of grains is relatively larger, we think the log ()  T
-1/4

 behavior is 

originated by the doping when great deal of In-atoms are included into the CdS microcrystals. 

Indium located in Cd
2-

 sites and in interstitial positions added to others structural defects like 

stacking faults, In-antisites and dislocations, give place to a great density of defects close to the 

Fermi level. At low T values the probability of electrons traveling through these defects is higher 

than the probability they move via extended states. For the rest of samples (CdS:In07 – CdS:In10) 

 decays and the line-way changes as it can be seen in Fig. 3. In these samples  does not follow 

the Mott
,
s VRH mechanism at low temperatures; and the maximum of  is also localized at  300 

K.  

 

 
Fig. 4. Log10() versus T

-1/4
, characteristic of the variable range hopping conduction, for 

three CdS:In representative films. 
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Fig. 5. Carrier density as a function of the relative volume (VR) of In(NO3) added to the 

growing solution. 

 

 

By means of thermoelectric power measurements at RT the density of carriers (n) was 

determined for the samples that do not follow the VRH conduction at low temperatures. In Fig. 5 

is displayed how when VR augments n also increases, this result is in agreement with our initial 

supposition that at RT In enters in Cd
2+

 sites as In
3+

 using two electrons to be bonded with S
2-

, 

which allows it to transfer the additional electron to the CdS conduction band. Furthermore, from 

 and n values at RT the mobility () of electrons for CdS:In2-CdS:In6 was calculated. Fig. 6 

evidences how  diminishes when VR increases. This could happen because if the density of In 

impurities increases, n increases, but on his part affect the periodicity of the lattice, then the 

electronic transport has less fluidity. Similar values of mobility have been reported for CdS:In 

polycrystalline films [23]. 

 
Table I. Energy band gap values data for samples CdS:In7 – CdS:In10. Eg1 for CdS and Eg2 

for In2S3. 

  

       Sample                                      Eg1 (eV)                                           Eg2 (eV) 

 

      CdS:In7                                         2.39                                                 2.14 

      CdS:In8                                             2.41                                                 2.18 

      CdS:In9                                         2.44                                                 2.27 

      CdS:In10                                       2.43                                                 2.25 

 

 

 
 

Fig. 6. Mobility () as a function of the relative volume (VR) of In(NO3) added to the 

growing solution. 
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Fig. 7. 2
 versus the photon energy (h) plot for the CdS:In7 film. The inset displays the 

same plot for the sample CdS:In6. The intercept of the straight line with the energy axis 

determines the value of Eg. 

 

 

In the optical absorption measurements, the Eg value was calculated by using the well 

known relation 
2
 = cte(Eg - h)

1/2
 [21]. The Eg value found for cubic CdS:In0 was 2.42 eV, as 

already reported [22]. For the rest of samples the absorption spectra were grouped in two parts: 

group I, CdS:In1 - CdS:In6, and group II, CdS:In7 – CdS:In10. The spectra of CdS:In7 and CdS:In6 

are shown in Fig. 7 and in its inset, respectively. In the spectrum of CdS:In6 one can observe only 

a small deviation, owing to the In
3+

 incorporated as an impurity, at high energies, of the expected 

line-way of the fundamental edge. The Eg value is slightly modified as it occurs with all the 

samples of group I. In the spectrum of CdS:In07, two transitions are observed. The same fact 

occurs in all the samples of group II. The data values of these transitions are showed in the Table I. 

The first transition is associated with the fundamental band gap of CdS (Eg1 = 2.42  0.05  eV) and 

the second one is assigned to absorption edge of In2S3 (Eg2 = 2.20  0.07 eV). Eg of In2S3 varies 

between 2.0 and 2.05 depending on the growth method [15,23], although for -In2S3 an Eg of 2.75 

eV has been reported [14].    

 

 

4. Conclusions   
 

In summary, CdS thin films have been In-doped during the growth process and no 

annealing was made for this study. In samples CdS:In1-CdS:In6, grown with relative low 

concentrations of In(NO3)3, doping was carried out more efficiently than on the CdS:In7-CdS:In10 

films, grown with high In(NO3)3 concentration.  

In the first group dark conductivity increased up to 3.5 orders of magnitude for CdS:In4 

with respect to undoped layers, and their Eg values have in practice the same values of undoped 

CdS. Samples of the second group had lower  values and two Eg values were found in each film, 

one corresponding to CdS and another one associated to the arising of In2S3 microcrystals. 
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