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Abstract 

The growth of ZnS films from ammonia solutions using thiourea as a sulfur precursor has been 
investigated. In situ growth kinetic studies have been performed by means of the quartz crystal 
microbalance (QCM) technique. The experiments have been canied out in pH buffered conditions 
(pH= 11) and the effect of the addition of amines has been investigated. The film are characterized 
by various techniques (Optical, Rutherford Back Scattering, Transmission Electron Microscopy). 
The composition of zinc hydroxosulfide is ranging between almost pure ZnS to mainly Zn(OH)2 
depending on the deposition conditions. 

1. INTRODUCTION 

Zinc sulfide is a large gap semiconductor (Eg= 3.6 eV) which is widely used in thin film devices, such as 
photoluminescent and electroluminescent devices and which can be used as a window layer for thin film 
heterojonction solar cells [I-21. 
Zinc sulfide has been prepared by a variety of methods, including evaporation metal-organic chemical vapor 
deposition, molecular beam epitaxy and atomic layer epitaxy. The deposition of thin films of ZnS can be 
obtained by direct reaction between precusor species in solution at low temperatures (<lOO°C). This process, 
called chemical bath deposition (CBD) uses the reaction between thiourea [2,3] or thioacetamide [1,4-61 and 
dissolved zinc ions in solution. It is analogue to chemical deposition in the vapor phase (CVD). 
We report here some studies on the deposition of zinc sulfide thin films from NH3 1 NH,Cl solutions, in the 
presence of thiourea and zinc chloride as precursors. As compared to [2], the addition of ammonium ions 
allow to fix the pH of the solution in a less basic range and to stabilize the growth conditions. Moreover 
recent studies for CdS tend to show that the quality of CdS layers is better in pH buffered conditions [7]. 
One problem arizing with ZnS as compared to CdS is the much lower deposition rate in presence of 
thiourea. To avoid this problem it has been shown recently that the addition of hydrazine increased markedly 
the growth rate in basic solution (unbuffered)[2]. In this paper, the influence of hydrazine and other amines 
has been studied. 
In situ studies have been carried out by means of the quartz crystal microbalance technique (QCM) [1,8]. 

2. SOLUTION CHEMISTRY ANALYSIS 

The mechanism of sulfide films by CBD is generally represented by the following steps[9] : 
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where L is a ligand, as NH3 for Zn2f. Step one corresponds to the decomplexation reaction, step two to the 
hydrolysis of thiourea (which may be considered as reversible [10,11]) leading to the formation of sulfide 
ions which react with free cations to form ZnS. 
Recently another mechanism has been proposed for CdS 183, which involves chemical steps at the surface. 
If we admit that the mechanism of the deposition of ZnS is similar to that proposed for CdS, we can write: 

Z~(L); + site + 20H- H Zn(OH),,ads+ nL (i) 
SC(NH,), + Zn(OH),, ads + ZnS + 2H20 + CN2H2 + site (ii) 

In this mechanism the adsorption of zinc hydroxide plays a key role and catalyses the decomposition of 
thiourea at the surface. The role of the metal hydroxide in the reaction process was recognized also from 
earlier studies [12,13]. If we consider the solubility products of Zn(OH)2, K, =lo-'"3 and ZnS, 

K, = 10-23.8 [14], it appears that a competition between the formation of both compounds is possible in 
basic solutions. To obtain ZnS the formation of Zn(OH)2 must be minimized, i.e. the ionic product must 
remain below the solubility product. 
From an analysis of the solution chemistry the repartition of the soluble species and the solubility limit of 
Zn(OH):! can be calculated in various conditions. Using the values of the stability constants reported in table 
I, the solubility diagram corresponding to the selected range of pH has been established (figure 1). 

Table I: Values of the stability 
the model [14,16,171. 

Ammonia concentration (M) 

Figure I : Solubility diagram of Zn (OH), as 
constants used in function of free ammonia concentration at 

[NH,']= 0.02M; Solid circles I to 4 

[ZnCl,] = 0.19, 0.15, 0.10, 0.075M at 

[ NH, Ifiee = 0.5 M ;  Solid circles 1,5 and 6 

[NH3lfiee = 0.9, 0.7, 0.5M at 

[ZnCl,] = 0.19M. 

For ZnS, the estimation of the precipitation line can be made by assuming that the decomposition of thiourea 
is reversible. 

sC(NH,), + 20H- w s2- + H2CN2 + 2H20 

with K = 2.25 10-'*[7] considering also that cyanamide and sulfide had acid functions ( pK,, = 11.82 
pK,, = 10.28 for cyanamide) [12], and the also for sulfide. 

3. EXPERIMENTAL 

The substrates were glass slides, SnO, on glass or Si(ll1) or Si(100) slides. Glass and SnO, slides were 
degreased with a detergent solution, cleaned in concentrated sulphuric acid. Si slides were degreased with 
ethanol, etched in HFI NH,C1 solution to remove the oxide. All were then rinsed in milli-QH water. 



The slides were mounted vertically in a glass beaker containing the deposition solution at a temperature of 
85°C. 
Stock solutions of ZnCl,, ZnSO,, NH, , NH,Cl, Thiourea (Tu), Ethanolamine (EA), Triethanolamine 
(TEA) and Hydrazine (HZ) of different concentrations have been prepared from reagent grade chemicals. 
Zinc salt is mixed with ammonia solution under vigorous stirring until the dissolution is completed. This 
solution is introduced into the reaction vessel and heated to the desired temperature in the presence of the 
quartz microbalance. The thiourea is added from a few ml of sotck solution. The solution (50 cm3) was 
stirred magnetically during the deposition. 
The quartz crystal microbalance (MAXTEK Inc. Model PM 500) works at a frequency of 6 MHz. It 
consisted of a polished gold electrode (1.4 cm2). The equivalent thickness is obtained directely from the set 
up by introducing the density of ZnS: 4.09 g cni3 , and the acoustic impedance factor: 11.39 lo5 g cm" s-'. 

4. RESULTS AND DISCUSSION 
4.1. In situ kinetic study 

The conditions of deposition are indicated in figure 1. They correspond to conditions below the precipitation 
line of both the hydroxide and the sulfide, except conditions (1) which are close to the precipitation. At room 
temperature all these solution remain clear, with no evidence for precipitation, in agreement with the 
solubility diagrams. 
In figure 2,3 and 4 are reported the influence of the total zinc, the free NH3 and thiourea concentrations 
respectively, while the other parameters were kept constant. The corresponding points are reported in the 
solubility diagram (figure 1). Considering an individual curve, it appears that the growth starts almost 
immediatly, without marked induction times, and proceeds more or less linearly as a function of time. This 
behavior is different from that observed with CdS [8] but similar to that reported in previous studies for 
ZnS[l]. It also appears that the growth rates are rather low (c 0.1 pmfh). This was also reported at higher 
-U r-1 P" LAJ. 
As expected from the mechanism, increasing the precursor concentrations, zinc chloride (figure 2) and 

thiourea (figure 3) increases the growth rates, however the effect is more pronounced with zinc than with 
thiourea. Increasing the free ammonia concentration leads to a decrease of the rate, due to a displacement of 
equilibria (1) and (i) to the left. 

Figure 2: Thickness evolution with deposition 
time for samples prepared at dtrerent 
concentrations of zinc. Conditions: 
[Tu] = O. lM,  [NH,Cl] = 0.02M,T=8.F°C; 
1 to 4 [ZnCl,] = 0 . 1 9 ,  0.15, 0.10, 0.075M 
a .d [NH, ]  = 1.26, 1.1, 0.9, 0.8M. 
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Figure 3: Thickness evolution with deposition 
time for sample prepared at dzrerent 
concentrations of ammonia. Conditions: 
[Tu] = O . l M ,  [ZnCI,] = 0 .19M,  
[NH,Cl] = 0.02 M ,  T=85 OC, 1 to 3 
[NH,] = 1.66, 1.46, 1.26M. 

Contrary to the case of CdS [8] no marked change of the growth curves occurs when the conditions 
approach the precipitation lines or cross them (figure 2). In the case of CdS a clear change in the slope was 
observed and related to a change i&&e growth mechanism, from an atom by atom growth below the 
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precipitation line to a colloidal growth beyond it. In the latter case the growth curve is linear with no 
induction time. 

0 1000 2000 3000 4000 
Time (s) 

Figure 4: Thickness evolution with deposition time 
for sample prepared at different concentrations of 
thiourea. Conditions: [NH, ] = I .  1 M ,  

[ZnCl,] = 0 . 1 5 M ,  [NH,Cl] = 0 . 0 2 M ,  
T=8S0C,1 to2 [Tu] = 0 . 1 ,  0 . 1 5 M .  

0 . 1  L . .  . . I  . . . . I . .  . . I .  .. . ,. . .. I . .  .., 

This indicates that the growth mechanism more likely corresponds to a colloidal growth in these conditions. 
In [2] a strong effect of the addition of hydrazine on the growth rate of ZnS was observed, increasing the 
growth rate through a maximum situated at about 3M. In figure 5 is shown the effect of addition of 3M 
hydrazine. An increase of the rate by a factor of 4 is also observed despite the complexing action (Table 
I).The addition of triethanolamine also increases the growth rate markedly and the required concentrations 
are much lower (0.2M). In that case the complexing action is very low. One can note the appearance of an 
induction time in this case. 
For ethanolamine (0.7M) an increase of the rate is also observed. In that case the complexing effect is much 
stronger than for the other species (Table I). Considering the a coefficient shows that the free Zn2+ 
concentration is about ten time lower ( a  = 6.2 107 for NH3, NH3 + HZ, NH3 + TA and a - 6 108 for NH3 
+ EA), which should have lead to a significant decrease of the growth rate. This means that EA has a strong 
accelerating effect in the deposition mechanism. An effect of pH change can be avoided, since the added 
species have no acido basic properties in this pH range. 
These results show that the addition of other amines tend to increase the growth rate, without changing 
significantly the speciation in the bath (precipitation line, pH ...) for HZ and TEA. This indicates a 
participation of these molecules in the reaction mechanism. In the case of hydrazine it is known that its 
presence accelerates the hydrolysis of thiourea (steps 2 and ii) and thus an increase of the rate is expected. 

4.2. Characterization of the films 

The films are adherent and homogeneous with thickness as around 0.1 p.m. 
Electron diffraction patterns for films deposited on carbon grid show a ring pattern, with large rings, 
corresponding to ZnS (c.f.c.) in a microcrystalline state. Electron transmission microscopy show that the 
films are composed of aggregated grains in a amorphous matrix (figure 6). The grain size is about 3 nm. The 
interreticular distance (0.372 nm) corresponds to (1 11) planes. This indicates that the film is made by the 
aggregation of colloids from the solution, in agreement with the conclusions of the in situ study. 
The composition of the films have been determined for films deposited on silicon substrates by means of 
Rutherford Back Scattering (RBS). The films appear to contain significant amounts of oxygen. In figure 7a 
is shown for instance the sprectra for a film deposited in the conditions of figure 4, curve 2. The 
determination of the surface concentrations of Zn and S atoms gives a ratio about 2 (226 1015 cm-2 for Zn 
and 117 1015 for S). As the presence of oxygen is also detected, this means that the film is not pure sulfide 
but contains significant amount of oxyde ( ZnOo,,So,5) or hydroxide (ZnOHS,,). 



Figure 6: Electron transmission view of afilm deposited on a carbon grid 
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Figure 7:  RBS spectra forfilms deposited on silicon. 
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E M S  studies confirm the presence of oxygen in the form of hydroxide and the high 01s ratio obtained in 
the films. The composition of some films is even close to Zn(OH), [18]. For comparison the RBS 
spectrum of a film close to stoichiometry is shown in figure 7b. It is obtained in more basic solutions, in 
presence of hydrazine in conditions similar to [2].  
These results are coherent with the deposition mechanism involving hydroxide intermediates and the 
thermodynamic predictions of figure 1. If the transformation of hydroxide into sulfide is too slow, 
significant amounts of hydroxide will be present in the film. Otherwise in conditions of fast sulfide 
formation (with HZ in more basic conditions), the substitution of hydroxyl groups by sulfides is almost 
complete. 
Optical transmission experiments are presented in figure 8. They show that the films are highly transparent 
with a well defined absorption edge in the UV range corresponding to band gap values of about 3.85 eV, 
slightly higher than for crystalline ZnS (= 3.6 eV). 
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Figure 8: Optical transmission spectra; Curves I to 4: NH, + EA, NH3, NH, + TEA, NH, + HZ, 
deposition conditions offigure 5.  

5. CONCLUSIONS 

The deposition of ZnS films in pH buffered ammonia solutions in presence or not of amines has been 
investigated-The solution chemistry analysis of the system allows to predict the conditions of pH, 
concentrations of ammonia and zinc where Zn(OH), or ZnS precipitate. Films were deposited from these - 
defined conditions. 
The presence of an important quantity of oxide or hydroxide in the ZnS films can be explain by the 
proximity of solubility lines of the sulfide and the hydroxide. The conditions of precipitation correspond to 
the upper part of the plane. The sulfide is just a little more stable than the hydroxide. 
The introduction of different amines (hydrazine, triethanolamine and ethanolamine) in the solution is found 
to enhance the growth rate. The films are adherent and highly transparent, with a band gap about 3.8 eV. 
They are microcrystalline and their composition varies from ZnS to Zn(OH)2. 
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