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Stability of Molecular Layer Deposited Zincone 

Films: Experimental and Theoretical Exploration 

Devika Choudhury,a Gopalan Rajaramanb and Shaibal K. Sarkara* ,  

Degradation mechanism of MLD grown hybrid organic inorganic materials under ambient 
atmosphere is investigated with zincone as the material of study. Time dependent Fourier 
transform infrared (FTIR) spectroscopy is used to analyze the chemical changes in the 
material. Experimental findings are well supported by theoretical study using Density 
Functional Theory (DFT) calculations. 
 

 

Introduction 

A growing interest is discernible in hybrid materials in recent 
years due to the enormous potential of combining the 
characteristic properties of their organic and inorganic 
constituents, resulting in new materials with tunable physical, 
chemical and electronic properties.1-4 These hybrid materials 
have found promising applications in various domains, such as 
barrier layers, encapsulants etc.5-8 Lately, applicability of these 
materials in (opto)electronics9-11 is also being explored. 
Recently Yoon et al. studied thin films of a blend of organic 
molecules and zinc oxide that offered tunablility in electronic 
properties.12 This seeds the probable scope to explore the use of 
hybrid organic inorganic materials as transparent and flexible 
electronics in future.  
 Various deposition techniques like chemical vapour 
deposition (CVD),13, 14 spin coating method,15 Langmuir-
Blodgett method,16, 17 self assembly technique18 are utilized to 
grow different hybrid thin films. The deposition of such films, 
however, has received a major boost after the realization of 
atomic layer deposition (ALD) and subsequently molecular 
layer deposition (MLD) techniques.19, 20 The ALD/MLD 
technique circumvents major drawbacks of the other methods 
with its capability of depositing uniform and conformal thin 
films with molecular level of thickness precision and control.21 
This has led to the growth of a variety of thin films by 
ALD/MLD using different combinations of organic and 
inorganic constituents in them1.     
 The most widely developed hybrid films by MLD are the 
“metalcones”, grown using a combination of different inorganic 
metalorganic precursors and organic reactants.2 “Alucone” 
consisting of trimethylaluminum and ethylene glycol is one of 
the first metalcone film reported.22 Similarly, “zincone” using 
diethylzinc (DEZ) and ethylene glycol (EG) is the first of such 
a zinc based hybrid metalcone film.23 Various other materials 

like zircone,24 titanicone25 etc have also been developed of late. 
However, most of these hybrid materials face two major 
constraints, lower growth rate22,23 and instability in air.23, 26-28 
Recently, homo/hetero bifunctional aromatic molecules are 
being used to replace the popularly used linear organic ones.29-

31 However, the rigidity of the aromatic compounds though 
provides structural stability to the materials, does not offer any 
permanent solution to the persisting chemical instability32 of the 
hybrid films.  
 In this paper we elucidate the mechanism of degradation in 
organic inorganic hybrid materials. Here we consider zincone 
as the material under study. This study can be well extended to 
understand the generic stability concern of the MLD grown 
structures. The chemical deformation of the deposited films 
under ambient condition was studied by Fourier transform 
infrared (FTIR) spectroscopy that was complemented with 
theoretical studies based on Density Functional Theory (DFT) 
calculations.   

Experimental details 

Molecular Layer Deposition of zincone films 

Molecular layer deposition was carried out in a laminar “flow 
type” custom built ALD reactor described elsewhere.32 Self 
saturating surface chemistry with diethylzinc (DEZ, Sigma 
Aldrich) and hydroquinone (HQ, Sigma Aldrich) was used for 
the growth of zincone films at 150°C. The zincone chemistry 
can be described by two half-surface chemical reactions as 
reported earlier,29  

(A)SOZn-OH*+Zn(CH2CH3)2�SOZnO-ZnCH2CH3* +  C2H6 
(B)SOZnO-ZnCH2CH3*+HOC6H4OH 
    �SOZnOZn-OC6H4OH*  +  C2H6 
where * denotes the surface species for reactions.  
DEZ was kept at room temperature while HQ was heated to 
130°C with overhead N2 flow arrangement for better vapour  
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Fig. 1 In-situ resistance measured (a) during deposition of zincone film, (b) 
during exposure to air.  

transport to the reactor. Controlled dosing of the precursors was 
obtained with adequate instrumentation operated with labview 
programming. Precursors were fed into the reactor through 
progressively heated channels. Each MLD cycle was composed 
of 1 second of DEZ pulse, 20 seconds of N2 purge, 1 second of 
HQ pulse and again 20 seconds of N2 purging. Thus the 1-20-1-
20 time sequence was used for all film depositions. Films were 
grown under a constant base pressure of 0.9Torr, maintained by 
200sccm of N2 flow controlled with mass flow controller 
(MKS).  N2 was used both as the carrier gas and purging gas in 
this arrangement. 
 Resistance of the as deposited film was measured during 
deposition with an in-situ resistance measurement under van-
der Paw configuration. Applying a constant current, the change 
in the resistance of the film was measured with time.  
 For ex-situ FTIR spectroscopy studies, 300 MLD cycles of 
zincone was deposited on KBr palettes. Measurements were 
carried out in Vertex 70 instrument from Bruker equipped with 
both DTGS (Deuterium triglyceride sulphate) and liquid N2 
cooled MCT (Mercury doped cadmium telluride) detectors. The 
former was used to carry out measurements for zincone 
samples exposed to ambient. The latter was utilized to study the 
films when kept in vacuum. Absorbance spectra of the samples 
were obtained in the range of 4000 to 350 cm-1 with a 
resolution of 4 cm-1. The spectrum obtained was averaged over 
100 scans.  

Computational Details  

Theoretical analysis of the structure, bonding and energies of 
the zincone molecules was done by utilizing Density functional 
theory (DFT) calculations. For simplicity, gas phase models 
were used which closely resembled the reactants and products 
formed during the MLD process, thus considering infinite 
surrounding and neglecting steric hindrance between molecules 
as well as the effect of different substrates. Gaussian 03 
program33 was used to carry out all the calculations.  

 
Fig. 2 FTIR spectra of 300 cycles of zincone film grown on KBr pallets and 

recorded over a time span of 48 hours. The sample under observation was 

exposed to ambient condition of 25°C temperature and 60-70% humidity 

between each scan; Spectrum of 2 MLD zincone cycles obtained from DFT 

calculations.  

The geometries were optimized using hybrid B3LYP 
functional34, 35 and  6-31G* basis set36 for all the atoms. All the 
studied structures were fully optimized and frequency 
calculations were performed to verify their nature and also to 
obtain the IR spectra. All the reported energies are B3LYP/6-
31G* Gibb’s free energy including zero-point, thermal and 
entropy corrections. DFT calculations were carried out at room 
temperature. 

Results and Discussions 

Changes in electrical properties 

The importance of zincone initially lies in the fact that the π-π* 
orbitals of HQ molecules on reaction with DEZ might result in 
conjugated chains in the form of [(HO)Zn(OPhenylOH)]n thus 
making the zincone molecule electrically conductive.29 
However the hypothesis was never overwhelmingly supported 
with experiments. Figure 1(a) shows the in-situ resistance 
measurements, using van der Paw technique during the pure 
zincone film growth of approx. 50nm. 
 As seen clearly, the resistance of the film decreases with the 
increase in film thickness. The resistance becomes stable after 
ca. 40nm of film deposition which is equivalent to approx. 250 
MLD cycles of zincone film growth.32 The decrease in 
resistance during deposition can be attributed to many possible 
phenomena namely surface or interface scattering, phonon 
scattering etc either acting independently or additively.37  
 When exposed to air, an irreversible change in the 
resistance of zincone film was observed as shown in figure 
1(b). However no observable change was noted when the film 
was kept under vacuum or under constant N2 flow.  

Changes in the chemical nature of films
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Fig. 3 FTIR spectra of zincone film deposited on KBr pellet (a) after deposition, (b) after prolonged exposure to ambient conditions compared with the FTIR spectrum 
of (c) only HQ.  

The irreversible change in resistance for zincone films could be 
possibly attributed to permanent chemical changes occurring 
within the zincone molecules on exposure of the as deposited 
film to ambient.  
 Time dependant FTIR spectroscopy measurements were 
carried out to investigate the changes (if any) in the chemical 
nature of the hybrid material. Films were deposited on KBr 
pellets and the spectra were recorded ex-situ in ambient 
conditions over a time span of 48 hours initially. Theoretical 
calculations reproduced the obtained IR spectrum to confirm 
the assigned vibration stretches. Figure 2 shows the FTIR 
spectra portraying the observed chemical signature of the 
deposited films. For clarity in presentation, the spectra have 
been shown from 1600cm-1 to 350cm-1 where the most 
prominent peaks lie.  
 The sharp absorbance peak observed at 1492 cm-1 is due to 
the C=C stretching vibration of the aromatic ring present in 
HQ. In addition, C-O stretching vibration is observed at 
1205cm-1. The third bifurcated peak at 827cm-1 and 788cm-1 
can be attributed to the C-H vibration of the C-H bonds present 
in the aromatic ring of HQ and the Zn-O stretch from the Zn-O 
bond formed between DEZ and HQ23 in the zincone molecule 
(shown in figure 2) respectively. As seen from figure 2 each of 
the signature peaks obtained in the FTIR spectra suffers a 
decrease in absorbance intensity with time, when exposed to 
air. This occurs with a simultaneous increase in the intensity of 
the O-H stretch (shown in figure SI-1 in Supporting 
Information).  It is noteworthy here that no change of the 
signature peaks of zincone film is obtained when kept in 
vacuum for the same duration of time (shown in figure SI-2 in 
Supporting Information).  

 For closer inspection of the changes taking place, the as 
deposited zincone film was kept in ambient for a prolonged 
period of five days. A comparative study of the zincone film as 
deposited and after five days is shown in figure 3.   
 As seen from figure 3(a) and 3(b), there is a significant 
change in the peak positions of the spectra immediately after 
deposition of zincone and after five days. The single peak of 
C=C stretch at 1492cm-1 bifurcates into two at 1514cm-1 and 
1473cm-1. The presence of a new peak at 1367cm-1 is 
noteworthy here. Similarly the single peak corresponding to C-
O at 1204cm-1, disappears with the appearance of a bifurcated 
one with peaks at 1241cm-1 and 1216cm-1. Moreover, though 
the C-H vibration peak at 827cm-1 remains, the Zn-O stretch at 
788 cm-1 disappears completely and a new peak appears at 
757cm-1. A new peak is also found at 520cm-1. It was found that 
the entire spectrum of the zincone film obtained after prolonged 
exposure to ambient atmosphere closely resembles that of only 
HQ as shown in figure 3(c).38 Table SI-1 in Supporting 
Information gives a detailed description of the different 
vibration stretches of HQ obtained from earlier reports and 
experimentally as well as the comparison of the HQ peak 
positions with the experimentally obtained FTIR spectrum of a 
zincone film after five days.  
 It is interesting to observe that the vibration stretch 
attributed to the Zn-O bond in the zincone molecule as seen in 
figure 3(a) disappears completely in figure 3(b). To investigate 
the degradation further, the bond length during zincone 
formation under stable state condition was calculated. A 
comparative study of the bond lengths, which in turn elucidates 
the bond energy, showed that the bond length of the Zn-
OPhenyl in [Zn-OPhenyl(OH)] of zincone is highest and thus  
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Fig. 4 Schematic showing the suspected breakage of Zn-O bond in [(HO)Zn(OPhenylOH)] resulting in the degradation of Zincone film. 

weakest among all possible bonds associated with Zn during 
the MLD growth, shown in figure 4. This drove to hypothesis 
that the degradation caused in the MLD grown zincone polymer 
results from cleavage of the labile chemical bond formed 
between Zn and the aromatic ring, depicted in figure 4.   
 The hypothesis is supported by the fact that the breakage of 
this Zn-O bond can explain the decrease of the Zn-O stretch at 
788cm-1 observed experimentally in the FTIR spectra. This 
causes a decrease in the length of the zincone chains thus 
resulting in the simultaneous decrease in the intensities of the 
other signature vibration stretches.  

Enhancing the stability of zincone films 

As an effort to isolate the affect of the ambient, zincone films 
were capped with varied thickness of ALD grown ZnO films. 
All depositions were carried out in the same reactor without 
breaking the vacuum.  It was found that ca. 20 nm of the ZnO 
capping makes the as deposited zincone films stable under the 
ambient condition as studied by FTIR with no degradation 
found within the experimental time frame (shown in figure SI-3 
in Supporting Information). Earlier reports suggest that similar 
capping reduces moisture penetration from the atmosphere into 
the material thus preventing degradation.22 
 As already been mentioned and confirmed, the bond 
strength of the Zn-O in [Zn(OPhenyl(OH))] species is weak and 
can cleave under ambient conditions. Apart from the above 
solution of capping the films, insertion of the O-Zn-O moiety in 
the chain is also found to enhance the stability of the hybrid 
zincone film. The additional ZnO unit strengthens the Zn-O 
bond in [Zn-OPhenyl(OH)] species (shown in figure SI-4 in 
Supporting Information) resulting in a longer and stable chain 
formation. Experimentation supports the theoretical observation 
that incorporation of ten or more monolayer of zinc oxide 
resulted in stable hybrid film formation. This can be depicted 

by the constant absorbance intensity of the Zn-O peak as shown 
in figure 5. 

 
Fig. 5 Variation in the absorbance intensity of Zn-O stretch at 788cm-1 position 
with time with inclusion of 0,1,2 and 10 Zn-O moieties between each zincone 
molecule.  

To further understand the atomistic structure and stability of the 
layer formations of zincone, theoretical investigations were 
performed to probe the thermodynamic stability and formation 
of the zincone molecular chains. The computed energetics of 
each of the half cycle reactions for the deposition of purely 
zincone films and different alloys are listed in Table SI-2 in 
Supporting Information.  
 Since gas phase models were used without considering any 
substrate effect, the starting point of calculation used was 
diethylzinc and H2O to obtain [(OH)ZnC2H5] species. This was 
similar to the product formed after the first DEZ pulse on the -
OH terminated starting substrate as used experimentally. The 
primary conclusions obtained from the theoretical calculations 
can be summed up as follows: 
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• The formation energy of the first zincone molecule 
[(HO)Zn(OPhenylOH)] was -204.9kJ/mol (Steps I 
and II as detailed in Supporting Information Table 
SI-2) 

Considering this unit of zincone [(HO)Zn(OPhenylOH)] as the 
unit building block, the formation energies of the successive 
zincone chains are estimated to be:  

• Two  units of zincone resulted in a formation 
energy of -205.4kJ/mol. (Steps III and IV as 
detailed in Supporting Information Table SI-2) 

• On the contrary, when a single ZnO moeity is 
inserted between 2 zincone molecules, formation 
energy of -424.2kJ/mol was obtained (steps 
III,V,VI and VII as detailed in Supporting 
Information Table SI-2).  

• Insertion of two ZnO moieties between 2 zincone 
molecules, results in even more exothermic reaction 
with formation energy of -628.4kJ/mol.(steps 
III,V,VI,VIII,IX,X as detailed in Supporting 
Information Table SI-2) 

Figure 6 depicts the formation energies of one zincone, two 
zincone, and two zincone with single and double Zn-O moieties 
inserted between two. All the energies have been calculated 
relative to the formation energy of one zincone molecule. 

 
Fig. 6 Formation energies of a single zincone, double zincone, zincone-ZnO-
zincone and zincone-2ZnO-zincone molecular chain as calculated from DFT 
considering single zncone molecule as the unit building block. 

 Thus the formation of zincone molecules with ZnO moieties 
in between was found to be more favorable thermodynamically 
than only zincone chains confirming our experimental 
observation that such hybrid structures are more stable than 
pure zincone molecules. 

Conclusions 

Electrical and chemical stability of hybrid zincone films 
deposited using diethylzinc and hydroquinone by molecular 
layer deposition was studied. Experimental observations were 
supported with DFT based theoretical calculations. The main 
cause of degradation of the zincone structure was hypothised 

and subsequently confirmed to be the breakage of the labile Zn-
O bond in the [(HO)Zn(OPhenylOH)]n structure. The 
comparatively longer bond distance of the Zn-O bond in the 
zincone chain results in the weakness of the bond. Gas phase 
models were used for the theoretical calculations. Zincone film 
on complete degradation results in a material closely 
resembling only hydroquinone. Capping of the zincone films 
with ZnO and inserting ZnO between zincone monolayers 
resulted in stable film formations. Thermodynamic energy 
analysis obtained from DFT calculations confirm the stable 
nature of alloy films than pure zincone.  
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