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Abstract 

Cr2O3:(Mg,N) has been reported as a p-type transparent conducting oxide. In this 

contribution the effect of each precursor used for the deposition by spray-pyrolysis, 

will be explored and their role in determining the optical and electrical properties of 

Cr2O3 will be outlined. A correlation between the structural, electrical, and optical 

properties upon introducing nitrogen precursors has been established. In particular it 

has been shown that the presence of ammonium salts in the deposition environment 

results in less absorbing films. By combining optical measurements and NEXAFS 

studies, a mechanism is proposed to explain the change in the optical properties. 

Moreover, it is shown that the presence of the nitrate moiety in the reaction 

environment is necessary to improve the electrical conductivity of the deposited films. 

The reaction of the nitrate moiety with the ammonium moiety has been proposed as 

the mechanism to explain the boost in conductivity.  
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1. Introduction 

 

Chromium sesquioxide, (Cr2O3), known also as chromia (mineral name Eskolaite), is an 

anti-ferromagnetic wide band gap insulator (Eg=3.4 eV) and it is the most stable oxide that 

chromium can form. It is a well-known refractory material used for its mechanical properties 

as it is among the hardest oxides.
1
 Recently Cr2O3 and Cr2O3:N have received attention for 

application in optoelectronic devices, in particular as hole transporting layer in organic solar 

cells.
2-5

 

Cr2O3 crystallizes in the corundum structure with hexagonal closed packed layers of 

oxygen atoms and two thirds of the octahedral sites filled with Cr atoms.
6, 7

 Each octahedron 

shares one face and three edges with neighboring occupied octahedrons, with the metal cation 

slightly displaced from the geometric center of the octahedron. The latter effect and the fact 

that one third of the octahedrons are empty are advocated as causes of a slight difference in 

the O-O distance
8, 9

 within the cell. The primitive cell is rhombohedral, the unit cell is 

hexagonal, with crystal parameters of a=4.959Å and c=13.594Å. 

Due to the octahedral field the Cr 3d states are split into sub-bands: the triple degenerate 

t2g and the double degenerate eg. Understanding the energy position of these two bands and 

their relative contributions to the valence band maximum and conduction band minimum is 

strictly important to understand the optical and electrical properties of this material, in 

particular for its application in solar cells.  

Regarding the optical properties, Cr2O3 band gap is reported to be 3.4 eV. Below the 

absorption edge, two other weak optical transitions are visible at ~2 and ~2.6 eV in almost 

any transmission spectra of Cr2O3 reported in literature, regardless of the growth technique. 

These bands are usually attributed to dipole forbidden, quadrupole allowed, d-d transition 
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from occupied t2g levels to unoccupied eg levels and are responsible for the distinctive green 

color of Cr2O3 powders.
7, 10

 

From the electrical point of view, Cr2O3 is usually reported as an insulator, with the 

possibility of low native p-type conductivity.
4
 Doping with Mg is well known to induce p-

type semiconductor behavior,
11, 12

 however, Uekawa and Kaneko highlighted a simultaneous 

degradation of the optical properties due to an increase in the absorption coefficient upon 

doping with Mg.
12

 The latter was attributed to the formation of Cr(VI) defects. 

Recently we reported a method to improve both optical and electrical properties of Cr2O3 

by co-doping with Mg and N.
13

 In this way spray pyrolysis grown Cr2O3 was converted into a 

p-type transparent conducting oxide, showing semiconducting behaviour without 

compromising the optical transparency. In this contribution, we focus on the role of each 

precursor on achieving the desired properties. In particular the role of the nitrate, chloride and 

ammonium moiety as well as the role of the pH will be discussed in regards to their effect on 

the structural, optical and electrical properties of Cr2O3.  

2. Experimental details 

Depositions were carried out by spray pyrolysis, using a home-built set up. Details of the 

deposition chamber are reported elsewhere.
14

 

All precursors were purchased from Sigma Aldrich and used without any further 

purification. Chromium nitrate and chromium chloride were used as chromium sources, 

ammonium acetate and ammonium chloride were used as nitrogen sources, magnesium 

chloride and acetate as magnesium sources. The pH of the solution was varied from 5 to 0. 

Hydrochloric acid and nitric acid were used for this purpose. Four different sets of samples 

were grown: undoped Cr2O3, Mg-doped Cr2O3, N-doped Cr2O3 and (Mg, N)-co-doped Cr2O3, 

for which a variety of precursor combinations were investigated. All solutions had a 
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chromium salt concentration of 0.1M, ammonium salts of 0.4M and magnesium precursors of 

0.011M. The solution was delivered at a rate of 1.7 ml/min and the deposition time was 

adjusted in the range of 800-1000 seconds, in order to achieve a comparable film thickness in 

the order of 150-250 nm for films grown with each precursor solution. 

Glass slides (coverslip 0.17 mm, Roth) were used as substrates and the deposition 

temperature measured at the surface was adjusted to be 430±10°C. 

Optical properties were characterized by UV-Visible spectrophotometry by using a Perkin 

Elmer 650S spectrophotometer equipped with an integrating sphere. Structural properties 

were analyzed by grazing incident X-ray diffraction (GIXD) using a Bruker D8 Discover. 

Analysis of the measured patterns was performed by using the Rietveld method implemented 

in the MAUD software.
15

 Information on the crystallographic parameters and crystallite size 

could thus be extracted. Resistivity and carrier activation energies were determined from 

sheet resistance measurements, performed in a four point probe linear geometry configuration 

at a temperature range from 50-150°C. The film thickness was determined by cross-sectional 

scanning electron microscope (SEM) by using the Zeiss Ultra Plus - Scanning Electron 

Microscope. Near edge X-Ray absorption fine structure (NEXAFS) measurements were 

performed at beam line I511-3 of the MAX-lab National Laboratory, Sweden. The O 1s 

NEXAFS spectra were recorded in the total fluorescence yield mode using a multichannel 

plate detector. The photon energy resolution was set to 100 meV. 

3. Results and discussion 

 3.1 Crystallographic and optical properties 

In the first set of samples, undoped, N-only and Mg-only doped, as well as Mg,N co-

doped films were grown by using chromium nitrate, ammonium acetate and magnesium 

chloride at pH=0 (HCl). All films show only one phase, (Eskolaite, PDF 01-072-3533). In 
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symmetric scans no significant difference could be seen between samples, most likely due to 

the poor signal to noise ratio at high angles. However, in grazing incidence configuration, 

more information could be gathered due to a better signal to noise at higher angles and 

substantial shifts of the peaks for N-doped samples were observed (see Figure 1). 

 

Figure 1. Grazing incidence X-ray diffraction of (▬) undoped, (▬) Mg-doped, (▬) N-doped 

and (▬) (Mg,N)-codoped Cr2O3. The vertical dotted lines indicate the database positions and 

are used as guide to the eyes. Samples shown have been grown using Cr(NO3)3, MgCl2, and 

ammonium acetate in different combinations. 

As it can been seen from Figure 1, there is a shift in the peak position to lower diffraction 

angles for samples grown by using ammonium salts in solution. The Rietveld method was 

used to determine the lattice constants, the dimension of the coherent diffraction domains and 

the micro strain values. More specifically, diffraction domains were considered isotropic and 

their dimensions and the micro strain were determined by using the so called “Delf” model 

implemented in the program MAUD. The latter allows the samples contribution to the 

broadening of the peak (integral breadth) due to the micro strain and due to the crystal size to 

be discerned, owing to their different angular dependence: tan dependence for the micro 

strain versus 1/cosdependence for the crystal size. This implies that the instrumental 
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contribution to the peak broadening has been previously estimated (Cagliotti formula) and it 

is taken into account during the fitting routine. The following trends have been observed: 

- The value of the c lattice constant remains unchanged, within the experimental 

error, for all samples: 13.582±0.006 Å. 

- samples where CrCl3 was used as Cr source show an a-lattice constant 

systematically larger than those where the nitrate precursor was used: for example, 

undoped samples grown out of the chloride precursor have an average lattice constant 

of 4.959 Å, which is in line with the database value and larger than that typical of 

undoped samples grown out of the nitrate source, whose average value is 4.949 Å. 

The same trend is observed for doped samples (see Figure 2) 

- all samples where ammonium ions were present in solution show bigger 

diffraction domains (from 300 Å for undoped samples up to 700 Å for Mg,N co-

doped samples, see Figure 2) 

- all samples where ammonium ions were present in the solution have a larger 

a-lattice constant than undoped or only Mg doped samples (4.949 Å for undoped or 

only Mg-doped sample vs 4.955 Å for only N-doped samples and 4.964 Å for Mg,N-

co-doped samples, see Figure 2) 

- a correlation between the a lattice parameter and the crystallite size could be 

determined, however, the trend is the opposite to the one expected from size 

confinement effects and no corresponding correlation in the c-axis has been observed 

(see Figure 2) 
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Figure 2. a-parameter as a function of crystallite size. Hollow symbols denote samples 

grown using chromium chloride; full symbols are for chromium nitrate. Squared symbols 

denote undoped samples; triangular symbols are for N-only doped samples; rhombohedral 

symbols are for Mg,N-codoped samples. 

According to the Rietveld refinement, introducing ammonium ions in the precursor 

solution leads to the larger crystallite size. In other words the presence of ammonium ions in 

the reaction environment helps to improve the crystal quality of the material deposited by 

increasing the crystal size. However the latter cannot be responsible for the increase in the 

crystal cell parameter a, since the opposite trend is expected from crystal size effects. 

Another possible reason for such lattice expansion can be stoichiometric differences in the 

Cr2O3 structure. A possible explanation is the subtle change in Cr/O stoichiometry in the 

ammonium rich atmospheres. As it will be outlined in the NEXAFS studies, the oxygen 1s 

edge shows a peak attributed to the CrO3 phase. Such phase cannot be detected in the GIXD 

patterns, which means that, from a quantitative point of view, this parasitic phase is below the 

detection limit, or, most likely, it is only present as a local disorder of the bond arrangement.  

Another possible explanation is the incorporation of nitrogen. According to literature the 

Cr-N bond (2.06Å) is longer than the Cr-O bond (2.01 and 1.96 Å),
16

 which could lead to the 
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observed lattice expansion, however this latter hypothesis is rather speculative as, at present, 

there is no direct evidence for incorporation of N into the crystal structure of Cr2O3. To fully 

assess the issue, direct bulk measurement of N concentration and DFT calculation on the 

effect of nitrogen on Cr2O3 would be required. Determination of the N content by XPS is 

currently not feasible for two reasons. First of all, this technique is surface sensitive, thus 

giving only the amount of nitrogen incorporated in the first few nanometers of the samples 

rather than the bulk quantity. Secondly, the sputtering procedure, required to remove 

potential contaminants from the surface prior to the XPS measurements, interferes with the 

N-determination by inducing the molecular nitrogen absorbed on the surfaces to react and 

bond to uncoordinated Cr atoms, thus making impossible to distinguish between incorporated 

nitrogen and reacted surface adsorbed nitrogen. NEXAFS represents an alternative technique 

to detect the presence of nitrogen, especially because it is bulk-sensitive and it allows 

discriminating the chemical status of nitrogen (N2 vs. NOx for example). N K-edge NEXAFS 

was performed; however the studies were not conclusive. In fact, as it can be seen in Figure 

3, samples are quite porous, thus the main signal detected was a sharp molecular nitrogen 

peak, caused by surface adsorbed or trapped N2. The second problem arose from an unusual 

high background signal at that particular energy range for any Mg doped samples. Due to 

these instrumental and noise limitations, we were not able to detect incorporated nitrogen 

reliably. We can however estimate an upper limit of the incorporated nitrogen of nN < 1×10
19

 

cm
-3

. Further experiments involving in-situ heating cycles to remove adsorbed and trapped 

nitrogen would be required to quantify the nitrogen with NEXAFS. 

The second main consequence of the presence of ammonium precursors in solution is a 

reduction in the optical absorption coefficient. In order to study this effect, integrated 

transmission measurements were performed and the thickness of each sample was determined 

by cross-sectional SEM (Figure 3). In this way, the absorption coefficient () could be 
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calculated. For the thickness determination, a thin slab of each sample was cut and secured to 

the SEM sample holder. Several SEM images, similar to the one shown in Figure 3, were 

taken for each slab and the thickness of the deposited films was determined as the average 

over the entire dataset. 3 different nitrogen concentrations were taken into consideration ([N] 

equal to 0, 0.3 and 0.5 M), for each of which, several samples were grown and analyzed. The 

error bars in Figure 4 have been determined from the statistical variance among the samples 

grown at a given nitrogen concentration in the solution. A Tauc plot was used to determine 

the band gaps. A systematic decrease in the absorption coefficient (Figure 4) and a band gap 

opening (Figure 5) is visible for all the samples grown with ammonium salts in solution.  

 

 

 

 

Figure 3. SEM cross section of a Cr2O3 sample doped with nitrogen. The average sample 

thickness was determined by measuring the height of the film at different points of the sample. 
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Figure 4. Absorption coefficient as determined from combining integrated transmission 

measurements and thickness determination via cross-sectional SEM for (▬) undoped Cr2O3, 

(▬)N-doped Cr2O3 solution ratio 1:3, (▬)N-doped Cr2O3 solution ratio 1:5. The error bars 

originate from the standard deviation of the SEM thickness measurement and variations 

between similar samples.  

 

 

Figure 5. Band gap determination of (▬) undoped Cr2O3, (▬) N-doped Cr2O3 solution ratio 

1:3, (▬) N-doped Cr2O3 solution ratio of 1:5. The linear portions of the curves that were 

used for the fitting were chosen in order to minimize the R-factor.   
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In order to assess the origin of this change, NEXAFS has been conducted on undoped, 

Mg-only and N-only doped and Mg-N-codoped samples all grown using the chromium 

nitrate precursor, MgCl2 and NH4CH3CO2 as doping sources. 

     

Figure 6. Near edge X-ray absorption spectra of the oxygen 1s absorption. a) compares the 

data from undoped Cr2O3 with (▬) and without (▪▪▪) ammonium salts in the solution, while 

b) shows the spectra of Mg doped Cr2O3with (▬) and without (▪▪▪) ammonium salts. The 

energy positions and relative intensities of the structures A-D are typical for Cr2O3. The 

energy position of the defect structure A* at 528.0 eV is consistent with a local bond 

arrangement of CrO3. Note that in samples grown with ammonium acetate, the intensity of 

this structure is reduced. 

The O 1s NEXAFS spectra for the samples under study are shown in Figure 6. The 

relative intensities of the spectra are normalized to the same continuum jump at the photon 

energy of 565 eV. Examining the series of the O 1s NEXAFS spectra in Figure 6 one can see 

that the spectra are quite similar and consist of five prominent absorption structures (A*, A, 

B, C and D) resulting from the O 1s – 2p transitions. The energy positions and relative 

intensities of the structures A-D are typical for O 1s NEXAFS spectra measured in previous 

studies from polycrystalline Cr2O3 powder, an α-Cr2O3 (    ) single crystal and thin (40 

nm) Cr2O3 films grown on the Al2O3 (0001).
17,18

 The structures A-D do not exhibit any 

significant changes, while the intensity of the structure A*, present in the samples grown by 
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spray pyrolysis, is significantly reduced anytime that ammonium salt was present in the 

solution. The energy position of the structure A* in Figure 6 is 528.0 eV and corresponds to 

the main absorption peak in the O 1s NEXAFS spectrum measured from polycrystalline CrO3 

powder.
17

 As previously said, this phase is not visible in the XRD patterns, which means that, 

quantitatively, this is below the XRD detection limit, or it is only present in local bond 

arrangements. The presence of Cr(VI) has been advocated by Kaneco and Uekawa
12

 as the 

cause of the brown discoloration appearing in their Mg-doped Cr2O3 films. From the 

microscopic point of view, both our undoped and Mg-doped films present a strong brown 

discoloration, which tends to disappear as soon as ammonium salts are introduced in the 

precursors’ solutions. Only N-doped films have a green colour again, while co-doped films 

have a much attenuated brown colour. These observations and the NEXAFS data link the 

presence of a brown tint to the presence of Cr(VI) ions, thus confirming the data reported by 

Kaneco and Uekawa.
12

 As a further step, it has been proven that the formation of this defect 

can be prevented, or at least strongly reduced, by the presence of the ammonium moiety or its 

decomposition products in the reaction atmosphere.  

 

3.2 Electrical properties 

In its perfectly stoichiometric form, Cr2O3 is an insulator. Our spray-pyrolysis grown 

films, however, show a very low, yet measurable, conductivity, even for the undoped 

material, with the worst properties obtained for samples grown by using the chloride 

precursor (see Table 1). Films grown by using the nitrate precursors show a lower resistivity 

and a smaller a-axis than those deposited with the chloride precursor.  

Mg is a well-known dopant for Cr2O3, able to provide a hole if placed substitutionally on a 

Cr site (MgCr) due to the different oxidation states (Mg(+II) versus Cr(+III)). Improved 
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electrical properties were obtained by co-doping. For the (Mg,N)-co-doped samples different 

conditions were tested by adjusting the pH. Starting with chromium nitrate (0.1M) and 

ammonium acetate (0.4M) as precursors, the pH of the solution was 5. By adding HCl, the 

pH was brought down in steps to a value of 0. Samples have been grown with these different 

precursor solutions and sheet resistance, activation energy and thickness were determined for 

each one. Activation energies were determined by means of Arrhenius plots.  

      

Figure 7. Resistivity measurements (■) and activation energy (●) of Cr2O3:Mg,N as a 

function of pH for a solution which contains chromium nitrate, ammonium acetate and 

MgCl2 as precursors. A clear trend is visible: the lower the pH of the original precursor 

solution, the lower the resistivity and the activation energy for the carriers in the final 

sample. 

As it can be seen in Figure 7, the resistivity decreases as the pH goes down. At the same 

time also the effective carrier activation energy decreases. From the chemical point of view, 

lowering the pH can have two main consequences: 

- partial or complete removal of the acetate moiety, by protonation and release of the 

same as acetic acid 

- promoting the reaction between nitrate and ammonium by favoring the reduction of 

the nitrate moiety 
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In order to test if the acetate moiety was interfering with the reaction, samples were grown 

by using NH4Cl and Cr(NO3)3 as N and Cr sources respectively, in other words, no acetate 

was present in the solution. The pH of the starting solution was 3, which was brought down 

to 0 by adding HCl. As it can be seen from Table 1, samples grown at pH 0 using ammonium 

chloride have a comparable resistivity to that of the samples grown by using ammonium 

acetate, while the sample grown at a pH of 3 has a higher resistance than those grown at a 

pH 0. The fact that the same trend with pH was observed when ammonium chloride was used 

leads to the conclusion that the effect of the pH is not related to the removal of acetate from 

the solution but has to be linked to the decomposition pathway followed by the nitrate moiety 

at different pHs. It is well known that heating of ammonium nitrate solution under 

atmospheric pressure is followed by the decomposition of the nitrate moiety by ammonium 

ions in acidic environment (or ammonia in basic condition), producing N2 and water as final 

products. 

OHHNNONH 2234 9243  
        

Ammonia is a better reducing agent under acidic conditions, when it acts as ammonium 

ions.
19, 20

 The final products of the decomposition vary depending on the temperature and 

pressure at which the reaction is conducted. High temperature, pressure and acidic pH favor 

this reaction.
19, 20

 Nitrous oxides are for sure developed during this decomposition process, 

and in certain circumstances they are the major final product of the reaction. For example, it 

was demonstrated that under pressurized conditions and at 180ºC, NH4NO3 decomposes 

giving nitrous oxide and nitrogen with a ratio of 4:1. The content of nitrous oxide was 

increased as the pH was lowered. Despite the fact that in our case the reaction was conducted 

at atmospheric pressure, it is reasonable to assume that the reaction between the nitrate and 

the ammonium ions does occur producing highly reactive species such as NO and NO2, 

whose production is favored at low pHs. At the same time NO and NO2 have been reported to 
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be of significant importance for the development of p-type materials, in particular when this 

is to be performed by N-doping.
21

 

The nitrate decomposition is therefore a key factor in achieving good electrical properties 

in the grown film. In order to confirm this, additional experiments have been carried out. In 

the first place, the deposition has been carried out by employing CrCl3 rather than Cr(NO3)3. 

All other parameter were kept unchanged. The pH was adjusted to be zero by adding HCl. As 

it can be noticed in Table 1, higher resistivities were observed when only chloride and acetate 

were used, i.e. no nitrate present in the solution (line 7). In this case higher activation 

energies were registered as well (for films grown in the presence of nitrate Ea=195±10 meV, 

in the absence of nitrate 240±10 meV). Following this, the nitrate moiety was introduced by 

using HNO3 rather than HCl to adjust the pH, and again using CrCl3, MgCl2 and ammonium 

acetate as Cr, Mg and N precursors respectively. In this case, resistivities in line with the best 

performing samples (Table 1 line 4 and 8) were achieved. Similar results were obtained when 

Cr(NO3)3 and HNO3 were used for the deposition. These experiments confirm that the 

presence of nitrate in solution and its decomposition are necessary in order to achieve the 

highest conductivity.  

Fanning et al
20

 reported that the presence of chloride ions was crucial for the development 

of the NO as final product of the decomposition reaction. In order to verify this point we 

deposited Cr2O3:(Mg,N) by using only nitrate and acetate salts. Nitric acid was used to adjust 

the pH. In this case only a slightly higher resistivity is observed. This is an indication, that 

chloride plays a secondary role in the proposed decomposition mechanism. 

Analysis of the transport mechanism is currently undergoing. Preliminary studies 

performed on both spray pyrolysis grown  polycrystalline films and epitaxial grown PLD 

films, highlight that the poor morphological structure and the high concentration of defects 

are limiting the electrical properties of the films deposited by spray pyrolysis, in other words 
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the activation energy reported in the present contribution are not a pure measurement of the 

acceptor level and a strong contribution from grain boundaries and defects is expected to 

limit the conductivity of these films. Therefore, it can be anticipated that better electrical 

properties can be achieved by improving the morphology and crystal quality of the films. 

 

Table 1. List of precursor combinations and resistivity values. The case where no nitrate 

moiety was present in solution is highlighted in red. As it can be seen, a much higher 

resistivity was observed in this case, confirming the crucial role of NO 
-
 for the electrical 

properties.  

 Sample Cr source Mg source N source pH  , (cm) 

1 Cr2O3 Cr(NO3)3 none none  >1000 

2 Cr2O3 CrCl3·6H2O none none  400 

3 Cr2O3(Mg,N) Cr(NO3)3 MgCl2 NH4(CH3CO2)2 0, HCl 4.0 

4 Cr2O3(Mg,N) Cr(NO3)3 MgCl2 NH4(CH3CO2)2 3, HCl 5.4 

5 Cr2O3(Mg,N) Cr(NO3)3 MgCl2 NH4Cl 0, HCl 4.9 

6 Cr2O3(Mg,N) Cr(NO3)3 MgCl2 NH4Cl 3, HCl 6.0 

7 Cr2O3(Mg,N) CrCl3·6H2O MgCl2 NH4(CH3CO2)2 0, HCl 40 

8 Cr2O3(Mg,N) CrCl3·6H2O MgCl2 NH4(CH3CO2)2 0, HNO3 9 

9 Cr2O3(Mg,N) Cr(NO3)3 MgCl2 NH4(CH3CO2)2 0, HNO3 7 

10 Cr2O3(Mg,N) Cr(NO3)3 Mg(CH3CO2)2 NH4(CH3CO2)2 0, HCl 5.5 

11 Cr2O3(Mg,N) Cr(NO3)3 Mg(CH3CO2)2 NH4(CH3CO2)2 0, HNO3 9 

 

4. Conclusion 

The role of the defect chemistry on the structural, optical and electrical properties of 

Cr2O3:(Mg,N) has been investigated.  

Regarding the structural and optical properties, a systematic decrease in the absorption 

coefficient, an increase in the band gap and an increase in the a-crystal cell parameter was 

observed in conjunction with the presence of ammonium acetate in the precursor solution. 

Regarding the optical properties, this study confirms the role of N in improving the optical 

transparency and opening the band gap as previously reported for sputter deposited films
2
. 

Our NEXAFS experiments suggest that the ammonium precursors (or its decomposition 
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products) are preventing the formation of a parasitic defect, Cr(VI), which was previously 

attributed to be responsible for the brown discoloration of Cr2O3 films
12

. 

Regarding the defect chemistry, good electrical conductivity could only be found in 

samples where the nitrate moiety was present. If no nitrate was present in the solution, optical 

properties of the film were not altered, but a much worse conductivity was achieved. In order 

to prove that the nitrate was necessary, different combination of precursors have been tested, 

showing that as long as the NO 
-
 moiety was present in any form, good electrical performance 

was achieved. We also studied the role of the pH, finding that at lower pH, better 

conductivity and lower activation energies could be achieved. These two effects are 

explained as the lower pH favors the reaction of nitrate decomposition and the evolution of 

nitrogen oxide species (NO, NO2 etc.) at least as intermediate species, which are well known 

to help achieving p-type conductivity in oxides. No difference in the electrical properties was 

found upon using either ammonium acetate or ammonium chloride as nitrogen sources, 

meaning that only the ammonium-cation is involved in the reaction with the nitrate moiety. 

Chloride ions play a role comparable to that of pH, i.e. their presence is beneficial to promote 

the decomposition reaction between the nitrate and the ammonium moiety. 
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