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The chemical and electronic surface structure of ZnO:Zn3N2 (“ZnO:N”) thin 

films with different N contents was investigated by soft x-ray emission 

spectroscopy. Upon exposure to ambient air (in contrast to storage in vacuum), 

the chemical and electronic surface structure of the ZnO:N films changes 

substantially. In particular, we find that the Zn3N2/(Zn3N2+ZnO) ratio decreases 

with exposure time and that this change depends on the initial N content. We 

suggest a degradation mechanism based on the reaction of the Zn3N2 content with 

atmospheric humidity. 
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In the past, ZnO has been used in a large variety of applications1. For example, its wide band gap 

(Eg
ZnO = 3.3 eV2) and large exciton binding energy make it a promising material for UV optoelectronic 

devices1,3. Recently4, ZnO has also been suggested as a candidate material for photoelectrochemical 

(PEC) applications such as hydrogen production. Since ZnO possesses similar or even better optical and 

electronic properties than TiO2 (which has received much PEC attention in the past5), it is expected to 

result in good PEC performance if chemical stability can be achieved. As in the case of TiO2, Eg
ZnO is 

too large to effectively use the full spectrum of solar irradiation. It is therefore critical for PEC 

applications to reduce Eg
ZnO. One possible approach is to mix ZnO with Zn3N2. Despite the reported 

wide range of optical band gap energies for Zn3N2 (~ 1.0 – 3.2 eV6) a reduction of Eg is expected. Since 

the chemical activity of O is much higher than that of N7, it is difficult to incorporate N into ZnO even in 

the case of much lower N concentration (as used for p-type doping1,3,8). However, theoretical studies9 

show that the incorporation of N in ZnO can be enhanced by increasing the “chemical potential” of the 

N source.  

Recently, a corresponding reactive radio frequency (RF) sputter technique-based deposition 

method10 was developed at NREL. It uses the RF sputter power as parameter to control the incorporation 

of N. Such layers show an increasing N content with increasing sputter power and the (expected) 

corresponding Eg reduction down to 1.76 eV for a N content of approx. 35 at%.10 This confirms that 

ZnO:Zn3N2 (“ZnO:N”) thin films can be prepared by this approach. Corresponding layers show a higher 

photo response than pure ZnO4, which is promising for their application in PEC. However, indications 

were found that the ZnO:N films are not stable in the electrolyte, which is critical in terms of PEC 

application. Furthermore, we observe discoloration of ZnO:N films with high N content after prolonged 

storage in ambient air.  

We have therefore used soft x-ray emission spectroscopy (XES) to study the chemical and electronic 

(surface) structure of ZnO:N layers with different N contents. In particular, we focus on electronic and 
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chemical changes upon ambient air exposure in order to identify instabilities and their underlying 

mechanisms. 

ZnO:N thin films (approx. 500 nm thick) were deposited on F-doped SnO2/glass substrates by 

reactive RF sputtering using a Zn metal target in mixed O2 and N2 ambient [O2/(O2+N2O) = 5 % , see 

Ref. 10 for more details]. Two sets of samples were investigated. For the first (second) set, the RF power 

was varied between 80 and 200 W (100 and 150 W). The sample sets were each complemented by pure 

ZnO layers prepared in O2 atmosphere using an RF power of 80 W. The first set was exposed to air for 

approx. one month before XES characterization. For the second sample set the time between preparation 

and initial characterization was minimized (to a few hours) and great care was taken that the samples 

were not exposed to ambient air before initial characterization. The latter was accomplished by using 

N2-filled glovebags for sample transfer, packaging/sealing (in polyethylene bags), and mounting. Note 

also that the second sample set was prepared using a significantly modified sputter system (different 

sputter gun as well as geometry). The XES measurements were conducted at the ALS using the SXF x-

ray spectrometer at Beamline 8.0.1. The energy scale of the O K emission window was calibrated using 

the literature value11 for the Zn L2 emission (1034.7 eV). The composition of the samples was 

determined by quantitative energy dispersive spectroscopy (EDS) on respective cross sections using the 

nano probe in an FEI Tecnai F20 transmission electron microscope (TEM).  

Fig. 1a shows the O K XES spectra of the first (i.e., air-exposed) sample set. The spectra are 

dominated by four distinct features A-D. A, B, and C are ascribed to hybridized O 2p – Zn 4p, Zn 4s, 

and Zn 3d states12, respectively, decaying into the O 1s core hole. Feature D, in contrast, is attributed to 

the Zn L2 emission (excited and detected in 2nd order). In the following, we thus use feature C as an 

indicator for oxygen atoms in O-Zn bonds, while feature D is a measure for the entire Zn content 

irrespective of chemical environment. Comparison of the O K XES spectra for ZnO and the different 

ZnO:N layers up to 120 W reveals that the position of the maximum shifts from approx. 526.6 to 526.4 

eV with increasing RF power (the spectrum for 150 W will be discussed below). Furthermore, the 
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shoulder at approx. 523.9 eV (feature B) becomes less pronounced but increases in intensity (with 

respect to feature A). Close inspection of features C and D (Fig. 1b) as well as of the onset at high 

emission energies (i.e., the region near the valence band maximum, VBM, Fig. 1c) shows that the D/C 

intensity ratio increases with increasing RF power and that the onset of the O K spectra is shifted 

towards higher emission energies (i.e., opposite to their maximum). The latter is in good agreement with 

theoretical considerations10 showing that the incorporation of N into ZnO (and hence the presence of N 

2p states) shifts the VBM towards lower binding energies (here: higher emission energies). Theory also 

suggests that this VBM shift is primarily responsible for the Eg reduction, since no shift of the position 

of the conduction band minimum (CBM) was observed in corresponding calculations10. An analysis of 

the onsets of respective x-ray absorption spectra (not shown) indeed shows no significant CBM shifts, 

corroborating the theoretical predictions. 

The O K XES spectra of the 150 W and 200 W ZnO:N samples (spectrum of the latter not shown), 

are very similar and present a very different behavior compared to the low RF power samples. The O K 

XES maximum is shifted back to approx. 526.6 eV, the shoulder B is more pronounced and reduced in 

intensity, the D/C ratio is reduced (not shown), and the onset of the spectrum shifts back to lower 

emission energy (not shown). The spectra of the 150 W and 200 W samples hence closely resemble that 

of the pure ZnO layer in Fig. 1. 

In order to shed light on this observation, we derived the Zn3N2/(Zn3N2+ZnO) ratio of the ZnO:N 

samples from our XES data. To avoid quantification uncertainties induced by determination of the 

excitation intensity and optimization of the sample positions for each measurement, intensity ratios 

rather than absolute intensities were used. As mentioned above, feature C (hybridized O 2p – Zn 3d 

states) is directly indicative for oxygen atoms in O-Zn bonds, while feature D (Zn L2 emission) is a 

measure for all Zn atoms in the probed volume. Thus, assuming that the investigated samples are 

exclusively composed of Zn3N2 and ZnO and using the D/C intensity of the pure ZnO sample 

[D/C(ZnO)] as reference, one can use the D/C intensity ratio of the different samples to determine their 
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Zn3N2/(Zn3N2+ZnO) ratio as {1-[D/C : D/C(ZnO)]}. The corresponding Zn3N2/(Zn3N2+ZnO) values are 

shown in Fig. 2a in comparison to the composition derived by EDS (Fig. 2b presents the dependence of 

Zn3N2/(Zn3N2+ZnO) on air-exposure time and will be discussed in conjunction with Fig. 3). We observe 

an increasing Zn3N2/(Zn3N2+ZnO) ratio with increasing RF power up to 120 W. The XES data for the 

150 W and 200 W ZnO:N samples, however,  suggests a composition similar to the pure ZnO sample (as 

expected from the respective spectra in Fig. 1a). Note that this composition trend was also observed 

when using the absolute intensities of the O K and N K XES spectra to determine the 

Zn3N2/(Zn3N2+ZnO) ratios. Up to an RF power of 120 W, the composition deduced from XES agrees 

(within the error bars) well with the composition derived by EDS. For the 150 W sample, the EDS data 

indicates a Zn3N2/(Zn3N2+ZnO) ratio of 52.5 %, while the XES data suggests – as already mentioned – a 

composition similar to that of pure ZnO. We ascribe this difference to the fact that the EDS 

characterization was performed right after sample preparation, while significant air exposure occurred 

prior to the characterization by XES13. This finding points to an air exposure induced modification of the 

chemical surface structure of ZnO:N samples prepared by RF powers > 120 W. Hence, the instability 

mechanism apparently depends on the initial Zn3N2/(Zn3N2+ZnO) ratio of the ZnO:N sample.  

To further investigate the impact of air exposure, a second ZnO:N sample set was characterized. The 

samples were not exposed to ambient air (before initial characterization) and immediately measured 

after preparation. The corresponding spectra are shown in both panels of Fig. 3 (black dots). In 

comparison to the corresponding spectra of the first sample set, we observe that the (initial) D/C 

intensity ratio is higher, indicating that the ZnO:N samples of the second set have a higher 

Zn3N2/(Zn3N2+ZnO) ratio. After initial characterization, the ZnO:N samples were cut into two pieces. 

One set was stored in ambient air and the other one was stored in the vacuum of the load-lock chamber 

attached to the SXF analysis chamber. Note that the latter set was hence occasionally (and very briefly) 

exposed to dry-nitrogen, which is used to vent the load-lock chamber for sample transfers. After five 

days, the samples were re-characterized (red spectra in Fig. 3). While no significant spectral changes can 
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be observed for the pure ZnO samples or the ZnO:N samples stored in vacuum14, the O K spectra of the 

ZnO:N samples exposed to ambient air show substantial changes. Compared to the initial O K spectra, 

the D/C intensity ratio as well as the intensity of feature B is decreased, and the onset at high emission 

energy is shifted to lower emission energies. All of this indicates a decrease of the Zn3N2/(Zn3N2+ZnO) 

ratio at the sample surfaces (see discussion above). An additional re-characterization after 196 days of 

air exposure (blue spectra, Fig. 3, left) shows a continuation of this trend. Furthermore, we observe that 

these changes are more pronounced for high RF powers. The quantification of the Zn3N2/(Zn3N2+ZnO) 

ratio (using the above-described D/C intensity ratio approach) reveals that the “loss” of N indeed 

depends on the RF power and thus on the initial Zn3N2/(Zn3N2+ZnO) ratio of the ZnO:N layer, as shown 

in  Fig. 2b. 

 According to the enthalpy of formation of ZnO (-350.5 kJ/mol15) and Zn3N2 (-22.6 kJ/mol16), ZnO 

is significantly more stable than Zn3N2. Thus, an explanation for the “loss” of N and hence the decrease 

of the Zn3N2/(Zn3N2+ZnO) ratio observed for the air exposed ZnO:N samples could be based on the 

(thermodynamically likely) conversion of Zn3N2 to ZnO in ambient air, but not in vacuum. Already in 

187517, it was reported that Zn3N2 is stable under “exclusion of air” (i.e., vacuum), and that it will 

heavily decompose when brought into contact with H2O (i.e., Zn3N2 + 3H2O → 3ZnO + 2NH3).18 Thus, 

we speculate that the humidity in the ambient air is already sufficient to initiate this process for our air-

exposed ZnO:N samples explaining the observed decrease of the Zn3N2/(Zn3N2+ZnO) ratio. 

In summary, we have utilized soft x-ray emission spectroscopy for the (quantitative) investigation of 

the chemical and electronic surface structure of ZnO:N layers. It was found that while the ZnO:N layers 

are stable in vacuum, they degrade (presumably due to the humidity) in ambient air. The observed 

change in surface composition is dependent on exposure time and initial Zn3N2/(Zn3N2+ZnO) ratio of 

the ZnO:N layer. Thus, the large range of reported band gap values for Zn3N2
6 may – based on our data 

– in fact very well be explained by a different degree of degradation. Even though the N content is much 

higher in our case, the findings might provide also new insight on the variety of findings8 and 
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instability19 reported for N-doped p-type ZnO. In the context of PEC for hydrogen production, the 

findings demonstrate the susceptibility of ZnO:N to ambient conditions and show that XES is a uniquely 

suited tool to monitor such influences, possibly even under in-situ conditions. 
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 FIGURE CAPTIONS 

 

Fig. 1 (a) O K XES spectra of the first ZnO:N sample set. The main features are labeled A – D. (b) 

Detailed presentation of features C and D (0-120W). (c) Detailed presentation of the onset at high 

emission energies (0-120W).  

 

Fig. 2 Zn3N2/(Zn3N2+ZnO) ratios of the investigated ZnO:N samples (first set), derived from XES and 

EDS (a) and of the second ZnO:N sample series (derived from XES) as a function of air exposure time 

(b). 

 

Fig. 3 Initial O K XES spectra (black dots in both panels) of the second ZnO:N sample set, compared to 

corresponding spectra of samples stored in air (left) and vacuum (right). Red spectra were taken after 5 

days, blue spectra after 196 days of storage. 
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