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Structural, optical and phonon properties of hafnium oxynitride thin films 
synthesized using plasma-enhanced atomic layer deposition 
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A B S T R A C T   

Hafnium Oxynitride belongs to the group IVB compounds with high permittivity and large acoustic impedance. 
In this work, hafnium oxynitride films have been synthesized using plasma-enhanced atomic layer deposition on 
Si and Quartz substrates. XRD results show the presence of mixed cubic and monoclinic phases with an optimum 
crystallization occurring at 850 ◦C. The thin films show strong absorption in the UV–visible spectrum suggesting 
semiconductor behaviour. The optical properties of the spectrophotometer and spectroscopic ellipsometry agree 
with the XRD observations. We also report the first observation of experimentally derived photoluminescence 
(PL) from hafnium oxynitride thin films synthesized using plasma-enhanced atomic layer deposition. The PL 
spectrum is consistent with the XRD results with two absorption peaks around 576 nm and 705 nm, corre-
sponding to cubic and monoclinic phases, respectively. Also, the PL results match very well with the theoretical 
value of the band gap of cubic and monoclinic phases of Hf2ON2. The Raman spectrum shows a phonon band gap 
around 242–263 cm− 1, consistent with the theoretically reported value for cubic Hf2ON2.   

1. Introduction 

Hafnium-based oxides and nitrides have found extensive applica-
tions such as in field-effect transistors, micro-electronics, and capacitors, 
primarily because of hafnium oxide’s large permittivity (k). In some of 
the recent applications of CMOS, Hafnium-based compounds are seen as 
some of the best replacements for SiO2 for increasing the capacitance at 
a desired thickness [1–4]. Hafnium oxynitride has also been studied as a 
catalyst for the reduction of oxygen in an acidic medium by doping HfO2 
with N2 through hydrothermal treatments [5]. Hafnium oxynitride has 
also been synthesized in a perovskite structure to study the 
water-splitting activity under illumination. The hafnium oxynitride pe-
rovskites have been reported to have sufficient oxidation and reduction 
potential for water-splitting activity with semiconducting properties 
[6]. In most recent applications, hafnium oxynitride has also been 
studied from a hot carrier solar cell (HCSC) perspective where the thin 
films were synthesized using plasma-enhanced atomic layer deposition 
(PE-ALD) [7]. Similarly, hafnium nitride (HfN) has been studied 
extensively to study the absorber properties of HCSC [8–11]. The large 
phonon band gap and negligible electronic band gap give HfN the po-
tential to exhibit the “Phonon Bottleneck Effect” (PBE), by which carrier 
thermalization is restricted by a limited ability for excited optical 

phonons to dissipate their energy [12–14]. The high acoustic impedance 
of 54.81 MRayl [Kg/m2/s] gives Hafnium oxynitride an excellent po-
tential to show the PBE as well. A material system with large acoustic 
impedance has a smaller acoustic phonon density of states, and thus 
offers a higher resistance to the decay of optical phonons and hence 
achieves a PBE at comparatively lower intensities compared to systems 
with a lower acoustic impedance. If this is coupled with a large phonon 
bandgap, then a strong restriction in optical phonon energy loss is likely. 

High-quality nitrides are not easy to grow as they require ultrahigh 
vacuum systems to remove background oxygen and often involve very 
expensive processes [7,8,15]. Therefore, Hafnium oxynitride offers a 
good compromise for the nitrides as they are relatively easy to grow in 
good quality. The theoretical band gap of different phases of Hafnium 
oxynitride lies between 1.63 and 1.91 eV [16]. Also, the acoustic 
impedance of hafnium oxynitride is 54.81 MRayl which is only slightly 
lower than that for HfN (ZHfN = 59 MRayl) but almost double that for 
InN (ZInN = 35 MRayl), which has been suggested as an Ideal HCSC 
absorber [17–19]. 

Various research has been published on the synthesis and charac-
terization of Hafnium oxynitride for potential applications as dielectrics 
and hot carrier solar cells. Young et. al. used NH3 or N2 plasma as re-
actants and tetrakis(dimethylamino)hafnium as Hf precursor to 
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synthesize Hafnium oxynitride through atomic layer deposition (ALD). 
They report an amorphous phase for the as-deposited films and an in-
crease in the crystallization temperature after nitrogen incorporation as 
compared to the HfO2 lattice. Nitrogen was uniformly distributed 
throughout the lattice of HfO2 [20]. However, the films were insulating 
in behaviour and studied from a perspective of enhancement of dielec-
tric constant and suppression of leakage current. We did not find any 
photoluminescence or optical study of the thin films. Jyun et al., syn-
thesized Hafnium oxynitride to study its charge storage behaviour. They 
report sufficient and satisfactory charge retention properties and erase 
speeds of Hafnium oxynitride thin film. As-deposited films were amor-
phous in nature and crystallization was dependent both on the tem-
perature and thickness of the films. Thin films of 2.5–5 nm hardly 
crystallized even at 900 ºC because of a lack of grain growth possibility 
in the z direction [21]. The Hafnium oxynitride thin film was not a single 
standing film but rather was sandwiched between Al2O3 and SiO2. The 
Hafnium oxynitride film was reported to consist of 50% oxygen which 
likely makes it an oxide-rich rhombohedral phase with a large band gap. 
Bharat et. al. studied the structural and optical properties from an HCSC 
perspective and reported optimism for Hafnium oxynitride as an HCSC 
absorber. However, the deposited films were amorphous in nature with 
very high oxygen content. The authors report substantial absorption 
properties of the films with semiconducting behaviour [7]. However, we 
did not find detailed investigation into the phase analysis or materials 
behaviour in terms of optical, and semiconducting properties. The 
self-limiting reaction controls in the atomic layer deposition method 
have been an excellent advantage over sputtering processes, chemical & 
physical vapor deposition, spin coatings, and other thin film synthesis 
routes. The self-limiting behaviour ensures conformal film growth, 
precise thickness control of the films, and excellent repeatability of the 
process. Also, most of the hafnium oxynitride thin films reported in the 
literature have been synthesized by nitriding HfO2 films through 
annealing in N2 or NH3 or oxidizing HfN films or sputtering [3,22–24]. 
These methods have mostly resulted in oxide-rich films with insulating 
properties. This is because the target property to study was from the 
perspective of Dielectrics which requires a large band gap and hence an 
oxide-rich phase. However, in this research, we aimed to synthesize the 
Hafnium Oxynitride thin films utilizing their semiconductor properties 
by controlling the background oxygen and increasing the N2 plasma 
exposure. It is very difficult to remove all the background oxygen from 
the ALD chamber. So, the reactor was heated to the required tempera-
ture and purged with N2 gas for more than 4 hours to reduce the 
background oxygen. We also hardly find any reports of Photo-
luminescence of Hafnium oxynitride thin films synthesized using 
plasma-assisted atomic layer deposition. 

In this article, we report a detailed investigation of the structural, 
optical and phonon properties of Hafnium oxynitride thin films. This is 
the first report on experimentally derived PL emission spectra for 
plasma-assisted ALD-grown thin films of Hafnium oxynitride. We find a 
mixed cubic and monoclinic phase of hafnium oxynitride which is 
consistent with the theoretical values. The thin films are highly 
absorbing in the visible spectrum with absorption coefficients higher 
than those reported previously [7,15]. 

2. Materials and methods 

Thin films of hafnium oxynitride were synthesised using tetrakis 
(ethylmethylamino)hafnium (TEMAHf) precursor as hafnium source, N2 
plasma (60 W) as nitrogen source and background oxygen in the ALD 
chamber as O2 source. The amount of background oxygen in the 
chamber was controlled by adjusting the base pressure of the reactor. 
Thin hafnium oxynitride films were grown on RCA1 & RCA2 cleaned Si 
and Quartz substrates. The films were grown at a chamber temperature 
of 300 ◦C in a Beneq ALD TFS 200. The hafnium precursor was main-
tained at 100 ◦C using a hot source and was sent into the reaction 
chamber with a nitrogen flow of 35 sccm. The ALD cycle consisted of 

0.2 s precursor pulse, 10 s nitrogen purge, 15 s nitrogen plasma and 10 s 
nitrogen purge sequentially. The as-deposited films were annealed using 
rapid thermal annealing (RTA) at temperatures from 800 to 900 ◦C for 
15–120 s in a nitrogen atmosphere (Ramp rate = 40 ◦C/s). A few samples 
were subjected to standard furnace annealing abbreviated as “Anneal” 
800 ◦C for 5 mins with a slow ramp rate of 1.5 ºC/s. 

The thickness of the films was measured using a Dektak surface 
profiler and also by fitting to spectroscopic ellipsometry (SE) data. The 
refractive index, extinction coefficients and real & imaginary compo-
nents of the dielectric constants were extracted by fitting the SE pa-
rameters to Tauc-Lorentz oscillators. The composition of the film was 
determined using X-ray photoelectron spectroscopy (XPS). The struc-
tural properties of the thin films were studied using grazing incidence x- 
ray diffraction (GIXRD) with a fixed omega value of 5◦. Transmission (T) 
and reflection (R) were measured with a PerkinElmer Spectrophotom-
eter (LAMBDA1050 UV/Vis/NIR) and absorption (A) was calculated 
assuming A+R+T = 1. The photoluminescence spectrum was recorded 
using a Renishaw inVia Qontor spectrometer with an excitation laser 
wavelength of 325 nm. Phonon properties were measured in a Renishaw 
inVia Reflex Raman spectrometer with a 532 nm laser. 

3. Results 

3.1. Structural characterization 

Fig. 1 shows the X-ray diffractogram of an as-deposited hafnium 
oxynitride film and after different annealing temperatures and time. 
Unlike previously reported observations, the as-deposited film was 
partially annealed as evident from the presence of {222}, {004} and 
{71− 2} peaks [7,20]. At a very high temperature of 800 ◦C and above all 
the characteristic peaks of hafnium oxynitride have appeared. Similar 
trends have been observed before, where higher nitrogen content in the 
lattice pushed the crystallization temperatures to higher values [20]. 
With the increase in annealing temperature to 800 ◦C and beyond, 
additional crystallization planes have started to appear. The film crys-
tallized at 850 ◦C shows sharp and distinct peaks corresponding to the 
cubic (γ) or monoclinic (m) phase of hafnium oxynitride, but film 
annealed at a temperature higher than 850 ◦C shows the oxygen-rich 
phases of hafnium oxynitride evident from a shift of 2θ to lower 
values. Additionally, films annealed at these high temperatures also 
show characteristic peaks for HfO2. In Table 1 the literature and 
experimental 2θ values and the corresponding plane of reflection for the 
various phases of Hf2ON2 are presented. The 2θ peak positions for 
experimentally grown thin film and annealed at 850 ◦C for 60 s match 
very closely to the literature values corresponding to cubic or mono-
clinic Hf2ON2. In Fig. 1(a) the peak positions corresponding to cubic and 
monoclinic phases have been marked as dashed lines in orange and 
sea-green colours respectively. The peak positions for the sample 
annealed at 850 ◦C or below match well with the cubic (ICDD Card No: 
00-050-1171) and monoclinic phase [25]. Whereas the peaks for the 
sample annealed at temperatures higher than 850 ◦C match well with 
the hexagonal phase (an oxide-rich phase) (ICDD Card No: 
00-050-1173). 

Fig. 1(b) shows the results of XRD measurements on the sample 
annealed at 850 ◦C for different durations. We observe that almost all 
the significant peaks corresponding to the cubic or monoclinic phase 
start to appear after annealing for 15 s. The peaks get sharper in in-
tensity for annealing up to 60 s, with a shift in peak position at higher 
annealing durations where the intensity also appears to decrease. 

The crystallite size in the samples annealed at 850 ◦C for the 60 s 
(γ/m phase), calculated using Scherrer’s equation, is shown in Table 1. 
The value of the shape factor used was 0.9 as the exact crystallite shape 
is unknown. The value of the crystal size calculated from different peaks 
are in the range of 3.36 nm to 7.85 nm. This variation could be attrib-
uted to the presence of mixed phases where crystallization properties for 
each of the phases are different. The last column of Table 1 shows the 
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average of the 6 values of the crystallize size given in the previous col-
umn. The thickness of as-deposited film on quartz substrate reduced 
from 86 nm to 41.02 nm after RTA at 850 ◦C for 60 s measured using a 
Dektak surface profiler. The value for thickness was also confirmed by 
fitting the ellipsometry data where the thickness extracted was 
41.02 nm. This reduction in thickness after RTA is consistent with pre-
viously reported observations [15]. Such a strong reduction in films 
thickness suggests reduction in the pores or increase in density of the 
films. 

3.2. Chemical state analysis 

The result of the XPS depth profile on a hafnium oxynitride film is 
shown in Fig. 2. In Fig. 2(a), we can see two distinct low and high-energy 
doublets of Hf4f peaks in both the core and at the surface of the film. The 
low energy doublet occurring at 15.42 eV and 17.03 eV (Hf4f7/2 and 
Hf4f5/2) is assigned to the metallic nature of Hf-N. Similar binding en-
ergy for the low energy Hf4f doublet has been reported in [22] for 
non-stoichiometric HfN0.19. The high-energy doublet occurs at binding 
energies 16.74 and 18.41 eV (Hf4f7/2 and Hf4f5/2) which match the 
values reported in [23]. The peak positions shift to higher energy at the 
surface owing to the formation of Hf-O bonds. However, these energies 
are lower compared to HfO2 energies because of nitrogen incorporation 
in the lattice. The binding energies for Hf4f in HfO2 are reported to be 
19.2 eV and 17.5 eV for Hf4f5/2 and Hf 4 f7/2, respectively [20]. We find 
energy significantly lower than these both at the surface and in the bulk 
of the film. The binding energy of N1s in the core has asymmetric peaks 

at 396.56 eV and 398.52 eV as shown in Fig. 3(b). Similar peak positions 
have been reported in [23] where they assign the peaks to Hf–N–Hf and 
Hf–N–O bonds. The O1s binding energy in the core is centred around 
531.13 eV which matches the value reported in the reference [23] and 
has been assigned to Hf–N–O. 

The binding energies for O2- species centre around 530.1 eV which is 
absent here in the core suggesting an absence of HfO2 bonds [26]. The 
XPS spectrum shows the presence of carbon impurities in the core as 
well. C1s peak is present at a binding energy 282.27 eV which matches 
with the value for HfCx reported earlier for ALD deposited samples using 
TEMAHf as hafnium precursor [2,15]. Overall, the films show Hf-N-O in 
the core and Hf-O-N at the surface. The ALD-deposited samples were 
taken out of the N2 chamber for XPS measurements. The surface of the 
films is likely to get oxidized where some of the N2 bonded to hafnium 
were replaced by O2. The chemical states of the elements in the core 
were measured after etching the film to 15 nm from the surface. In terms 
of optical properties, oxygen bonded to nitrogen will increase the band 
gap of the material towards HfO2 (Insulator). And nitrogen bonded to Hf 
will reduce the band gap of the material towards HfN (Metallic). From a 
hot carrier solar cell perspective, it is advantageous to have nitrogen 
bonded to hafnium to have semiconducting properties from the thin 
films. 

3.3. Optical properties 

Absorption (A), transmission (T), and reflection (R) spectra of the 
sample annealed at 850 ◦C for 60 s are shown in Fig. 3(a). The film 

Fig. 1. Results of X-ray diffraction measurements of a Hafnium oxynitride thin film on Si substrate: (a) Dependence on RTA temperature for 60 s anneals, (b) 
Dependence on RTA Time for 850 ◦C anneals. The orange and sea-green colour dashed lines correspond to the 2θ values for cubic and monoclinic phases of Hf2ON2 
respectively, and (c-d) Crystal structures for cubic and monoclinic phases of Hf2ON2 respectively [15,25]. 

Table 1 
Literature values for major 2θ peaks and corresponding planes of reflection for different phases of Hafnium oxynitride. Experimental values are for a thin film syn-
thesized in this work.  

Literature Experimental 

Cubic Monoclinic Hexagonal  Crystallize size (D) Average D 

2θ {hkl} 2θ {hkl} 2θ {hkl} 2θ {hkl} - - 
30.75 {222} 30.65 {111} 30.51 {3− 11} 30.71 {222} 6.87 nm 6.47 nm 
35.65 {004} 33.94 {310} 35.38 {3− 22} 35.54 {004} 7.13 nm 
51.31 {440} 50.91 {313} 50.88 {214} 51.25 {440} 6.81 nm 
61.03 {226} 56.86 {71− 2} 50.91 {410} 56.86 {71− 2} 3.68 nm 
- - 58.63 {711} 60.50 {5− 43} 60.95 {226} 7.85 nm  
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Fig. 2. XPS spectrum of Hf4f, N1s, O1s and C1s elements in the thin Hafnium oxynitride films. Solid circles denote the binding energy for the elements at any depth 
in the film and open circles at the surface. The chemical states of the elements were studied using a mono-chromated Al K-Alpha X-Ray source (1486.68 eV) after 
etching the films for about 15 nm. 

Fig. 3. (a) Transmittance, Reflectance and Absorbance of hafnium oxynitride thin films on a quartz substrate. (b) Absorption coefficients of as-deposited and 
annealed samples. The dashed lines represent the theoretical simulated electronic band gaps of hafnium oxynitride. 
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shows a substantial increase in reflection from the infrared to the visible 
region with a peak closer to 709.43 nm. This suggests the onset of the 
Fermi region which usually has high electron density where reflections 
of light increase because of scattering of light. Also, the absorbance of 
the film increases monotonously from around 710.39 nm which re-
sembles a band gap region for semiconductors. The absorption co-
efficients (α) of the films were calculated using the following expression 
[15,27]: 

αfilm = (
dsub
dtot

) ∗ (
1

dfilm
) ∗ ln(

1 − Rtot
Ttot

) − (
1

dfilm
) ∗ ln(

1 − Rsub
Tsub

) (1) 

Where, d denotes thickness and subscripts tot, sub, film refers to thin 
film on the substrate, only substrate and only thin film. 

The absorption coefficients of the samples increased exponentially 
after RTA and standard furnace annealing from around 710 nm (Fig. 3 
(b)). The as-deposited sample also shows very strong absorption around 
the same range. One possible reason could be the partial annealing of the 
sample by the plasma exposure during its synthesis where the films 
crystallized in some preferred directions. The theoretical band gap for 
cubic (585 eV) and monoclinic (700 eV) phases of Hafnium oxynitride 
are marked by dashed-green and dashed-cyan lines, respectively, in 
Fig. 3(b) [15,25]. The onset of exponential absorption matches very 
closely with the theoretical band gap of the monoclinic phase. However, 
the absorption onset of the as-deposited sample partially matches both 
theoretical values. The substantial absorption in all the samples before 
the onset of the absorption edge, commonly referred to as Urbach Tail 
suggests the presence of defect states in the films [7]. The defects create 
additional energy levels in the band gap of hafnium oxynitride (HfON) 
films thus reducing the actual band gap of HfON. These energy levels 
also act as trap states for the charge carriers which is not beneficial for 
applications that require sharp and defined band gaps [7,28]. In this 
case, the absorption does not drop to zero below the band gap energy but 
shows some absorption beyond the band gap edge suggesting the pres-
ence of some carbides which is also evident from the XPS results. PL 
spectrum from the as-deposited and annealed samples are shown in  
Fig. 4. Emission close to 570 nm and around 704.78 nm can be 
observed, which matches with theoretical band bag value for cubic and 
monoclinic phases, respectively. The PL intensity has increased with 
annealing temperature and annealing duration. The RTA sample for the 
30 s shows relatively sharper absorption peaks at 576.72 nm. The peak 
at 576.72 nm broadens and intensity decreases after annealing for 60 s. 
The peak intensity at 704.78 nm increases with annealing. This behav-
iour was also observed in the XRD diffractogram where the (71− 2) 

planes corresponding to the monoclinic phase became sharp and distinct 
after annealing for 60 s. 

The optical constants, complex refractive indices, reflection, trans-
mission spectrum etc. of thin films can be extracted from either of the 
two expressions: Complex Refractive Index (ñ (λ) = n(λ) + ik(λ)) or 
Complex Dielectric Function (ε(λ) = ε1 (λ) + iε2 (λ)) [29]. The former 
describes how material impacts the light wave, and the latter describes 
how the wave affects the materials. Both expressions constitute two 
constants, first as real and second as imaginary, with the real part to 
study refractive index and the imaginary part to study attenuation. 
Spectroscopic ellipsometry (SE) parameters Ψ and Δ of Hafnium oxy-
nitride on quartz substrate have been plotted in Fig. 5(a) and Fig. 5(b) 
with SE model fitting. The experimental values of Ψ and Δ were deter-
mined by a fit using two Tauc-Lorentz (TL) oscillators with a mean 
squared error of 1.499 as reported in the reference [30,31]. As can be 
seen the model fits the experimental data accurately. 

The wavelength-dependent refractive index (n) and extinction co-
efficient (k), extracted from Ψ and Δ are plotted in Fig. 5(c). The 
extinction coefficient decays until around 692.54 nm (1.79 eV) where 
the rate of change becomes smaller. The value of k reduces to zero value 
around 1300 nm (0.95 eV). Wavelength (λ) dependent absorption co-
efficient (α) was calculated from extinction coefficient (k) using the 
following expression [[32]: 

α =
4 ∗ pi ∗ k

λ
(2) 

The α extracted from SE matches perfectly with the absorption co-
efficient calculated from spectrophotometry (see Fig. 3(b)). This vali-
dates the use of the SE model to fit the experimental Ψ and Δ parameters 
and gives confidence in the extracted n & k values. In a standard SE data 
fitting, εi is fitted first and then εr is calculated from the Kramers – Kronig 
relationship. εr and εi were extracted directly from the Complete Ease 
software which by default implements the Kramers – Kronig relationship 
(Fig. 5d). The extracted components of the dielectric constants follow a 
similar trend to the n & k values. 

3.4. Raman properties 

Fig. 6 shows the Raman spectrum of the hafnium oxynitride thin 
films deposited on Si and Quartz substrates. The measured Raman 
spectrum for the RTA samples at 850 ◦C and furnace-annealed samples 
at 800 ◦C agrees very closely with the theoretically simulated phonon 
band structure as reported in [15]. The theoretical phonon band gap for 
γ-Hf2ON2 does not appear between acoustic phonons (AP) and optical 
phonons (OP). But it has been reported between 250 and 275 cm− 1 all in 
the OP range. We find negligible phonon states between 242 and 
265 cm− 1 and 235–263 cm− 1 in the quartz and Si substrates respec-
tively. The acoustic phonons are very small in magnitude and whatever 
appears is mostly because of the folding of the AP as the films are 
41.02 nm. The Raman spectrum for the samples annealed for 5 mins at 
800 ◦C showed very clear and distinct AP and OP states. The sharp dip in 
the OP intensities close to 525 cm− 1 in the Si substrate could be because 
of the matching of the phonon states of the Si substrate and the Hafnium 
oxynitride film. The Raman spectrum for the samples annealed at both 
rapid and slow rates show similar phonon profiles. However, the films 
with RTA for the 60 s show smaller intensities compared to the 30 s. This 
was probably because of the change in the mixed crystal structure of the 
films evident from the XRD studies. We also observe a dip in the OP 
intensities from 506 to 575 cm− 1 which do not match with the theo-
retical cubic phonon frequencies. It has been reported that the phonon 
states change drastically with changes in substrate [10]. However, we 
find a very similar spectrum irrespective of the substrate suggesting 
similar crystal quality on both Si and Quartz. The Raman phonon fre-
quencies for HfO2 centres around 140–200 cm− 1 and 500 cm− 1. We find 
absence of these phonon frequencies in the Raman spectrum suggesting 
absence of HfO2 phases matching very well with the XPS study. 

Fig. 4. PL spectrum from the as-deposited and annealed Hafnium oxynitride 
films. The films show a sharp absorption at 704.78 nm and broad absorption 
around 576.72 nm. 
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4. Discussion 

The as-deposited films showed partial crystallisation. The crystalli-
zation of the thin films improved significantly after annealing at a 
temperature close to 850 ◦C evident by the presence of characteristic 
peaks of Hf2ON2. The films annealed at higher than 850 ◦C showed 
oxide-rich phases which is consistent with previously reported values 
[8]. Also, films annealed for a shorter duration lacked sufficient time for 
crystallization and a longer annealing duration revealed oxide phases 
evident from the XRD diffractogram. So, annealing the films at 850 ◦C 
for 30–60 s seems to be beneficial from an HCSC perspective as oxide 

rich phase is detrimental to the application. The Hafnium oxynitride 
films have crystallized in mixed cubic and monoclinic phases. These 
observations also align very closely with the optical properties (Spec-
trophotometry, SE, and PL) which show strong absorption from ~ 
710 nm. From the SE model fitting, the band gap energy for the 
Tauc-Oscillators is very close to 1.74 eV (712 nm). Also, the absorption 
coefficient from spectrophotometry and SE shows an exponential in-
crease from 710 nm which coincides with the monoclinic phase. The PL 
spectrum shows the presence of two band gaps (around 575 nm and 
700 nm, see Fig. 4) which are very close to the theoretical band gap of 
cubic and monoclinic phases, respectively. Density functional theory 

Fig. 5. Experimental and model fit data for SE parameters a) Ψ and b) Δ at 50◦, 55◦ and 60◦ angle of incidence. c) Refractive index (n) and extinction coefficients (k) 
of the hafnium oxynitride films. d) Real and Imaginary components of the dielectric constants of the hafnium oxynitride. 

Fig. 6. Raman spectrum of hafnium oxynitride thin films on Si and Quartz substrates with an excitation wavelength of 532 nm.  
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typically underestimates the band gaps of materials. However, the use of 
hybrid and meta-generalized gradient approximation (mGGA) func-
tionals has been shown to more precisely predict band gap energies [33]. 
The theoretical band gap obtained using mGGA functionals matches 
very closely with the experimental band gap energies of the hafnium 
oxynitride synthesized in this work. The peak intensity corresponding to 
the cubic phase is sharply pronounced for the sample annealed at 850 ◦C 
for 30 s. The intensity for the cubic phase decreases with annealing for 
60 s and instead, the intensity increases for the monoclinic phase. This 
observation is very consistent with the XRD results which showed sharp 
and distinct monoclinic peaks when the RTA time increased from 30 s to 
60 s at 850 ◦C. Overall, the properties of the thin films are more influ-
enced by the monoclinic phase for the samples with RTA at 850 ◦C for 
60 s. 

The SE results show a change of peak profile in the refractive index 
for the Hafnium oxynitride thin films on quartz substrate from around 
707.84 nm. This suggests the presence of high electron density at these 
energy levels which is a typical characteristic for Fermi levels. This 
suggests the onset of a band gap region in the Hafnium oxynitride films 
which coincides with the monoclinic phase. The presence of the cubic 
phase is also confirmed by the Raman spectra where the phonon band 
gap of the experimental data coincides with the estimated theoretical 
phonon band gap [15]. However, the decrease in intensity of the phonon 
frequencies around 506–575 cm− 1 is still unclear and most probably 
related to the monoclinic phase of hafnium oxynitride. The Raman 
spectrum shows a low density of acoustic phonon states which are 
beneficial from a HCSC perspective. This is because a lower acoustic 
phonon density of states will provide limited decay paths for the optical 
phonons to acoustic phonons hence slowing down the hot carrier cooling 
rate [34,35]. This is important for hot carrier solar cells as their effi-
ciency is strongly dependent on the hot carrier cooling rate [36]. A lower 
acoustic phonon density also enhances the possibility of achieving a 
phonon bottleneck effect at a lower phonon excitation intensity. 
Attempt to determine acoustic impedance through the measurement of 
the coherent acoustic phonon velocity of the films using Eq. (3) [15] was 
not successful. Because of the poor signal quality in terms of defined 
phonon oscillations in the infrared region, the Fourier transform of the 
Transient absorption spectrum data was not possible due to missing data 
points at some required wavelengths (See Supplementary information 
S1). The work is in progress for the optimization of the laser system to 
extract a uniform spectrum. Alternative methods of mechanically 
measuring the sound velocity are also being investigated. The films are 
highly absorbing in the visible spectrum which widens its application to 
various photo-electronics applications. Based on the results of XRD, 
UV–visible spectrophotometry, spectroscopic ellipsometry and the 
Raman spectra, the stoichiometry of the thin films is expected to be 
Hf2ON2. 

v =
f ∗ λ
2 ∗ n

(3)  

Where ν is the acoustic wave velocity, f is the Coherent Acoustic Phonon 
frequency extracted after the Fourier transform of the transient ab-
sorption spectrum, λ is the wavelength of the probe, and n is index of 
refraction of the thin film. 

5. Conclusions 

In conclusion, thin films of hafnium oxynitride were deposited on Si 
and quartz substrate through the plasma-enhanced ALD process. The 
presence of mixed-phase (cubic and monoclinic) in hafnium oxynitride 
was reported by XRD, optical and Raman results, with the crystallization 
strongly dependent on annealing temperature and time. The films 
showed PL peaks close to 705 nm and 575 nm which are consistent with 
the theoretical reported values. This is the first report on the PL and 
Raman spectrum of a single-standing thin film of hafnium oxynitride. 

The hafnium oxynitride films show strong absorption in the visible 
spectrum with the absorption tail decaying close to 1300 nm. Significant 
absorption before the absorption edge suggests the presence of defect 
states, commonly described as Urbach’s tails. The measured Raman 
spectrum matches well with the theoretically modelled phonon disper-
sion for cubic Hf2ON2. The results of the spectroscopic ellipsometry also 
suggested semiconducting behaviour matching very closely the results 
from spectrophotometry. Overall, the hafnium oxynitride thin films look 
very promising for application as HCSC absorbers from the semi-
conductor’s perspective because of its absorption, PL, and phonon 
spectrum. However, the suitability of hafnium oxynitride as a HCSC 
absorber has yet to be established and HCSC properties, such as lifetime, 
thermalisation rates etc. of hafnium oxynitride thin films are the subject 
of ongoing research. 
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