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A B S T R A C T

Ultra-high temperature ceramic films have offered a combination of low infrared emissivity and durability in 
extremely harsh environments. However, desired applications have been limited by high visible light reflectivity. 
Herein, a novel strategy, by adjusting C stoichiometry and energy input, is proposed to construct a HfC0.91 film 
consisted of HfC columnar nanograins with a width of 14.3 ± 0.4 nm and a-C phase at triple junctions, as well as 
exhibiting significantly increased surface roughness. The resulting microstructure simultaneously achieved 
excellent infrared-visible compatible stealth and tribo-mechanical properties. The infrared reflectivity/emissivity 
in the wavelength band of 8–14 μm is 0.9/0.1 primarily attributed to a reduction in lattice vibration absorption, 
while the low visible reflectivity (0.33) is mainly dominated by reduced plasma energy and enhanced multiple 
scattering absorption. Furthermore, the HfC0.91 film exhibited improved wear-resistance due to the self- 
lubricating properties of a-C phase. Thus, this work offers a new strategy for designing wear-resistant HfCx 
film with infrared-visible compatible stealth property for application in extreme thermo-mechanical service 
environments.

1. Introduction

For most of the military targets, the ability to evade from infrared 
detectors significantly enhances their survivability and striking effec
tiveness on the battlefield [1]. Infrared stealth technology, which aims 
to minimize the infrared radiation differences between a target and its 
surroundings by reducing the temperature or the emissivity of the tar
gets surface based on the Stefan-Boltzman’s law, reduces the risk of 
detection by infrared detectors, making it crucial for national defense 
security [2–7]. Depositing low infrared emissivity film on the target 
surface is an effective strategy for achieving infrared stealth and has 
garnered significant attention.

Numerous studies have demonstrated that metal films (e.g., Pt [8], 
Ag [9], Au [10]) exhibit excellent infrared stealth performance. How
ever, these films possess low mechanical properties and exhibit poor 
environmental stability, making them susceptible to wear and oxidation 
in harsh battlefield environments, which ultimately compromises their 

infrared stealth capabilities. In order to improve durability of these 
metal films, transparent oxide ceramic layers, such as SiO2 [11] and 
Al2O3 [12], are usually applied on top to protect them from environment 
damage. Unfortunately, this strategy has limitations as the hard pro
tection layer needs to be reduced to a few dozen nanometers in thickness 
to avoid reflectivity loss and delamination [13]. In addition, as metal 
films possess high visible reflectivity, they can be easily detected by 
visible detectors [14,15]. These shortcomings restrict the wide appli
cation of metal films.

To obtain infrared-visible (IR-vis) compatible stealth characteristics, 
various approaches have been reported, including preparing nano- 
multilayer films [6,16–18] and metamaterials [19–23]. For instance, 
Deng et al. [6] developed a nanostructured film comprised of a Ge/ZnS 
multilayer mounted with nanolayered dielectric antireflection stacks, 
which were characterized by low visibility and low thermal emission. In 
this nanostructure, the Ge/ZnS multilayer served to suppress thermal 
emission, while the antireflection stacks were designed to absorb visible 
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light. Xiong et al. [23] obtained a multispectral camouflage meta
material by electrochemically fabricating porous aluminum oxide 
(AAO) as the dielectric layer and depositing a thin metal film by direct 
current ion sputtering technique as plasmonic absorption layer. This 
configuration effectively generates color for visible camouflage and low 
infrared emissivity for infrared camouflage. However, such nano
structures require complex fabrication techniques with nanoscale pre
cision, making them difficult and costly to scale. IR-vis compatible 
stealth films with simple structure, excellent mechanical properties and 
environmental stability needs to be developed.

Recently, transition metal nitrides (TMNs) and borides (TMBs), such 
as HfN [13] and ZrB2 [15,24,25], have emerged as promising infrared 
stealth film materials for harsh environments. These TMNs and TMBs 
exhibit low emissivity in infrared bands, along with exceptional hard
ness and thermal stability. For instance, Zhang et al. [25] reported that 
ZrB2 thin films maintain a low infrared emissivity of 0.01 (8–14 μm) 
even after annealed at 1000 ◦C for 10 h. Hu et al. [13] observed that 
Ag-doped HfN film displayed a low infrared emissivity of ~5 % (3–12 
μm), with film hardness exceeding 30 GPa. The diverse functional 
properties of TMNs and TMBs result from the unique electronic struc
tures, characterized by strong covalent bonds, ionic bonds and metallic 
bonds [13]. However, these films still possess the drawback of high 
visible reflectivity. Consequently, devising a simple strategy to reduce 
the visible reflectivity has emerged as a critical step toward the devel
opment of an ultra-high temperature ceramic-based IR-vis compatible 
stealth film.

Transition metal carbides (TMCs) also exhibit covalent and ionic 
bonding, along with high electron density [26]. Notably, TMCs gener
ally have higher melting points and hardness as well as excellent 
oxidation and ablation resistance, suitable for applications in harsher 
environments. As a typical TMC, HfC, has ultra-high melting point 
(3900 ◦C) [27], stable phase structure [28], and high hardness [29]. 
Most researches currently focus on enhancing the tribo-mechanical 
properties of magnetron sputtering deposited HfCx films via control
ling the C stoichiometry. For example, Li et al. [30] deposited hard HfC 
films with different C stoichiometry by reactive magnetron sputtering 
and gained the maximum hardness of 27.9 GPa at the 56.9 at.% carbon 
content. Wang et al. [31] achieved a nanocomposite film consisting of 
HfCx nanocrystalline and amorphous carbon (a-C) phase at the 76 at.% 
carbon content, showing great combination of lowest coefficient of 
friction of 0.1 and lowest wear rate of 1.10 × 10− 6 mm3/N⋅m. To our 
knowledge, there is limited research on the optical properties of HfCx 
films.

In the present study, we demonstrate a synergistic strategy that 
combines adjusting C stoichiometry and energy input to construct a 
HfC0.91 film featuring a low C vacancy contents and high-roughness 
surface nanostructure to achieve low visible reflectivity while main
taining intrinsically low emissivity in the infrared bands, in addition to 
the excellent tribo-mechanical performance. Our findings provide a new 
strategy for the design and preparation of ultra-high temperature 
ceramic-based IR-vis compatible stealth films.

2. Experiment method

2.1. Sample preparation

HfCx films were prepared using pulsed DC magnetron co-sputtering 
system, where Hf (purity 99.95 %) and graphite (purity 99.99 %) tar
gets were sputtered in pure Ar atmospheres (purity 99.99 %). N-type 
single-crystalline Si platelets ((100) oriented) with a resistivity of ~0.5 
Ω m, and copper foils (thickness of 0.05 mm) were used as substrates. To 
remove the surface impurity, all the substrates were cleaned ultrasoni
cally with acetone, alcohol and distilled water for 20 min, respectively. 
Prior to deposition, the base pressure of deposition chamber was pum
ped to 4 × 10− 4 Pa by turbomolecular pump and the substrates were 
heated to 500 ◦C. A pre-sputtering step using Ar+ for 10 min was 

conducted to remove surface oxide layers from the targets. Afterwards, 
in discharging Ar gas, HfCx films were deposited at constant work 
pressure of 0.8 Pa with a float voltage. During the deposition process, the 
flow rates of Ar was accurately controlled at 40 sccm and the rotating 
rate of substrate holder was kept at 10 rpm. Four HfCx films were ob
tained by varying the applied current on the Hf targets, as listed in 
Table 1. By adjusting the deposition time, the thickness of films was 
controlled within the range of 1–2 μm. The Hf and graphite targets were 
powered using plus power supply (Advanced Energy Pinnacle) operated 
in middle frequency pulses condition. The pulsed parameter of the two 
targets were set at 100 kHz and 4 μs.

2.2. Structure characterization

The phase structure of the deposited films was characterized by X-ray 
diffraction (XRD, D8-Discover) using Cu Kα (λ = 1.541 Å) radiation and 
parameters are set as follows: scan speed of 4◦/min, scan range from 20◦

to 80◦, voltage of 40 kV, current of 35 mA. The surface and cross-section 
morphology of the films were observed using a field emission scanning 
electron microscope (SEM, Nova Nano SEM450). The chemical 
composition and states of the elements in films were investigated by X- 
ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha) using 
Al Kα as X-ray source, and the data were calibrated with the binding 
energy of C1s (284.8 eV). Prior to the XPS analysis, the sample surface 
was sputter cleaned for 3 min with 3 keV Ar+ ions to remove the surface 
contamination and to avoid the effects of sputtering damages on the 
surface. Moreover, Electron Probe Micro Analysis (EPMA, JEOL JXA- 
8230) was also used for elemental analyses of films by wavelength 
dispersive spectroscopy (WDS). Raman scattering spectroscopy 
(HORIBA Scientific) with a 532 nm Ar+ laser and a backscattering op
tical configuration was used to analyze the structure and defect evolu
tion of films. The nanostructure of films was further investigated via 
transmission electron microscopy (TEM, Talos F200X) in detail. The H6, 
H5 and H4 films deposited on the Cu foils were separated from their 
substrates by chemically dissolving the foils in a diluted FeCl3 solution. 
The resulting free-standing film flakes were then cleaned and ground 
into fine powders for TEM investigation. The plan-view TEM specimen 
of H3 film was prepared by focused-ion beam (FIB, FEI Helios Nanolab 
600). The surface roughness was measured by atomic force microscope 
(AFM, Dimension Icon) with scanning area of 1.0 μm × 1.0 μm.

2.3. Optical and mechanical properties

The reflectance in the range of 200–2000 nm was obtained by a Cary 
5000 ultraviolet–visible–near-infrared (UV–vis–NIR) spectrometer. The 
IR reflectance measurement was performed using a FTIR spectrometer 
(Thermo Scientific Nicolet iS50R) over a spectral range of 2.5–14 μm. 
The hardness and Young’s modulus were measured using a Nano 
Indenter G200 system in continuous stiffness measurements (CSM) 
mode indented by a diamond Berkovitch tip to a maximum depth of 
1000 nm. The tribological properties were investigated by UMT-2 ball- 
on-disc tribometer at room temperature with Al2O3 (Diameter = 6 mm) 
balls sliding counterpart in circles with radius of 1 mm under 1 N load at 
constant velocity (480 r/min). Wear rates were determined by a volume 
loss method, where the volume loss was obtained using a 3D optical 

Table 1 
The experimental parameters, C-to-Hf ratio x measured by XPS and WDS, 
deposition rate, as well as residual stress of the HfCx films.

Specimen Current of 
Hf target 
(A)

Current of 
graphite 
target (A)

Deposition 
rate (nm/ 
min)

C-to- 
Hf 
ratio x

Residual 
stress (GPa)

H6 0.6 0.5 22.0 0.51 − 1.6 ± 0.08
H5 0.5 0.5 16.2 0.63 − 1.5 ± 0.11
H4 0.4 0.5 12.1 0.71 − 1.9 ± 0.22
H3 0.3 0.5 8.4 0.91 0.5 ± 0.12
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microscope. The intrinsic stress (σf) distributed in films has been 
calculated according to the Stoney equation [31]: 

σf =
Es

6(1 − vs

t2
s
tf

(
1
R
−

1
Rb

)

Where Es, vs, ts represent Young’s modulus, Poisson’s ratio and thickness 
of the Si (100) substrate, respectively, while tf and R stand for the 
thickness and radius curvature for the film, and the calculation results 
were listed in Table 1.

2.4. Computational methods

All the density functional theory (DFT) calculations were conducted 
based on the Cambridge Sequential Total Energy Package (CASTEP) 
module implemented in Materials Studio [32]. The exchange and 
correction of atomic interactions were treated by the generalized 
gradient approximation (GGA) method with Perdew-Burke-Ernzerh 

(PBE) function [33]. The ultrasoft pseudo-potential method [34] is 
adopted to describe the interactions between valence electrons and ionic 
cores. A plane-wave basis set is assigned with a cutoff energy of 600 eV. 
The Brillouin zone is sampled by a Monkhorst-Pack grid [35]. The 
convergence tolerances of energy, force and displacement for the 
structure optimization are 5.0 × 10− 6 eV/atom, 0.01 eV/Å and 5.0 ×
10− 4 Å respectively and the self-consistence field (SCF) is set as 1.0 ×
10− 6 eV/atom.

A supercell HfC model with the rock-salt (B1) structure containing 64 
atoms is firstly built based on a conventional 8-atomic cell. A series of 
defective HfCx (x = C/Hf, atomic ratio) models with the introduction of 
various concentrations of Hf and C vacancies are further built based on 
the special quasi-random structure (SQS) method [36] which are 
generated by using the Alloy Theoretic Automated Toolkit (ATAT) [37]. 
The k point for all the models is set as (3 × 3 × 3) for structure opti
mization and (6 × 6 × 6) for DOS calculation.

3. Results and discussion

3.1. Microstructure analysis of the HfCx film

Fig. 1 shows the measured C-to-Hf ratio x in the four deposited HfCx 
films. It includes the results from both XPS and WDS analysis, plotted as 
red pentagram and blue circles, respectively. The results for H6, H5 and 
H4 films exhibit the good agreement between the two independent 
measurement methods. The discrepancy in values for H3 film, which 
contains high levels of C, may be attributed to preferential sputtering 
during surface cleaning for XPS measurements and/or the experimental 
uncertainties for light element determination using WDS analysis [38]. 
Thus, the average values from these two methods are considered as the C 
stoichiometry of the HfCx films, as listed in Table 1. The plotted C-to-Hf 
ratio increases from x = 0.51 to 0.63, 0.71 to 0.91 with decreasing the 
current of Hf target.

Fig. 2 shows the surface and cross-section morphology of H6-H3 
films analyzed by SEM. The H6 and H5 films exhibit a uniform 
compact surface with a typical columnar structure in the cross section. 
For H4 and H3 films, the surface become rougher, accompanied by a 
more pronounced columnar structure. According to the empirical 
structure zone model [39], the columnar morphology of sputtered films 

Fig. 1. The C-to-Hf ratio x in the four deposited HfCx films.

Fig. 2. Surface and cross-section morphology of HfCx films.
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Fig. 3. 2D-AFM images and corresponding 1-D outline of HfCx films.

Fig. 4. (a) X-ray diffraction (XRD) patterns of HfCx films. The vertical gray dotted line denotes the standard diffraction peaks of HfC phase with rock salt structure, * 
represents the single-crystalline Si substrate (100 oriented) peaks and ▾ represents the diffraction peaks of Hf-Si phase. (b) A detailed peak profile analysis with 
respect to the position and FWHM of (111) peak.
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was a consequence of slow adatom mobilities [40]. So, the morphology 
transition of HfCx may be contributed to two main factors: (i) the 
decreased energy input, resulting from a reduced Hf target current, leads 
to low adatom mobilities; (ii) the homologous temperature (Ts/Tm, 
where Ts is the growth temperature of 773 K and Tm is the melting point 
of HfCx in K) decreases with increasing C stoichiometry of HfCx films, 
thereby further reducing the adatom mobilities. Slow adatom mobilities 
promote kinetic roughening [41], as the tops of the protruding grains 
capture sputtered atoms at higher rates. As a result, the columnar 
structure in HfCx films is enhanced as the Hf target current decreases.

A clearer perspective of the surface morphology is provided by the 
2D-AFM images, accompanied by the corresponding 1-D outline (Fig. 3). 
Consistent with the SEM results, with the decrease of Hf target current, 
the surface of the film become rougher. The variation in surface 
roughness is quantified by the root mean square (Rq), yielding the 
following results: H6 is 2.4 nm, H5 is 2.2 nm, H4 is 3.2 nm, and H3 is 6.9 
nm. It is to be noted that the H3 film exhibits a significantly larger 
surface roughness, characterized by abundant pits and bumps with ~20 
nm and spacings of hundreds of nanometers.

Fig. 4a shows out of plane X-ray diffraction scans for H6-H3 films 
deposited on Si (100). The H6 and H5 films exhibit C-deficient fcc rock 
salt HfC phase (ICDD PDF 65–0975) with strong (111) preferred orien
tation and broad diffraction peaks. The diffraction profile from H4 and 
H3 films, which contain more C, clearly include both (200) and (220) 
out-of-plane orientations of HfC phase, indicating the rock salt carbide 
reverts to polycrystalline texture. This transition is also associated with 
the adatoms mobilities. When the mobility of Hf adatoms is high, the 
(111) grains expand at the expense of other indexed grains, resulting in 
the development of a (111)-preferred orientation. This occurs because 
the diffusivities and potential energies of Hf adatoms are lower on 111- 
oriented grains compared to others, leading to a higher chance of Hf 
adatoms being captured by the 111 grains [41]. As the Hf target current 
decreases, the reduced kinetic energy of Hf sputtered atoms or ions slows 
the adatoms mobility on grain growth surfaces, thereby increasing the 
probability of their capture by all indexed planes rather than tending to 
being captured by the 111-oriented grains, which promotes the forma
tion of a polycrystalline texture. Additionally, several peaks marked 
with “▾” are associated with the Hf-Si phase, which may arise from a 
solid-state reaction between the film and the Si substrate [42]. A 
detailed peak profile analysis with respect to the position and FWHM of 
(111) peak is presented in Fig. 4b. The position of (111) for the stoi
chiometric stress-free HfC is indicated by dotted lines according to data 

from ICDD PDF 65–0975. Notably, although the H6, H5, and H4 films 
exhibit in-plane compressive stress (see Table 1), their (111) peak po
sition remain higher than that of stoichiometric stress-free HfC. This 
observation indicates that these films are sub-stoichiometric HfCx ma
terials, characterized by a significant presence of carbon vacancies. The 
(111) peak position initially shifts towards lower angles until x reaches 
0.71 (H4 film), likely due to an increased occupancy of carbon at the HfC 
sublattice sites, resulting in lattice expansion. Conversely, the (111) 
peak position of H3 shifts towards higher angles, which may be attrib
uted to transitions to in-plane tensile stress. Furthermore, the evolution 
of FWHM could be ascribed to the synergistic effects of grain refinement 
and the lattice distortion degree in the films.

To further identify the chemical bonding state, XPS analysis was 
performed for the HfCx films. Fig. 5 shows the high-resolution XPS 
spectra of the C 1s and Hf 4f peaks and the related fitting components for 
HfCx films. All the spectra were calibrated by C 1s with a binding energy 
of 284.6 eV. The H6, H5 and H4 films show a single C 1s peak at ~282 
eV, representing the C-Hf bonds, with intensity increasing in correlation 
with C stoichiometry. The XPS spectrum from the H3 film can be fitted 
with three curves representing C-Hf, C-Hf*, and C-C peaks, respectively. 
The C-Hf peak is associated with C in bulk HfC, while the C-Hf* peak 
pertains to C near the HfC surface, where the reduced number of Hf 
neighbors leads to a decrease in charge transfer, resulting in increased 
binding energy [31,38]. The C-C peak located at ~285 eV potentially 
indicates a saturated carbide lattice with an excessive C second phase 
[38]. The amount of bonded C also affects the relative peak positions of 
Hf, as shown by the Hf 4f7/2 and Hf 4f5/2 peaks. The Hf binding energy 
gradually increases with C stoichiometry indicating an increasing con
centration of C-Hf bonds.

Fig. 6 shows Raman spectra of HfCx films. As shown in Fig. 6a, the 
occurrence of first-order acoustic (TA, LA) and optical peaks (O) at 
approximately 120, 180 and 555 cm− 1 indicate that HfCx films with 
varying C stoichiometry consistently maintain a NaCl crystal structure, 
which is corroborated by XRD results. The intensity and frequency of the 
first-order acoustic branch are derived from the vibration amplitude and 
valence electron concentration of the metal ion (Hf+ in this study) in the 
crystal lattice, respectively [43]. The O peak arises from the character
istic of C atoms. The increase in O peak intensity with C stoichiometry is 
attributed to the lower C vacancy level, which leads to the enhanced 
vibration intensity of total C atoms [44]. A similar phenomenon is re
ported in Ref. [45], where the relative intensity of the O peak to A peak 
(IO/IA) increases as x increases in HfNx films. Additionally, a small peak 
is observed near to 700-750 cm− 1, attributed to the oxygen in the lattice. 
The ubiquitous oxygen may come from residual oxygen in the chamber 

Fig. 5. High-resolution XPS spectra of the C 1s and Hf 4f peaks from HfCx films.

Fig. 6. HfCx films Raman spectroscopy for (a) low Raman shift (75 and 900 
cm− 1) and (b) high Raman shift (900 and 1800 cm− 1).
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atmosphere, as well as natural surface oxidation that uncontrollably 
occurs on metals in contact with moisture in the environment. As shown 
in Fig. 6b, only H3 film exhibits D-peak (around 1340 cm− 1) and G-peak 
(near 1590 cm− 1) of the amorphous carbon (a-C) phase [46], further 
indicating the C-C bond observed in XPS belongs to a-C phase.

In order to gain insight into microstructure evolution in HfCx films, 
we further conducted the TEM characterization on the HfCx films. Fig. 7
shows the selected area electron diffraction (SAED) pattern and the 
corresponding high-resolution TEM (HRTEM) for H6, H5 and H4 films. 

The SAED patterns of the three films only show clear spots and rings 
correlated with fcc structure with {111}, {200}, {220} and {311} planes 
of HfC, indicating a typical polycrystalline structure with high crystal
linity. In addition, the HRTEM images of the films all reveal well-defined 
lattice fringes with measured interplanar spacing (d111) of 0.263, 0.272 
and 0.274 nm for H6, H5 and H4 films, respectively.

The plan-view TEM image of the H3 film, presented in Fig. 8a, re
veals a nanograin structure with varying orientations. The correspond
ing SAED pattern, shown in Fig. 8b, exhibits only spots and rings 

Fig. 7. Selected area electron diffraction (SAED) pattern and high-resolution TEM (HRTEM) images (with d111 spacing) of H6 (a), H5 (b) and H4 (c) films.

Fig. 8. Typical TEM images of structural overview of the H3 film: (a) TEM image of the plan-view; (b) SAED image of plan-view; (c) Statistical data analysis of grain 
size from TEM images of the plan-view; HAADF image with element mapping of Hf and C (d) and HRTEM image analyses (e) corresponding to red square in (a). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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associated with the HfC phase. Statistical analysis of more than 5 plan- 
view TEM images indicates that the average grain size is approximately 
14.3 ± 0.4 nm (Fig. 8c). After careful observation, bright regions can be 
identified between the HfC nanograins and at the triple junctions. To 
further elucidate the composition and structure of these bright regions, 
the region marked by the red box in Fig. 8a is analyzed by high-angle 
annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) (Fig. 8d) and HRTEM (Fig. 8e). As illustrated in Fig. 8d, 

HAADF-STEM and the corresponding EDS mapping analysis reveal that 
Hf is concentrated within the grains. Notably, C is distributed relatively 
evenly across the grains and at the triple junctions. This observation 
suggests that the atomic density at the triple junctions is lower than that 
within the grains. Furthermore, HRTEM analysis (Fig. 8e) further elu
cidates the amorphous nature of the triple junctions. Combined with the 
analysis results from XPS and Raman, a reasonable explanation can be 
formulated as follows: the reduction in adatom mobility, caused by the 

Fig. 9. (a) Formation energy and (b) Helmholtz free energy of HfCx films with varying C-to-Hf ratio x.

Fig. 10. (a) Two primary signal sources: the reflection of solar radiation and earthshine, as well as thermal emission of the object. (b) Reflectance spectra of HfCx 
films in the wavelength range of 200–2000 nm. (c) Reflectance spectra of HfCx films in the wavelength range of 2.5–14 μm. (d) Comparison of the visible reflectivity 
and IR emissivity of various camouflage materials, including composite pigments [48–53], ceramic based films [15,25], metal films [6], and this work.
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decrease in the Hf target, enhances the atomic shadowing effect; this 
effect obstructs deposition in the valleys between columnar grains, 
resulting in an under-dense structure; the a-C phase is more likely to 
nucleate and grow in the voids of triple junctions. Additionally, the 
interplanar spacing of the (111) plane of H3 film is measured as 0.266 
nm, showing the order: H6 < H3 < H5 < H4. The trend is consistent with 
XRD analysis (Fig. 4).

It is noteworthy that the H6 film (x = 0.51), which has a 49 % C 
vacancy, still exhibits a single fcc carbide phase. In contrast, the H3 film 
(x = 0.91), with 9 % C vacancy, contains an a-C phase. In order to 
evaluate the phase stability of HfCx films from a chemical perspective, 
the formation energy (Ef) and Helmholtz free energy (ΔF) of Hf-C sys
tems with different stoichiometries are calculated using the following 
formulas [47]. 

ΔF= Ef − T⋅SC (1) 

Ef = Eper/def −
1

∑

i
ni

∑

i
ni.Ei (2) 

SC =
1
2

⋅kB⋅(x ⋅ ln(x)+ (1 − x) ⋅ ln(1 − x)) (3) 

where Eper/def is the total energy per atom of the perfect (per) or defected 
(def) structure, Ei is the total energy per atom of the species i in its stable 
bulk structure and ni is the number of atoms of species i in the supercell, 
wherein I = Hf, C, SC is the configurational entropy related to the C 
vacancy, kB is the Boltzmann constant. T is temperature.

As shown in Fig. 9a, the formation energy Ef decreases from − 0.45 eV 
to − 0.7 eV with increasing x from 0.5 to 1.0, but significantly increases 
to − 0.3 eV when introducing 5 % vacancy at the Hf sublattice as indi
cated by red pentagram. This suggests that the formation of vacancies at 
the C sublattice is significantly less expensive than at the Hf sublattice. 
Fig. 9b illustrates that the Helmholtz free energies (ΔF) of HfCx with x =
0.5–1.0 are all negative, suggesting that samples with corresponding C 
vacancies can be synthesized in practical experiments. Moreover, HfCx 

exhibits the lowest ΔF when x = 0.81, i.e., the highest chemical stability, 
indicating that excess C tends to precipitate in the form C-C bonds when 
x above 0.81. Consequently, the H6 film with 49 % C vacancy can 
maintain a single carbide structure, while the H3 film with 9 % C va
cancy shows the presence of an a-C phase in this experiment.

3.2. Optical properties of the HfCx film

As shown in Fig. 10a, objects typically betray their presence through 
two types of signals: 1) reflected signals from external light sources, such 
as solar radiation and earth shine; and 2) thermal emission signals 
originating from the objects themselves. Consequently, low visible 
reflectivity and low infrared emissivity (high reflectivity) are essential 
for IR-vis compatible stealth films. Figs. 10b and c illustrate the reflec
tance spectra of HfCx films across the wavelength ranges of 200–2000 
nm and 2.5–14 μm, respectively. These ranges encompass the typical 
visible (380–780 nm) and infrared detection bands (3–5 μm and 8–14 
μm). The sequence of visible reflectance for the four films is as follows: 
H6 > H5 > H4 > H3. These films exhibit very similar reflectance within 
the 3–5 μm wavelength range, while the sequence of reflectance across 
the 8–14 μm wavelength range is: H3 > H6 ≈ H5 > H4. It can be found 
that the H3 film exhibits the best IR-vis compatible stealth performance. 
Most importantly, as shown in Fig. 10d, this combination of visible 
reflectivity and IR emissivity of H3 film is superior to that of most re
ported IR-vis compatible stealth materials. Consequently, we success
fully developed a monolayer HfC0.91 film that has great potential for 
actual multispectral camouflage with low visibility and low thermal 
emission.

To explore the origin of the reflectivity evolution of HfCx, first- 
principles calculations were performed to investigate the effect of C 
stoichiometry on the electronic structure. Fig. 11a shows the total 
density of states for 10, 20, 30, 40, and 50 % vacant C sites. The minima 
in the electronic structure represents the pseudogap (pgap). Energy states 
below the pgap are bonding in nature whereas states above pgap exhibit 
antibonding characteristics [46]. To identify the constituents that 
contribute bonding and antibonding electrons, a partial density of states 

Fig. 11. (a) The total density of states of HfCx films with different C stoichiometry; (b) electronic structure of carbide with Hf: C = 1 : 0.6 showing C-s, C-p, Hf-s, Hf-p, 
Hf-d contribution; (c) the real parts of dielectric function of HfCx films.
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(pDOS) analysis for 40 % vacant C sites was completed. As shown in 
Fig. 11b, the C-p orbital and Hf-d orbitals contribute strongly to the 
energy states below the pgap, with a peak at − 3 eV, while the majority of 
antibonding states are associated with Hf-d orbitals which can 
contribute free electrons [13]. As C stoichiometry decreases, a shift in 
the pgap to lower energy levels is observed, accompanied by an 
increasing population of antibonding states above it, suggesting an 
enhancement in the concentration of free electrons. They have an 
important contribution from the free electrons to the plasma energy 
which is closely consisted with reflectivity [13,15]. To obtain plasma 
energy of films, the real parts (ε1) of dielectric permittivity were 
calculated based on the refractive index (n) and extinction coefficient 
(k), given by [54]. 

ε1= n2 − k2 (4) 

The ε1 of dielectric function of HfCx films are shown in Fig. 11c. The 
ε1 of HfCx films demonstrate a transition from positive to negative 
values as a function of wavelength, indicating the existence of local- 
surface-plasmonic-resonance (LSPR) [55]. The crossover plasma en
ergy, Esp = hc/λsp, where h is Plancks constant, c is the speed of light, and 
λsp is wavelength, can be calculated at ε1 = 0, known as the 
epsilon-near-zero (ENZ) point [56]. It can be found that the λsp of HfCx 
films exhibits a red shift with increasing C stoichiometry, corresponding 
plasma energy decreases from 3.55 to 1.25 eV. According to Drude’s 
classical theory, the increase in plasma energy results in the increase in 
the reflectivity [13,15], and the sequence of the four films should be: H6 
> H5 > H4 > H3. However, the measured infrared reflectance does not 
match the trend predicted by the Drude’s classical theory. The H3 film 
containing the most C content exhibits the highest reflectivity across the 
8–14 μm wavelength range. This may be due to the fact that HfC are 

Fig. R12. (a) H-displacement curves, (b) E-displacement curves, (c) H and E, and (d) the calculated H/E and H3/E2 of HfCx films; (e) SEM micrographs of indent 
imprints for H5, H4 and H3 films.
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composed of a combination of covalent, ionic, and metallic bonds, rather 
than pure metal bonds. Therefore, lattice vibration absorption is another 
important factor affecting infrared emissivity [5]. The stronger the bond 
energy, the more difficult the molecular vibrations are, thus the lower 
the emissivity (the higher reflectivity) will be. With the increase in C 
stoichiometry, the content of covalent bonds rises, leading to enhanced 
bond energy. This improvement results in increased infrared reflectivity 
of HfCx film, which is why H3 film exhibits the highest reflectivity. 
Furthermore, it is important to note that although the H3 film shows the 
lowest visible reflectivity, as anticipated by theory, its reflectivity de
creases significantly compared to the other films which experience only 
slight changes. This may be attributed to its surface nanostructure with 
significantly larger roughness, which contributes to enhanced multiple 
scattering absorption [24,57]; notably, this roughness is still too small in 
scale to result in strong interaction with long-wavelength infrared light 
[58].

3.3. Tribo-mechanical properties of the HfCx films

The hardness (H) and Young’s modulus (E) of the HfCx films were 
measured using nanoindentation in continuous stiffness mode, with the 
H-displacement and E-displacement curves presented in Fig. 12a and b, 
respectively. With the increase of displacement into surface, the H and E 
values exhibit an initial increase to a maximum value followed by a 
subsequent decrease, and thus H and E values were determined by 
taking the average values within the penetration depth of 75–175 nm to 
minimize both substrate roughness and substrate effects, as shown in 
Fig. 12c. The H value gradually increases from 18.9 ± 0.5 GPa for H6 
film to 25.4 ± 1.7 GPa for H4 film, and then decreases to 22.9 ± 1.3 GPa 

for H3 film. The Young’s modulus increases linearly from 223.9 ± 4.2 
GPa for H6 film to 321.4 ± 10.8 GPa for H3 film. According to the lit
eratures [59,60], both hardness (H) and elastic modulus (E) are associ
ated with the wear resistance of thin films. High hardness is directly 
correlated with greater wear resistance; however, a high elastic modulus 
may induce stress concentrations that diminish the wear resistance of 
the film. The elastic index can be defined as H/E, and the plasticity in
dicators like (H3/E2) are frequently utilized to assess the wear resistance 
of the films. The H/E and H3/E2 values of films are illustrated in Fig. 12d. 
The H4 film exhibits the highest values of H/E and H3/E2, while the H/E 
and H3/E2 values for H3 film slightly decrease to 0.07 and 0.12, 
respectively. Furthermore, detailed observations on the indents at the 
indentation depth of 1000 nm were conducted by SEM as shown in 
Fig. 12e. The H5 film and the H4 film are both crack-free, exhibiting 
excellent toughness. In contrast, three distinctly radical cracks are 
observed around the indent for the H3 film indicating inferior fracture 
toughness, which may be attributed to the under-dense structure of the 
H3 film.

Tribological experiments were performed on HfCx films using ball- 
on-disc tests. The results of friction coefficient and wear curves are 
presented in Fig. 13a-c. Clearly, the H3 film exhibits the lowest friction 
coefficient (~0.24) throughout the wear process and a narrow and 
smooth wear track, which is profoundly different from the wide and 
deep wear track of other HfCx films. Hence, the H3 film has an orders of 
magnitude reduction in specific wear rate (2.3× 10− 5 mm3/N⋅m) 
compared to the H4 (5.3 × 10− 4 mm3/N⋅m), H5 (4.4 × 10− 4 mm3/N⋅m) 
and H6 (5.7 × 10− 4 mm3/N⋅m) films. It is well known that films with 
higher H/E and toughness usually demonstrate better wear-resistance 
performance. However, despite the H3 film having lower H/E and 

Fig. 13. (a) The friction coefficient curves, (b) friction coefficient and (c) wear curves for HfCx films. (d, d1, d2) SEM-EDS analyses of the worn tracks of H4 film. (e, 
e1, e2) SEM and Raman analyses of worn tracks of H3 film.
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toughness compared to the H4 film, it displays superior wear-resistance. 
In order to find out the reason, SEM-EDS and Raman experiments were 
carried out on the worn surface of H4 and H3 films, as shown in Fig. 13d 
and e. The wear track of the H3 film becomes significantly narrower and 
transitions into a very smooth surface with invisible cracks compared to 
the H4 film. Furthermore, quantitative EDS analyses of spot 1 indicate 
that the H4 film is worn out. For the H3 film, the Raman results 
(Fig. 13e2) from the wear track show an intensified D peak and G peak 
compared to the film surface (see Fig. 6), signifying a marked increase in 
graphitic structures. This finding suggests that the introduction of the a- 
C phase in the H3 films creates a new friction interface characterized by 
weak shear force [31,61], resulting in a reduced friction coefficient and 
wear rate. In contrast, no lubricating layer forms at the friction interface 
when the H6, H5 and H4 films slide against counterparts, resulting in a 
high friction coefficient and wear rate.

4. Conclusion

In this work, the microstructure evolution, optical properties and 
tribo-mechanical performance of pulse magnetron co-sputtered HfCx 
film were investigated. The key conclusions obtained from this investi
gation are summarized as follows: 

(1) By reducing the Hf target current, the C stoichiometry in HfCx 
films increased and the energy input decreased. The resulting 
HfC0.91 film exhibited a mixed phase of rock salt carbide and a-C 
phase due to the stoichiometry with the highest chemical stability 
is HfC0.81 according to first-principles calculations. The HfC0.91 
film also exhibited significantly larger surface roughness due to 
enhanced the kinetic roughening effect.

(2) The HfC0.91 film exhibited the low average infrared emissivity in 
the 8–14 μm range of 0.1 and the low average visible reflectivity 
of 0.33 due to the synergistic effect of reduced in lattice vibration 
absorption, reduced plasma energy and enhanced multiple scat
tering absorption.

(3) The HfC0.91 film exhibited enhanced wear-resistance due to a self- 
lubrication a-C tribo-film formed on the wear tracks during 
sliding.

Consequently, the HfC0.91 film shown the favorable combination of 
properties of IR-vis compatible stealth and wear-resistance, presenting 
promising potential for application in actual multispectral camouflage 
systems designed for harsh environments.
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