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Abstract
Diamond is well known for its outstanding thermal, electrical, and mechanical properties, but is also of great interest for 
optical and imaging applications. Imaging systems offer increasing performances, with high functionalities and technicity, 
but are often exposed to harsh or visually degraded environments. In this paper, we exploit some of the multiple physical 
properties of chemical vapor deposition (CVD) diamond and demonstrate the feasibility of diamond-based metasurface mul-
tifunctional windows for infrared spectral range, throughout different configurations. The resulting 2″ full diamond optical 
window provides imaging systems with several functionalities, including antireflective optical properties with an enhanced 
transmission up to 80–90% in the 8–14 µm spectral range, high mechanical resistance, superhydrophobicity, antirain, and 
antimist behaviors. Moreover, the electrochemical activation of a boron-doped diamond-based window leads to self-cleaning 
properties, thus paving the way for the imaging system to low maintenance operations and 24/7 operation.

Introduction

Optronics systems are based on increasing technicality in 
order to achieve better performances, but they are often 
subjected to harsh operational or environmental conditions. 
Optronics equipment is usually protected by windows, espe-
cially in the case of outdoor surveillance systems, which 
need to operate in any environmental conditions, includ-
ing wet or rainy conditions. In maritime surveillance for 
instance, the camera’s windows must be equipped with 
wipers that require regular, expensive, and complex main-
tenance. Avoiding wipers by proposing multifunctional win-
dows offering both antireflection and superhydrophobicity 
is thus of interest.

Optronics systems may also encounter visually degraded 
conditions, caused by either dust, sand, oil, or fuel 

contamination, which can also degrade the quality of the 
image and prevent their 24/7 full operation.

The results of many studies have been published in the 
field of bio-inspired structures for superhydrophobicity or 
multifunctional superhydrophobic/antireflective proper-
ties. Among them, we can find applications in the visible 
[1, 2] and near-infrared [3] spectral regions on fused silica 
substrate or glass. In the infrared, studies on germanium 
or silicon were reported for applications in the LongWave 
InfraRed (LWIR) or MidWave InfraRed (MWIR) [4–6] 
showing their benefit both at laboratory level and on func-
tional imaging product devices. Antimist behavior of struc-
tured surfaces was also demonstrated for specific geometries 
of structures [7].

Diamond is well known for its outstanding thermal, elec-
trical, and mechanical properties, but is also of great interest 
for optical applications: It is well suited for broadband appli-
cations of multi-band operation due to its good optical trans-
mission over a large spectral range from visible to LWIR 
400 nm-15 µm. With the progress of the nanotechnologies, 
diamond can also be structured at a subwavelength scale, 
i.e., at a scale that is much smaller than the operation wave-
length, enabling the synthesis of an artificial material char-
acterized by an effective index [8]. By controlling locally the 
shape and the size of the structures along the z-direction, a 
gradient effective index, avoiding reflection at the interface 
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substrate/air and acting as an antireflective coating, can be 
synthesized [9–15] (Fig. 1a, b).

In this paper, we aim to demonstrate that CVD diamond 
may enable multifunctional windows to provide antireflec-
tive, superhydrophobic, antirain, and antimist properties 
with high mechanical resistance and antifouling behavior 
for optronics imaging systems.

Methods and results

Manufacturing of LWIR metasurfaces windows

A CVD diamond window was purchased at Coherent Corp. 
(diameter of 2’’, thickness of 1 mm, and average rough-
ness < 15 nm on both faces). A technological process was 
developed to get ~ 2 µm periodic conical structures with an 
aspect ratio higher than 1:4. The manufacturing of the win-
dow is based on the process flow described in Fig. 1c. It 
consists of a lithography step enabling the definition of the 
patterns in a resist layer then transferred in a Ni-based metal-
lic mask deposited by sputtering, and followed by a RIE-
ICP (Reactive Ion Etching – Inductively Coupled Plasma) 
using O2 plasma etching step, hence enabling high aspect 
ratio microstructuration of the diamond substrate. An addi-
tional chemical functionalization step is carried out leading 
to superhydrophobicity. Note that the lithographic step is 
based on the well-known nano-imprint lithography, which 
is a scalable process also compatible with curved surfaces.

Figure 1d shows a picture of the 2″ multifunctional dia-
mond window and Scanning Electron Microscopy (SEM) 
images of different shapes of the structures that can be 
achieved by adjusting the etching process.

Antireflective optical properties

In terms of optical performances, the main target is a trans-
mission higher than 90% per surface in the LWIR spectral 
band (representing approximately 81% for a two-sided struc-
tured window).

The achieved double-sided transmission is measured by 
FTIR (Fourier-Transform Infrared Spectroscopy) at nor-
mal incidence. As shown in Fig. 2a, transmission for the 
whole window in between 80 and 90% is achieved in the 
[8 µm-14 µm] range, as compared to ~ 68% transmission 
in the case of flat polished diamond, showing a transmis-
sion increase of ~ 20% to 30% (blue line). As a matter of 
comparison, we have computed, with Rigorous Coupled 
Wave Analysis (RCWA), the transmission of the window, 
considering the manufactured geometries and assuming no 
multiple reflections in the window substrate (see dashed 
green line). The enhancement in terms of transmission is 

significant for imaging systems as it results into a gain in 
terms of sensitivity.

Fluidic properties

The wettability of the nanopatterned surface was assessed 
by measuring the drop contact angle, using the Drop Shape 
Analyzer-DSA 100 from Krüss. After functionalization 
of the surface with a few nm thick polytetrafluoroethyl-
ene (PTFE) layer obtained by a C4F8 plasma, inducing no 
absorption in LWIR range, a contact angle of ~ 160° was 
measured with DI or tap water, demonstrating the super-
hydrophobic behavior. Note that this measurement was 
performed few minutes after the surface functionalization. 
However, no change in terms of contact angle has been 
observed more than one year later.

In order to assess the antirain property of the window, 
the latter was implemented in front of an uncooled camera 
(pixel size of 25 µm) equipped with an optical lens (f num-
ber of 1.3 and focal length of 18 mm) operating in LWIR 
(8–12 µm). The images in Fig. 2b-left and right were taken 
with a standard non-coated germanium window and with the 
multifunctional window, respectively. During water spray-
ing, the images of Fig. 2b-bottom illustrate that with the 
multifunctional window, water droplets does not stick at the 
surface of the window but bounce; hence, no degradation of 
the image quality is observed. In contrast, in the case of the 
germanium window, the droplets remain stuck at the surface 
of the window, resulting into a blur effect reducing signifi-
cantly the image quality. These pictures assess the benefit 
of the multifunctional window for LWIR imaging in terms 
of image quality improvement under degraded environment.

The multifunctional window was also tested against mist. 
The experiment consisted in an in situ optical microscope 
observation of the multifunctional window, compared to 
standard germanium window, during mist growth at 5 °C. 
Figure 2c illustrates pictures taken during the mist growth at 
different time. While the standard window is almost totally 
covered in the observed region after 180 s, we can observe, 
for the multifunctional windows, the coalescence of the 
microdroplets resulting in their ejection, hence limiting the 
accumulation of mist.

Mechanical resistance

Diamond-like carbon (DLC) coating is well known to 
increase the mechanical resistance of optical components 
and to protect metasurfaces made of conventional soft 
materials, like germanium [16]. However, its hardness is 
lower than that of diamond (10–80 GPa VS 100 GPa for 
diamond), and DLC could be an inefficient hard coating for 
harsh environments.
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Fig. 1   a Simplified schematics 
for artificial material represent-
ing subwavelength periodic 
structures of period p much 
smaller than the wavelength 
and its simplified artificial 
material representation. b Local 
effective index as a function of 
the surface fill factor, enabling 
effective index gradient synthe-
sis along the z-axis to provide 
index adaptation between air 
and substrate. c Main process 
flow followed for the manufac-
turing of the 2’’ diamond mul-
tifunctional window (d), and 
examples of several structures 
geometries that can be obtained 
by etching process tuning. The 
scale bar on the SEM images 
is 2 µm
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Here, we evaluate the resistance of diamond-based micro-
structured windows by nanoscratch. Nanoscratch testing 
leverages the advantages of nanoindentation, particularly in 
terms of small probing volumes and the ability to record 
both vertical ( F

n
 ) and lateral/transverse loads ( F

t
 ), as well 

as related displacements during testing. Nanoindentation is 
a well-known technique for testing the mechanical properties 
of materials on small scales, where the principle involves 

pressing a hard tip, often made from a highly durable mate-
rial like diamond, into a sample with unknown properties 
to derive its mechanical characteristics. Nanoscratch test-
ing employs this principle while simultaneously moving the 
stage to perform a controlled scratching motion, continu-
ously recording the material’s response, including displace-
ment and forces. This allows for the measurement of both 
the vertical force and the lateral force, which is especially 

Fig. 2   a Optical transmission 
of a structured CVD diamond 
window (green line), as com-
pared to the bare surface (blue 
line). The window is structured 
on both faces. Comparison 
with theoretical transmission 
considering the manufactured 
profile (dashed green line), 
assuming no multiple reflec-
tions. b Images from a LWIR 
uncooled camera in presence of 
water, with a standard germa-
nium window (left) and with the 
multifunctional CVD diamond 
window (right), before (top) and 
during water spraying (bottom). 
c Optical microscope pictures 
taken during mist growth on a 
standard germanium window 
(top) and the multifunctional 
window (bottom)
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valuable for determining the coefficient of friction and 
assessing surface mechanical behavior.

In the context of nanoscratch testing, the mechanical 
resistance of diamond structures on a silicon substrate was 
compared to germanium structures coated with DLC or with 
CVD diamond. For consistent comparison, both the period 
and height of the structures were maintained approximately 
at same values, 1.5 µm and 5 µm, respectively.

Nanoscratch tests were conducted using a G200 nanoin-
denter from KLA Corp., equipped with a sphero-conical 
diamond tip with a 52 µm radius. Prior to testing, the area 
function of this tip was calibrated on a reference fused quartz 
sample. This calibration step also ensured that the frame 
stiffness was adequately calibrated and corrected, which is 
particularly critical given the stiff nature of the diamond 
structures being tested. Accurate calibration of the frame 
stiffness is essential for reliable force–displacement data 
during nanoscratch testing. For all samples, the starting set-
point of the vertical force for nanoscratching was 1 mN. This 
force produced distinct behaviors in the DLC-coated and 
diamond-coated germanium samples, as shown in Fig. 3a. 
Specifically, DLC-coated germanium nanostructures were 
observed to break at mid-height, while diamond-coated ger-
manium exhibited erosion only at the top of the structures. 
In contrast, for full diamond structures, no visible break-
age was noticed under the same 1 mN vertical loading, as 
confirmed through SEM analysis. To further investigate and 
compare these behaviors, the vertical loading was increased 
to 5 mN. Even at this increased load, Fig. 3a demonstrates 
that the full diamond structures only showed blunting at the 
very top of the nanostructures, potentially due to localized 
crystal plasticity phenomena arising from high-contact pres-
sures at the tip.

While variations in apex curvature across the samples 
may exist, the early failure of the germanium-coated struc-
tures is still primarily driven by the intrinsic brittleness of 
germanium. In the case of full diamond structures, even 
when using a sharper tip geometry that precisely follows the 
geometry of the germanium-coated samples, the observed 
behavior still predominantly involves crystal plasticity phe-
nomena at the contact points. This further confirms that full 
diamond structures are highly resistant to scratch-induced 
breakage.

Since this study relies on nanoscratch testing for a com-
parative failure mode analysis rather than deriving absolute 
mechanical properties, the applied load remains valid regard-
less of potential tip wear. AFM measurements confirm that 
damage was limited to the tip in use, ensuring the reliability 
of the observed failure mechanisms. To verify the absence 
of substantial tip wear, we performed AFM characterizations 
before and after three scratches under the same conditions 
on the employed sphero-conical tip (at the very top of the 
tip itself). To isolate the tip’s intrinsic roughness from its 

geometrical shape, we applied a spherical fitting process 
as shown in Fig. 3b, c. The convoluted radius before and 
after testing was 40.6 µm ± 22.0 nm and 39.0 µm ± 14.6 nm, 
respectively, with no meaningful difference, indicating the 
tip curvature remained unchanged ;hence, confirming that 
damage was limited to the tip in use, ensuring the reliability 
of the observed failure mechanisms.

Abrasion tests according to standard NFS10-005–4 / NF 
ISO 9211–4, considering a degree of severity 4/4 (i.e., 40 
frictions @10N), were carried out on diamond structures 
grown on a silicon substrate. The SEM analysis shows a 
geometry of structures that is still intact with no observed 
breakage. Note that cheesecloth residues are nestled between 
the structures (see Fig. 3e).

Antifouling properties

Diamond is also the material with the highest atomic den-
sity and density (1.76 × 1023 at.cm−3 and 3.5 g.cm−3, respec-
tively). This results in chemical species diffusion being 
extremely limited within the diamond lattice. In other words, 
diamond contamination can occur only at the surface, which 
makes it easier to clean compared to other materials.

Moreover, boron-doped diamond (BDD) offers outstand-
ing electrochemical properties [17] and, more specifically, 
a large potential window > 3 V in aqueous environments, 
enabling the production of highly oxidant radicals such as 
OH*, able to clean diamond electrodes. Several methods 
have been proposed to exploit the electrochemical antifoul-
ing properties of diamond surfaces, such as cathodic treat-
ment [18], continuous anodic treatment [19–21], scanning 
potential methods [22], or pulsed current methods [23, 24]. 
Recently, this last method has been demonstrated to enable 
antifouling properties against oils [24].

Optical windows may be exposed to different kinds of 
contamination in outdoor operation. To provide an antifoul-
ing property to structured windows, a coating of ~ 100 nm 
of BDD, with a doping level inducing low absorption in 
IR (~ 1018 at.cm−3), has been deposited on a nanostructured 
window. To analyze the electrochemical cleaning process, 
we monitored by SEM a silicon nanostructured window 
coated by BDD and previously contaminated in a mix of 
oil/gasoline. Images of Fig. 4 illustrate the surface quality 
of the structures during the cleaning process. In Fig. 4a, the 
structures are completely covered by oil and gazoline. In 
Fig. 4b, the electrochemical processing starts by applying 
a low current of ~ 100 mA on the 1 cm2 sample. In Fig. 4c, 
the mixture has already started to be removed partially. In 
Fig. 4d, the contamination is completely removed after few 
minutes of activation, hence demonstrating the efficiency 
of the electrochemical cleaning processed with an anodic 
treatment with a continuous current of 100 mA/cm2 for a 
few minutes, and the resilience of the window.
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Fig. 3   a Comparison of failure 
mechanisms for nanostructured 
samples through SEM analysis. 
Background deconvoluted 
(spherical fit) AFM scan of the 
indenter tip before (b) and after 
(c) nanoscratch testing. SEM 
before (d) and after (e) abrasion 
tests of diamond microstruc-
tures (period ~ 1.5 µm) on 
silicon substrate
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Conclusion

In this paper, we demonstrated a nano-imprint-based 
process, combined with a plasma etching step, to micro-
structure and functionalize CVD diamond. This technol-
ogy, which is compatible with large and curved surfaces, 
enables large-scale manufacturing compatible with optical 

surfaces. By taking advantage of diamond hardness and 
electrochemical properties, new windows enabling multi-
physical properties convenient for imaging applications 
were demonstrated.

These multifunctional windows offer:

•	 antireflective properties (T > 80–90% for the whole 
window) over LWIR range,

•	 superhydrophic property with contact angle > 150°
•	 antirain and antimist properties
•	 enhanced mechanical resistance assessed by nanos-

cratch testing and showing the application of vertical 
forces up to 5mN without any breakage,

•	 antifouling properties able to have the window cleaned 
within a few minutes upon application of a small cur-
rent of typ. 100 mA/cm2.

Multifunctional diamond window tested on a LWIR 
camera has demonstrated its ability to ensure the imag-
ing system’s “clear” image even in a visually degraded 
environment (rain, mist…) or under harsh environmental 
conditions (chemical contamination, physical erosion…).
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