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Infrared Spectral Emissivity Dynamics of Surfaces Under
Water Condensation

Nicolas Lavielle,* Ahmed M. Othman, Armande Hervé, Georges Hamaoui, Jipeng Fei,
Jun Yan Tan, Frédéric Marty, Hong Li, Anne Mongruel, Daniel Beysens, Elyes Nefzaoui,*
and Tarik Bourouina*

Water condensation on a surface strongly affects its effective emissivity,
especially in the atmospheric window, a wavelength range essential for
outdoor applications related to energetically passive cooling and heating. The
evolution of emissivity of a silicon surface during dropwise and filmwise water
deposition is studied. The evolution of the spectral radiative properties shows
that the increase in effective emissivity due to the growth of a droplet pattern
is steeper than for a growing water film of equivalent thickness. The change of
surface emissivity takes place in the first moments of condensation where
droplets as small as 10 μm drastically impact the reflectance of the pristine
surface. The upper limit of effective emissivity is reached for a droplet radius
or film thickness of 50 μm. During dropwise condensation, effective
emissivity is weighted by the drop surface coverage and then remains within
an asymptotic maximum value of 0.8, while in case of filmwise condensation,
it is shown to reach 0.9 corresponding to water emissivity. Micrometer-scale
spatially-resolved infrared spectral images enable to correlate the spatial
variation of spectral properties to the droplet size and localization. Such
findings are of interest to the implementation of moisture-controlled
emissivity tuning and radiative sky-coolers for dew harvesting.
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1. Introduction

In the context of reducing the carbon foot-
print of fossil fuels, interest is growing to-
day for various applications involving en-
ergetically passive cooling and heating.[1]

Spectrally selective emissivity/absorptivity
of a material is a key surface property for ra-
diative heat transfer engineering. The spec-
tral requirements for emissivity are strongly
dependent on its targeted use, where typical
applications include solar thermal energy
harvesting,[2–4] thermo-photovoltaics,[5,6] ra-
diative cooling,[7,8] coherent thermal light
sources[9] and dew water harvesters.[10–12]

For instance, solar thermal energy har-
vesting requires maximum absorptivity in
the spectral range ranging from ultravio-
let to Short Wavelength Infrared (SWIR)
(0.2–2.5 μm).[4] On the other hand, radia-
tive cooling requires maximum emissiv-
ity in the so-called atmospheric window ly-
ing in the mid-wavelength infrared (MWIR)
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(8–13 μm).[7] These requirements led to significant efforts in the
past decade in designing dedicated meta-surfaces.[13–15] However,
when used outdoor, the surfaces are subjected to varying weather
conditions. In particular, surfaces can be exposed to water (e.g.,
dew condensers), whose intrinsic emissivity can strongly affect
the radiative properties of the pristine surface. The deposition of
water on an outdoor surface by condensation, rain or by other
forms of moistening is indeed a daily-observed phenomenon.
The deposition occurs on plants, soil, or artificial surfaces. Fur-
thermore, the emissivity and wetting of surfaces can be strongly
associated. This is for instance the case of dew water condensa-
tion induced by radiative cooling.[10–12] In this situation, a sur-
face facing the sky passively experiences a temperature decrease
through radiative cooling. Cooling is due to a negative radiative
heat transfer with the outer space taking advantage of the at-
mosphere transparency, in particular between 8 and 13 μm. The
larger the surface MWIR emissivity, the stronger the negative ra-
diative heat transfer, and thus the energy-passive cooling effect.

Water is a scarce resource in arid and semi-arid climates. This
problem is extending worldwide as a result of global warming
and many efforts have been made to collect dew water as a source
of fresh water. For this purpose, low-tech, energy-passive radia-
tive coolers are often considered and most studies focus on the
radiative properties of the surface under consideration.[16–18] The
presence of condensed water on the considered surface in the
form of droplets or films was however seen to significantly im-
pact the radiative properties of the surface,[19,20] water and sur-
face emissivities showing generally different values. This effect
is somehow similar to the effects of water droplets in fog or in
clouds on the IR sky emissivity.[21] Coming back to a wet surface
as considered in this work, an effective emissivity[19] needs to be
accounted for, as the surface is now partially (in case of dropwise
condensation) or fully (in case of filmwise condensation) covered
with water. During condensation, the effective emissivity of the
surface evolves as a result of the combined emissivity of the pris-
tine material surface and water.

Spectral measurements in the atmospheric window have al-
ready shown that the average emissivity of a plastic substrate
increases when wet.[20] In the visible spectrum, the impact of
dropwise condensation on the trajectory and polarization of light
modified by an assembly of droplets, covering windows,[22,23] so-
lar panels, or greenhouses[24] have been previously studied. A
lack of knowledge remains regarding the spectrally-resolved ef-
fective emissivity of a wet surface in the MWIR spectral range.
One has to mention, nevertheless, the pioneering works on the
de-polarization of IR light by drops,[25,26] those on the analysis
of the evolution of emissivity with condensation[27] and those
revealing changes of radiative heat flux under condensation.[28]

Furthermore, it has been shown, in the case of dropwise conden-
sation, that surface coverage, droplets size, and droplets contact
angles influence the effective emissivity of the substrate.[19,29]

Recent works addressed either the mean emissivity of a water
droplet pattern, theoretically by Monte-Carlo tracing method[29]

or experimentally and with a simplified model.[19] They, however,
did not address the spectral emissivity nor filmwise condensa-
tion. The spectral emissivity of acrylic droplets was also recently
investigated.[30]

These studies motivate the present detailed investigations of
the reflectance and transmittance MWIR spectra in relation with

dropwise condensation (Breath Figure pattern BF) and filmwise
condensation, a situation not yet explored. In addition, spectral
images of the droplets are obtained at a microscopic scale, which
is a quite novel measurement. It allows pictures of the droplets
to be observed with the contribution of the different parts of the
drop to transmittance and reflectance. To this end, we study a se-
quence of water breath figures growing onto a flat surface. The
corresponding droplet populations and effective radiative prop-
erties are investigated in the MWIR spectral range. Measured re-
flectance and transmittance spectra are analyzed with supporting
numerical optical simulations of similar scenarios. We do not ad-
dress their temperature dependence due to changes in the mate-
rial optical properties, surface properties and electronic structure
(the thermal variation of emissivity is 2.45 × 10−3 K−1 (Ref.[31])
and consider the radiative properties at 4 °C, a (constant) temper-
ature value in our experiments, which is representative of dew
condensation.

In contrast to the case of rain or fog deposition on a surface
(which also impacts the surface radiative properties), it is im-
portant to note a subtle difference in the present experimental
work. The formation of dew is indeed used to produce water
droplets in a controlled manner. Note that in the present work,
water condenses thanks to contact cooling. This cooling tech-
nique, which does not depend on the surface emissivity in con-
trast to radiative cooling, does not affect the characteristics of the
condensed pattern (film or drops) and then the spectral emissiv-
ity of the surface. The case of a uniform water film is also studied,
mostly theoretically, for comparison purposes. Numerical optical
simulations and theoretical calculations give a comparison be-
tween the two extreme scenarios of dropwise and filmwise de-
position and their influence on the dynamics of the absorptance
spectra. Additionally, spectral radiative properties measurements
with micron-scale spatial resolution are used to produce spatially-
resolved spectral images of the BFs.

2. Results and Discussion

2.1. Evolution of the Spectral Radiative Properties with Dropwise
Condensation

Figure 1 presents and characterizes 8 condensing BFs generated
by condensing water vapor from humid air (90% RH) on flat
silicon whose surface temperature is set at 4 °C. Condensation
is interrupted by stopping the humid air flow at different times
to obtain the successive BFs presented in Figure 1 and to per-
form spectral measurements. This experiment takes place under
a FTIR (Fourier Transform Infrared) spectrometer equipped with
optical microscope, which measures the spectral IR reflectance
and transmittance. Figure 1 characterizes the BFs under study
and correlates them with the measured IR spectral response and
numerical simulations, presented in Figure 2. Figure 1a is a set
of optical microscope images presenting the 8 BFs under study.
Figure 1b gives the distribution of droplet radii ri of each BF.
Figure 1c presents, for each BF, the fraction of surface covered
by the droplets (S/Stot) and the evolutions of the Sauter mean ra-
dius rs =

Σri
3

Σri
2

for each BF pattern. The same condensation exper-

iment under IR spectrometer – microscope has been performed
on modified silicon wafers with PTFE (Teflon) and SiO2 surfaces
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Figure 1. Breath figures evolution and characterization: a) Optical microscope images of the 8 breath figures (BFs) on silicon wafer (Si). b) Droplet size
distribution of BFs of the patterns shown in (a) (number of droplets, N, of radius, r, in 5 μm steps). The same colors codes as in (a) are used in (b) for
BF1 to BF4 and in its inset for BF5 to BF8. c) Droplet Surface coverage (S/Stot) and inset: Sauter mean radius (rs) of the BFs on silicon wafer (Si), SiO2,
and PTFE (Teflon) surface coatings.

to evaluate the impact of the wetting properties. Figure S1a (Sup-
porting Information) indicates the thicknesses of Teflon and SiO2
and the water contact angles (CA): CA = 70°, 91°, and 48° for
Si, Teflon and SiO2, respectively. For Si, in Figure 1b, the size of
the droplets increases with condensation time, we can also ob-
serve a bimodal distribution from BFs 6 to 8, which is the sign
of re-nucleation events in the free space left by the coalescences
of neighboring droplets. In Figure 1c, for the three surfaces, a
plateau for the surface coverage is rapidly reached after 50 s of
condensation, with a value of ≈ 0.75 for the Si surface and rs
evolution is found to scale linearly with time, in agreement with
theory.[11] In Figure 1c, the plateau value of S/Stot (dashed) in-
creases with an increase of the CA, whereas rs decreases with
an increase of the CA. The droplet size distribution and the val-
ues of S/Stot and rs characterize each BF under study and will be
used as the determining parameters for numerical simulations
and for the global understanding of the IR spectral response. Fo-
cusing on the impact of surface chemistry, one notes in Figure 1c

that the plateau of S/Stot (dashed) increases with an increase of
the CA, whereas rs always decreases with an increase of the CA.
This result can be explained in terms of a second nucleation of
BF pattern in the space left free between the large drops. A higher
drop contact angle generates smaller droplet radius for a constant
volume of condensed water, more space free between drops, and
leads to smaller surface coverage in the auto-similar regime as it
is well-known.[11] However, upon re-nucleation, the new nucle-
ated droplets in the free space between drops lead to an actual
increase of the total surface coverage.

Figure 2 presents the evolution of the IR spectral response of
BFs on Si from Figure 1. For Teflon and SiO2, the reflectance,
transmittance, and the corresponding BFs optical images can be
found in Figures S2 and S3 (Supporting Information), respec-
tively. Figure 2 is organized as follows: In the first row, Figure 2a
reports the measured relative spectral reflectance R/R0 as a func-
tion of the wavelength in the 2.5 – 14 μm range for the 8 breath
figures of Figure 1 on Si, where R0 is the reflectance of the bare
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Figure 2. Spectral IR response during the breath figures evolution (same 8 BFs of Figure 1): a) Relative reflectance R/R0 as a function of IR wavelength
(R0 is the bare Si reflectance). b) Zoom in the atmospheric window. c) Average reflectance in the atmospheric window (R[8–13 μm]) as a function of
condensation time for Si, SiO2 and Teflon surfaces. d) Relative transmittance T/T0 as a function of IR wavelength (T0 is the bare Si transmittance).
e) Zoom in the atmospheric window. f) Average transmittance between 8 and 13 μm (T[8–13 μm]) as a function of condensation time for Si, SiO2 and
Teflon surfaces. g) Absorptance A as a function of IR wavelength. h–j) Results from rigorous coupled-wave analysis (RCWA) numerical simulation of the
spectral evolution of Si substrates with water droplet distributions as in Figure 1. (b): relative reflectance, R/R0 (h), relative transmittance, T/T0 (i) and
absorptance, A (j).
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Si (before condensation) Figure 2b is a focus of Figure 2a in the
atmospheric window (8-13 μm). Figure 2c gives the average value
of absolute reflectance R between 8 and 13 μm for Si, SiO2, and
Teflon as a function of condensation time (cumulative time dur-
ing which condensation proceeds). The second row of Figure 2
is organized the same way as the first row, giving the results of
relative surface averaged spectral transmittance, T/T0. T0 is the
reflectance of the bare Si. The third row of Figure 2 shows the re-
sults from numerical simulations of the relative reflectance R/R0,
relative transmittance T/T0 and absorptance A, for Si. Figure
S1b,c (Supporting Information) presents the raw values of mea-
sured reflectance and transmittance, respectively, for the three
bare surfaces before starting condensation.

Regarding reflectance evolution, one observes a global de-
crease in the whole wavelength range with condensation time,
with a saturation starting at BF 7 (140 s). When focusing on the
atmospheric window, one can observe a large reflectance peak.
The peak decreases and slightly shifts to longer wavelengths with
condensation time. The same general observations can be made
for the transmittance spectra. The reflectance and transmittance
evolution behavior are the same with Teflon (Figure S2, Support-
ing Information) and SiO2 (Figure S3, Supporting Information).
The main evolving peak is located in the atmospheric window.
One can correlate the slightly varying position of this peak to the
size of the water droplets, whose distribution evolves with time
and whose order of magnitude lies in the same range as the wave-
length of the IR irradiation. The slight shift to higher wavelengths
can be attributed to the increase of the droplets size, suggesting
a light scattering effect. Regarding the evolution of the average
value of reflectance in the atmospheric window (Figure 2c), a
sharp decrease of its value is observed in the first seconds of con-
densation for the three surfaces (with a similar initial decreasing
slope). After 50 s of condensation, the reflectance saturates to-
ward its minimal value. This result indicates that the change of
surface emissivity takes place in the first moments of condensa-
tion where droplets as small as 10 μm are sufficient to drastically
impact the reflectance of a surface.

Concerning the impact of surface coating, the average value for
reflectance on SiO2 is significantly higher at equilibrium (20% vs
5% for Si and Teflon). This result is due to the lower value of
surface coverage (S/Stot = 0.6) for SiO2 as compared with values
above 0.75 for Si and Teflon. Indeed, a lower surface coverage ex-
poses a higher pristine surface for reflection. The fluctuations of
the reflectance observed with the SiO2 surface could be attributed
to the fluctuations of surface coverage with condensation time
as seen in Figure 1c. Comparing Si and Teflon, the average re-
flectance value at equilibrium is similar for both surfaces. How-
ever, the initial value of reflectance for Si is slightly lower than
the Teflon reflectance. The same value at equilibrium for both
surfaces is attributed to the slightly higher surface coverage on
Teflon.

Regarding the evolution of T[8–13μm] for the three surfaces
(Figure 2f), all transmittance values decrease with condensation
time with similar behavior and look close to an equilibrium value
after 100 s of condensation. More condensation time is thus
needed to ensure that transmittance does not continue to slowly
decrease. As surface coverage reaches a plateau after 50 s of con-
densation, one attributes the further decrease of transmittance
to the increasing size of the droplets. One notes that droplets

whose size is as small as 30 μm strongly lower transmittance.
Interestingly, the reflectance saturates faster than the transmit-
tance, which indicates a stronger dependency for transmittance
on droplet size. Lastly, the different values of transmittance for
the three surfaces can be explained by the initial value of trans-
mittance before condensation. Additionally, Figure 2g presents
the spectral absorptance A = 1 – T – R for the eight BFs; it dis-
plays saturation for times later than BF6.

To further investigate the role of surface coverage and droplets
size on the reflectance spectra, Figure S4 (Supporting Informa-
tion) presents another condensation experiment performed on Si
with varying surface coverage (Figure S4a, Supporting Informa-
tion) and Sauter mean radius rS (Figure S4b, Supporting Infor-
mation). The particularity of this experiment is that the surface
coverage evolves slowly to its equilibrium value, which allows us
to differentiate more easily the impact of surface coverage and
droplet size. Figure S4c,d (Supporting Information) presents the
evolution of the value of the reflectance at a wavelength of 10 μm
as a function of S/Stot and rS, respectively. One observes that for
a constant value of S/Stot (t > 50 s) the reflectance still decreases,
which indicates that the reflectance is still impacted by the size of
the droplet. Nevertheless, Figure S4a,d (Supporting Information)
shows that once the surface coverage has reached its equilibrium
value, after point BF4 (45s) –also corresponding to droplet radius
rs above 10 μm, the variation of the reflectance with rs slows down
to eventually saturate when rs reaches 20 – 30 μm at times 50–60
s. This complementary result confirms the previous findings of
Figure 2c.

We have also performed numerical simulations consider-
ing the radius distribution and surface coverage of the BFs in
Figure 1. The basis and the details of the simulation of transmit-
tance and reflectance of droplets on Si are reported below in the
Experimental Section. The simulation uses the S4[32] implemen-
tation of the rigorous coupled-wave analysis (RCWA). We present
in Figure 2, row 3, the simulation results concerning the evolu-
tion with the 8 BFs of the relative spectral reflectance (Figure 2h),
the relative spectral transmittance (Figure 2i), and the spectral
absorptance (Figure 2j). The absorptance was derived from the
conservation of energy, A = 1-R-T, and the Kirchhoff’s law for
thermal radiation was used, giving spectral emissivity equal to
spectral absorptivity. The results from the simulation capture
well the tendency of decrease of the reflection and transmission
with condensation time. The presence of the peak in the atmo-
spheric window is also captured by the simulation for the relative
reflectance and transmittance. The slight shift of this peak can
be found in the reflectance simulated spectra, whereas it is not
the case for the transmittance. In this regard, Figure S5 (Sup-
porting Information) shows simulation of transmittance using
“Cone 5” (±5° angular span) instead of “all orders” (all angles
captured by the detector), fairly captures the shift of the peak in
the atmospheric window. The values of the relative reflectance
and transmittance from the simulation agree with the experi-
mental ones. We show in Figure 2j that the absorptance increases
with condensation time and saturates after 100 s of condensa-
tion, which compares well with the experimental data. However,
the values of the simulated absorptance are lower than the ex-
perimental values, because in the simulation only a single air/Si
interface is considered, and thus the global contribution of the
silicon wafer to the reflectance (multiple interface reflection) and
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Figure 3. Dropwise versus filmwise water deposition. a,c) Schematic illustrations on silicon substrate of (a) an array of water droplets of varying radius,
r, at surface coverage S/Stot = 0.75 and (c) a film of water of varying thickness, h. b) Evolution of absorptance (A) spectra modeled by RCWA numerical
simulation for an array of droplets of varying r. d) Evolution of A for a film of water of varying h. e) Evolution of the average absorptance in the atmospheric
window (A[8–13 μm]) for dropwise and filmwise water deposition as a function of the same total volume of water per unit surface area, that is, the equivalent
film thickness, heq. The inset of (e) is the filmwise absorptance evolution shown for an extended range of heq.

transmittance (transmittance through the silicon wafer thick-
ness) is not accounted for. The absorptance of the silicon is there-
fore under-estimated by the RCWA simulation.

2.2. Spectral Emissivity: Dropwise Versus Filmwise Deposition

Figure 3 presents the simulated (droplets) and calculated (film)
absorptance evolution as a function of droplet radius or film
thickness, respectively. For droplets, the rigorous coupled-wave
analysis (RCWA) numerical simulation was used to simulate the
influence of droplet size, for a constant surface coverage, on the
absorptance spectra. For this simulation, an array of hemispheri-
cal droplets of the same radius, r, varying from 0.1 to 70 μm with
a surface coverage S/Stot fixed at 0.75 (case of condensation on
Si) was considered to evaluate the only contribution of droplet
size on the absorptance spectra. Figure 3a gives a schematic rep-
resentation of the pattern of droplets and Figure 3b presents the
simulated absorptance spectra of droplets as a function of droplet
radius, r, with an incidence angle of 0° and considering all diffrac-
tion orders. The absorptance, A, was derived from the values of
the simulated reflectance and transmittance. Absorptance gen-
erally increases with increasing droplet radius. Droplet size r =
0.1 or 0.5 μm slightly affect the spectral response, whereas the
absorptance is drastically increasing for larger droplets size, sat-
urating for r ≈50 μm. This simulation confirms the experimen-
tal results presented in Figure 2, which outlines that the change
in emissivity takes place in the first moments of condensation,
to finally saturate for droplet size ≈50 μm. Note that the change
in emissivity takes particularly place in the atmospheric window

and thus will largely impact the radiative heat transfer of surfaces
covered by water droplets. For comparison, filmwise water depo-
sition was also considered. Figure 3c is a schematic representa-
tion of the studied system composed of a water film of varying
thickness, h, between 1 μm and 50 μm. For the case of the wa-
ter film, the calculations of reflectance and transmittance were
carried out as follows. The water film calculations assumed a
normally-incident incoherent radiation on the structure, where
the reflectance and the transmittance of the multi-layer structure
was calculated using the incoherent case of the transfer matrix
method,[33] using the refractive index and extinction coefficient
(imaginary part of the refractive index) of silicon[34] and water[35]

as a function of wavelength. For simulation/experiment compar-
ison purposes, a set of three experiments was carried out with wa-
ter film thicknesses of 6, 20, and 40 μm trapped between silicon
slabs separated by microbeads spacers defining the water film
thickness. The experimental details are given in the Experimen-
tal Section. For these three systems, transmittance was measured
with a spectrometer, and Figure S6a (Supporting Information)
gives a schematic representation of the studied system along with
the results for measured and calculated transmittance. Figure
S6a (Supporting Information) shows that the calculated spec-
tra agree well with the measured spectra, validating the calcula-
tion method. This method was then applied to the configuration
of Si/water/air. Figure S6c,d (Supporting Information) presents
the calculated transmittance and reflectance spectra, respectively,
for the water films considered in Figure 3c. Figure 3d gives the
corresponding calculated absorptance spectra (derived from the
calculated reflectance and transmittance shown in Figures S6c,d,
Supporting Information) for a water film of various h. A film
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thickness of 1 μm is shown to significantly impact the absorp-
tance spectra, and an increase of h leads to a significant increase
in absorptance until a maximum value near unity is reached for
h ≈50 μm. Both Figures 3b,d show that the spectral response is
largely influenced by the presence of water droplets or water films
in the entire spectral range and in particular in the atmospheric
window. For the film case, a near unity emissivity is reached as
the surface is fully covered with water (S/Stot = 1), whereas in the
case of droplets an earlier saturation takes place due to the satu-
ration of the partial surface coverage by the drops. In the case
of drops of constant surface coverage, simulation results con-
firm that the size of the droplets impacts the absorptance spectra,
which nevertheless saturates at ≈50 μm drop radius. In the case
of a water film, saturation is reached also for a film thickness of
50 μm, for which the emissivity of water is reached. Figure 3e
gives the average absorptance in the atmospheric window be-
tween 8 and 13 μm (A(8–13 μm)) as a function of the total volume of
water per unit surface area (the equivalent thickness, heq), for a
fair comparison between the dropwise and filmwise deposition of
water. One can observe that the absorptance in the atmospheric
window increases faster in the case of droplets, compared to the
film, for heq ≈5 μm. Indeed, for an equal volume of deposit water,
droplets radii are larger than the equivalent film thickness and
thus impact more drastically the absorptance. Since the droplet
surface coverage does not reach unity, in contrast to the film,
above some thickness ≈13 μm the film becomes more absorb-
ing. This finding shows that the geometry of the drops strongly
influence the reflectance and transmittance spectra, as discussed
in Figure 2. The inset of Figure 3e indeed shows that saturation
to pure water absorptance is reached only for a film thickness of
50 μm. Finally, it is important to note that for dropwise deposi-
tion, the value of saturation of the absorptance is ≈0.75, which is
close to the value of the assumed surface coverage of 0.75. This
result indicates that, upon saturation, water droplets act similarly
to a film of water.

Another noticeable difference between dropwise and filmwise
condensation is the spectral shape of the emissivity and its evo-
lution. In case of filmwise condensation, the spectral emissivity
depends solely on molecular water absorption. Accordingly, the
shape of the spectral emissivity does not change while increasing
the water height; only its magnitude increases as shown in Figure
S6 (Supporting Information). However, in case of dropwise con-
densation, an additional mechanism beyond the molecular scale
is involved. Indeed, light scattering effect is non-negligible as
the size of the droplets fall in the same range of the wavelength
of the infrared light.[36] Consequently, not only the magnitude
varies, but also the shapes of the spectral reflectance, transmit-
tance, and emissivity are deformed (Figure 2b,e,g) during the
evolution of droplet size distribution (Figure 1b; Figure S4b, Sup-
porting Information). We confirmed these observations through
other experiments conducted on Teflon-coated silicon surfaces
(Figure S2, Supporting Information) and SiO2-coated surfaces
(Figure S3, Supporting Information). The evolution of droplet
size distribution involves coalescence of neighboring droplets.
The coalescence dynamics on a pristine silicon surface can be
assessed from Figure S4b (Supporting Information), where one
can see that the Sauter radius rs increases from 5 to 42 μm within
130 s. An indicator on the impact of this variation on the emissiv-
ity can be seen in Figure S4d (Supporting Information), showing

a drastic decrease of reflectance from 33% to 5% during the same
sequence. Furthermore, as shown in the black curve of Figure 3e,
the corresponding trend for emissivity is an increase with the
equivalent water height heq and then stabilization below 80%.

Figure S7 (Supporting Information) presents the simulation
results for the absorbance of an array of droplets of r = 10 μm
(with S/Stot = 0.75) at different angles of incidence (0, 20, 40,
60, and 80°) to address the directional effects on the emissiv-
ity/absorptivity of a droplet-covered surface. For relatively small
angles of incidence (<20°), it can be observed that the angle of
incidence has a small effect on the simulated absorbance of the
system, and the emissivity slightly increases, which agrees with
literature.[30] For large angles, however, the scattering effects of
the droplets increase and exhibit a wavelength dependence, as
the droplets act as a diffraction grating diffracting light, where
more diffraction orders can be excited in the case of a larger an-
gle of incidence.

Figure S8 (Supporting Information) presents the evolution of
calculated radiative cooling power associated to the evolution of
the absorptance during both dropwise (Figure S8a, Supporting
Information, from the spectra of Figure 2g) and filmwise (Figure
S8b, Supporting Information, from the spectra of Figure 3d)
water deposition. Calculations were performed according to the
equations developed in Ref.[13] considering a surface and an am-
bient temperature of 30 °C. Conduction, convection, and solar ir-
radiance were neglected (details in Note S1, Supporting Informa-
tion). Standard atmospheric IR transmission spectra were used.
The situation is, however, more complex in the reality since the at-
mosphere emissivity exhibits an angular dependence, minimum
at the zenith (≈0.62) and maximum near the horizon (≈1). One
also has to account for always existing near-horizon IR emitting
obstacles and the fact that the surface under study can present a
tilt angle with horizontal. A detailed analysis of a surface radia-
tive deficit taking into account these parameters can be found in
reference.[37]

Figure S8a,b (Supporting Information) shows that the pres-
ence of water on a silicon surface greatly influence the radiative
cooling ability. The cooling power increases with the evolution
of the BFs or with increasing water film thickness and satura-
tion is reached for a typical drop/film size of 50 μm, such as the
emissivity does. The order of magnitude of the calculated radia-
tive cooling power is ≈ 100 W m−2, which is consistent with the
order expected for a black body emitter. It is worth mentioning
that the scenario under consideration starts with a pristine silicon
surface of rather small emissivity. As a consequence, in this case,
water condensation leads to the improvement of cooling power
along with an increase of emissivity. In another theoretical ex-
treme case of a perfect black body surface (emissivity ∼ 1), the im-
pact of condensation of water (of emissivity ∼ 0.95) would be less
severe. Indeed, in such case, the effective emissivity of the black
body surface would decrease during water condensation process,
tending toward the emissivity of water weighted by the water sur-
face coverage, with an effective emissivity remaining in the range
of 0.95–1. In this scenario, dropwise condensation would have
less impact than filmwise condensation since the latter eventu-
ally tends toward the asymptotic value of water emissivity. In
both cases, as a result of the water-induced slight decrease of
emissivity, the cooling power would also slightly decrease. How-
ever, one remains in a high emissivity range and therefore water
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Figure 4. Droplets local contribution to spectral emissivity: Optical microscope images of the breath figures patterns a) and d) and corresponding
reflective b) and transmissive e) spectral images. The color code uses average values of reflectance (<R>) or transmittance (<T>) from 2.5 to 14 μm
wavelengths with a resolution of 6.25 × 6.25 μm (scale bar of 50 μm applies to the four images). c) Reflectance, R, and f) transmittance, T, spectra of
the three red dotted square regions located in between droplets, of the three blue dotted square regions located on the center of droplets and of bare
silicon (Si) (before condensation, in black color).

condensation should have a minor impact on emissivity/cooling
power of a black body surface.

2.3. Spatially-Resolved Droplets Contribution to Emissivity

Figure 4 investigates at high spatial resolution the contribution
of water droplets on the reflectance and transmittance spectra.
In this regard, two BFs were studied, one for reflectance and
the other for transmittance, setting the imaging pixel size to its
minimal value 6.25 μm. As noted in section “Experimental Sec-
tion – Spectral reflectance and transmittance measurements us-
ing FTIR microscopy imaging”, it was not possible to use in the
transmittance measurements the very same breath figure pat-
tern as with the reflectance measurements because the setup
could not keep the surface temperature low enough to prevent
evaporation. The droplet evaporation is, however, slow enough
such as it affects only marginally the BF pattern, as shown in
Figure 4 where tiny droplets are still present. The dimensions
of the optical images presented in Figure 4 are 350 × 450 μm,
which means that the spectroscopic measurement will give 4032
reflectance or transmittance spectra per image. The assessment
of the 4032 spectra allows us to reconstruct a spatially-resolved
spectral image of the BFs, with a resolution of 6.25 μm. Figure 4b
shows the reflectance spectral image of the optical image of
Figure 4a,e, is the transmittance spectral image of the optical im-
age of Figure 4d. The BFs have been generated by condensation
on a 1 × 1 cm2 silicon wafer.

One notes that the spectral images well correspond to the opti-
cal image. The spectral images enable a spatial resolution of the
IR spectral radiative properties. In both Figure 4b,e, we have se-
lected 3 areas with dimensions of 6.25 × 6.25 μm located on a
bare part of the silicon wafer (red dotted squares) and 3 other ar-
eas located at the center of 3 droplets (blue dotted squares). For
each defined area, the associated reflectance and transmittance
spectra are plotted in Figure 4c,f, respectively. For comparison,
the reflectance and transmittance spectra on bare silicon (before
condensation) is as well plotted in black color. In Figure 4c, when
located on droplets, one can observe that the reflectance spectra
of the three blue curves (which superimpose) are far below the
spectra of bare Si and close to the water reflectance. When lo-
cated in between droplets on bare silicon, the spectra are close
to the bare Si spectra. There is nevertheless a difference between
the curves between the drops and the bare substrate, increasing
with the wavelength. It indicates that the reflectance is impacted
by the nearby droplets. The spatial resolution of 6.25 μm of the
FTIR microscope is defined for a wavelength range of IR light
below the wavelength 𝜆 = 6.25 μm. Above this value, the limit of
diffraction applies, and the size of the scanned area is equal to the
wavelength of the IR light (Rayleigh criteria). Thus, the resolution
gets worse with increasing wavelengths (𝜆 >6.25 μm), leading to
a larger collection spot for the longer wavelengths. In this case,
as the collection spot increases for larger wavelengths, collection
of the average spectra is more sensitive to surrounding droplets
as the wavelengths increases; which leads to the decrease of the
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reflectance with increasing wavelengths. Regarding the discrep-
ancies between the red plots of Figure 4c, they are due to the rel-
ative proximity of water droplets to the scanned area. Indeed, the
closer the water droplets are to the scanned area, the stronger the
decrease of reflectance will be.

For transmittance, when located in between droplets, the red
spectra almost superimpose with the one of bare Si, in contrast to
reflectance. An explanation would be that the relative proximity
of water droplets to the scanned area for transmittance is weaker
than the one for reflectance, leading to average spectra non-
impacted by surrounding droplets. When located on droplets, the
blue spectra of transmittance decreases as it would do for pure
water. The transmittance and the reflectance are thus both im-
pacted locally by the presence of the droplets. It indicates that
the water droplets largely impact reflectance and transmittance
at global and local levels. Such spectral images, along with the
measured, simulated and calculated data of reflectance and trans-
mittance; underline the local and global contributions of the pres-
ence of water to the spectral radiative properties dynamics in gen-
eral, and spectral emissivity in particular, when droplets evolve on
any surface.

3. Conclusion

As the emissivity of water in the atmospheric window (8—13 μm)
is near unity, water deposition on any surface will substantially
impact its emissivity. Water can be deposited in the form of
droplets or film by, for example, rain, fog, or vapor condensa-
tion. Surfaces can reach temperatures below the dew point tem-
perature by radiative cooling, which triggers dropwise or film-
wise condensation. This work reveals the evolution of IR spec-
tral properties during water condensation. The presence of evolv-
ing droplet patterns or growing water film is shown to impact
the spectral radiative properties of the surface and in particular
its effective emissivity. Droplets, with radius as small as 0.5 μm,
decrease the reflectance and transmittance in the atmospheric
window, which results in an increase of the absorptance. This
increase is steeper at the first moments of condensation and sat-
urates when droplets radius is in the order of 50 μm. It is interest-
ing to observe that both the reflectance and transmittance spectra
display a peak in the atmospheric window, which decreases with
increasing droplet radius and slightly shifts to the longer wave-
lengths when the droplet size is comparable to the incident light
wavelength. The value of the absorptance at saturation mostly
depends on the drop surface coverage and on the absorptance
value of the bare material. Wetting properties of the surface influ-
ences the emissivity of the surface, as higher droplet contact an-
gles lead to a higher plateau surface coverage at saturation, which
is the main governing parameter at saturation. Furthermore, we
showed that Sauter mean radius was correlated to the reflectance
values. Indeed, Sauter radius includes droplet size and surface
coverage. Its calculation could thus enable the determination of
a given BF reflectance.

In the case of a growing water film, the increase of the absorp-
tance in the atmospheric window is slower than for the case of
droplets for an equivalent volume of water per surface area. The
film absorptance is shown to saturate for a thickness of 50 μm,
where it reaches the value of pure water. For droplets, saturation
is reached for drop radii ≈50 μm, corresponding to an equiva-

lent film thickness heq ≈5 μm, with absorptance value depending
on the drop surface coverage. One notes that, for dropwise de-
position, the value of saturation of the absorptance is close to the
value of the surface coverage indicating that, upon saturation, wa-
ter droplets act similarly to a film of water.

The measurements of the spectra by IR spectrometer have
been supported by numerical simulations and calculations,
which permits to separate the contribution of water droplets
or water films from the surface emissivity. Furthermore, spec-
tral images of reflectance and transmittance with a resolution of
6.25 μm give the spatial variation of spectral properties and al-
low a correlation to be made with droplet size and location. Such
spatially-resolved spectral images could be used to determine the
thickness profile of droplets based on the IR spectral response.

As the emissivity of the surface rapidly reaches the water emis-
sivity value (weighted by the surface coverage), the bare sur-
face emissivity is not the determining parameter in the steady-
state operation. As a matter of fact, it has been shown that con-
densation rates on a highly and poorly emissive surfaces were
similar[19] in the steady state of condensation. Nevertheless, con-
densation needs to be triggered by radiative cooling. If the sur-
face has a low emissivity, it might never reach temperatures be-
low the dew point temperature and thus never take advantage of
the contribution of water to the effective emissivity. In this con-
text, the emissivity of the bare surface is important to initiate con-
densation, then emissivity will be rapidly governed by the con-
densed water and reach saturation for typical droplet/film size of
50 μm.

4. Experimental Section
Materials, Generation of Breath Figure Patterns and their Optical Char-

acterization: All model surfaces were produced from 4-inch single-side
polished [100]-oriented silicon wafers of low-doped (SI; resistivity of 1–20
Ω.cm). To tailor the wetting properties of the Si substrate, either i) a silica
(SiO2) layer of 470 nm was formed on a Si wafer by thermal oxidation, or
ii) a layer of 30 nm of PTFE (Teflon) was deposited within a plasma reactor
at 0 °C with C4F8 as feed gas for a duration of 10 s, leading to the ultra-thin
fluorocarboned film, commonly assimilated to PTFE. The corresponding
values of contact angles (CA) can be found in Figure S1a (Supporting In-
formation) and were measured by the deposition of a droplet of DI water
of 2 μL using a goniometer (Kruss, DSA 25S). To generate condensation
on the different model surfaces, their temperature were set at 4 °C using
a temperature-controlled stage (S-100R from Pike Technologies) and near
saturated humid air (RH = 90%) at room temperature 20 °C was injected
in the stage chamber in which the samples were placed. The humid air was
obtained by bubbling air in a bath of ultrapure water and injected through
two inlet gas nozzles at the stage chamber entrance. Airflow circulation
was provided by a pump (Rena 101). Water condensation was performed
on the 1 × 1 cm2 model surfaces located on the cooling stage, itself placed
on a FTIR microscope spectrometer (Spectrum 3 FTIR spectrometer cou-
pled to Spotlight 400i imaging system). The samples were placed hori-
zontally and the stage was cooled by a flow of fluid at −15 °C circulating
through two inlet nozzles entering the stage. The stage temperature was
monitored all along the experiments by using an embedded thermocou-
ple. The chamber was sealed by a Plexiglas cover during condensation.
A scheme of the setup can be found in Figure 5 below. In these experi-
mental conditions, the sample surface temperature is far below the dew
point temperature (≈16 °C). Time was to set to zero at the beginning of
condensation. Condensation was periodically interrupted by stopping the
air flow to study the BFs patterns for further optical and IR characteriza-
tion. ImageJ software was used to analyze the optical images of the breath
figures taken by the FTIR microscope. The analysis consists in detecting
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Figure 5. Scheme of the FTIR optical microscope setup under saturated humid air and controlled temperature.

drop areas on the images by an appropriate thresholding and setting the
minimum detection limit at 5 μm2. It follows the determination of the drop
surface coverage and the apparent droplet radii.

Spectral Reflectance and Transmittance Measurements using FTIR Mi-
croscopy Imaging: Once the BF pattern was generated on the sample
surface, the cover of stage was taken out and the reflectance and trans-
mittance spectra images were acquired in the MWIR range using an FTIR
microscopy imaging system (Perkin Elmer Spectrum 3 FTIR spectrome-
ter coupled to a Perkin Elmer Spotlight 400i imaging system). The time of
acquisition of the measurement is ≈15s, which ensures a stable BF pat-
tern during measurement, along with a temperature of the sample main-
tained at 4 °C. Evaporation is strongly limited in this time scale, at such low
temperature. An optical microscope image was taken just after the mea-
surement for further characterization. The IR background was performed
on a reference gold surface (for reflectance), or in air (for transmittance);
prior to the measurement of IR spectra. The spectral resolution for mea-
surements was 16 cm−1, and the number of scans per pixel was 15 at a
speed of 1 cm s−1. The spectral range was set between 4000 cm−1 (2.5 μm
wavelength) and 700 cm−1 (14.3 μm wavelength). The dimensions of the
area under study were 350 × 450 μm2. The pixel size was set to 50 μm
for the assessment of the global spectral response, reflectance and trans-
mittance were averaged by the 63 generated spectra. For the assessment
of the local contribution of droplets on reflectance and transmittance in
Figure 4, the pixel size was set to its minimal value of 6.25 μm, gener-
ating localized spectra on areas with dimensions 6.25 × 6.25 μm further
used for the generation of the spectral images. At very large scales, rel-
ative humidity (RH) modifies the atmosphere absorptivity and then the
light transmittance across the atmosphere. However, in the present ex-
perimental situation, the traveling path of the emitted light between the
studied sample and the measurement device is only of a few cm and can be
neglected.[38]

Note that when the spatial resolution mode was activated in the trans-
mittance measurements it was not possible to keep the surface tempera-
ture low enough to prevent evaporation of the droplets. This evaporation
is, however, slow enough such as it affects only marginally the BF pattern,
as shown in Figure 4, where tiny droplets are still present.

Water Film Generation and Spectral Measurements: To generate a water
film with a defined thickness and to characterize its spectral response, an
experimental procedure was set as follows. Water was mixed with a small
amount of Polymethyl methacrylate (PMMA) or polystyrene (PS) micro-
spheres (Microbeads AS, Norway with a standard deviation in diameter
<5%) to form a colloidal solution as described in Ref.[39] leading to a
PMMA concentration in water of 2 mg mL−1, which has no observable
infrared light absorption compared to water. Additionally, the numerically-
calculated transmittance for a system without beads (shown in Figure S6a,
Supporting Information), shows a reasonably good agreement with the

measurement results, with no extra peaks or trends, suggesting that the
effect of the beads on transmittance is indeed negligible. The uniformity of
the water thickness is granted by the numerous PMMA micro-beads act-
ing as a spacer in-between two flat silicon pieces. Since those micro-beads
have equal diameter, their uniform spread over the surface grants a uni-
form spacer and hence, a uniform water thickness. Then 10 μL of the solu-
tion was dispensed in between two rectangular silicon slabs (10 × 15 mm)
cut from a low-doped silicon wafer of 400 μm thickness. The diameter of
the spheres was chosen to be equal to the required film thickness. The
spheres therefore acted as a spacer between the two silicon slabs, result-
ing in a precise film thickness (see Figure S6a, Supporting Information).
The samples were then measured in transmission mode using Tensor II
FTIR spectrometer (Bruker, Germany), with a spectral resolution of 4 cm−1

and an average of 16 scans.
Numerical Simulation of Reflectance and Transmittance: The transmit-

tance and reflectance of droplets on silicon were simulated using the S4[32]

implementation of the rigorous coupled-wave analysis (RCWA), where a
plane wave incident at Θin = X° was used. The simulation structure was
assumed to be an array of water droplets arranged in a 2D hexagonal lat-
tice resting on a silicon substrate. The droplet shape was assumed to be a
hemisphere, where it is stair-case approximated in the normal direction
into 50 layers, as required for RCWA simulation. The spacing between
droplets (lattice constant) was chosen to give the adequate water fill area
(S/Stot). The complex refractive index of silicon[34] and water[35] as a func-
tion of wavelength were used in the simulation. The total output power
in all diffraction orders (all angles) was calculated (all orders), in addition
to the output power with collection limited to power emerging at angles
between the specular reflection angle 𝜃ref with a certain range 𝜃′ (power
emerging with angle between 𝜃ref − 𝜃′ and 𝜃ref + 𝜃′ are summed and power
emerging with other angles is considered lost), denoted as “cone 𝜃′”. For
inclined incidence, the average output power of both possible polariza-
tions was calculated. The BFs simulations for droplets having a certain
size distribution were calculated by making separate RCWA simulation for
each droplet radius ri to calculate its spectrum Si(𝜆) = S(𝜆; ri) and weight-
ing it with the fraction of the area filled with this droplet size obtained from
the experimental results. The experimentally obtained fraction of droplets
with a radius ri is denoted by f..i, and hence the fraction of the surface area

occupied by droplets of this size is wi =
fi 𝜋r2

i
Σkfk 𝜋r2

k

. The weighted average

spectrum corresponding to this breath figure is then S (𝜆) =
∑

i
Si (𝜆) wi .
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the author.
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