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Featured Application: The results of this work can be used in ultra-thin film measurement using
SPRi and can help enable a better understanding of the mechanism of dropwise condensation.

Abstract: Using surface plasmon resonance imaging (SPRi), we have recently shown for the first
time the existence of a monolayer water film between droplets during dropwise condensation.
This study examines the effect of adsorbed volatile organic compounds (VOCs) on the ultrathin
film measurement using SPRi. Further, the work presents the proper surface-treatment process
that enables measurements of the ultrathin water layer during high-speed imaging of dropwise
condensation at 3000 frame per second. In this study, two methods were applied for cleaning the
surface (gold-coated glass)—(1) standard cleaning procedure (SCP) using acetone, isopropyl alcohol,
and deionized water and (2) SCP followed by air plasma cleaning. This work discusses the effect of
the cleaning procedures on surface roughness, contact angle, and surface chemistry using atomic
force microscopy, optical microscopy, and an X-ray photoelectron spectroscope meter. The results
showed that SCP before the SPRi is a proper surface-treatment method. The effect of adsorbed VOCs
during dropwise condensation on a surface treated with SCP was measured to be 0.0025 (reflectivity
unit), which was 70% smaller than the reflectance associated with a monolayer water film. The results
of this work confirm a monolayer water film observation during the dropwise condensation, which
has been reported before.

Keywords: volatile organic compounds; surface treatment; surface plasmon resonance; thin film
measurement; XPS; dropwise condensation; monolayer; surface homogeneity; nucleation

1. Introduction

The physics of dropwise condensation has been under study for more than nine decades [1,2].
However, despite a significant body of prior work, there is still not a united theory behind the physics
of dropwise condensation [3]. The main differences between the theories are (I) whether a thin film
forms on a surface and ruptures to form droplets or the droplets nucleate heterogeneously on a surface,
(II) whether a thin film exists between the droplets during the dropwise condensation, and (III) whether
the thin film between the droplets contributes to the overall heat transfer from a surface [4]. To clarify
these ambiguities about the physics of dropwise condensation, it is required to atomistically probe the
solid–vapor interface during phase-change to evaluate the existence and structure of the thin film and
initial nuclei that develop during condensation. In this regard, we have recently shown for the first
time the existence of a monolayer film of water between droplets during the dropwise condensation
on a smooth gold surface; this work was enabled by surface plasmon resonance imaging (SPRi) at
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3000 frames per second (FPS) [5,6]. In our prior manuscripts, we discussed the development of the
experimental apparatus and the uncertainty/error of the imaging. Another type of error that can
affect water thin film identification and measurement is related to surface properties. As properties
of a surface can affect the heterogeneous nucleation, it is necessary to study surface heterogeneity
and subsequent influence on thin film measurement results. Surface roughness [7–9] and surface
contamination [10–12] are among the reasons for surface heterogeneity.

Surface contamination is a critical problem in the thickness measurement, specifically ultra-thin
film thickness (<1 nm) [13]. Inevitable contamination, such as adsorbed volatile organic compounds
(VOCs) on a surface, interfere with measuring the thickness of a thin film by changing the refractive
index and thickness of the thin film [14]. VOCs are airborne and can manifest in the form of chlorinated
hydrocarbons, aromatic hydrocarbons, mono- and polyalcohols, and ketones [15]. Storing samples to
minimize the accumulation of contaminants and surface treatment to minimize the effect of VOCs on a
surface are the routine preprocessing steps before measuring a thin film using SPRi [16]. Although
these steps minimize the amount of unwanted adsorbed VOCs on a surface before an experiment,
the adsorption of VOCs on a surface during an experiment is inevitable. In particular, the effect of
adsorbed VOCs on a measuring signal can be considerable when the measurement takes in the ambient
atmosphere and runs for a long time-such as in the case of identifying a thin film that may exist
between droplets during the dropwise condensation on a smooth surface.

In this work, two surface-treatment procedures were studied for removing contamination and
particles from the gold surface. The effects of these two cleaning procedures on the surface uniformity,
surface wettability, surface chemistry, and adsorption of VOCs were studied using atomic force
microscopy (AFM) [17], optical microscopy [18], X-ray photoelectron spectroscope meter (XPS) [19,20],
and SPRi [21]. Through this research, the cleaning procedure that has the minimum effects on ultrathin
film measurement using SPRi was identified, and the error associated with the adsorption of VOCs
during thickness measurement of an ultrathin water film was characterized.

2. Materials and Methods

2.1. Sample Fabrication

Plain glass slides (75 mm × 25 mm × 1 mm, catalog number 48300-026, VMR International, Randor,
PA, USA) were immersed in a piranha solution (a mixture of H2SO4 and H2O2) for 20 min to remove
residues of organic contaminations on the glass surface, followed by thoroughly rinsing with water
and drying with nitrogen prior to the gold deposition procedure. Then, 2.5 nm of titanium as an
adhesion layer and 50 nm of gold (n = 0.4241 + 2.4721i) were deposited on the glass slides using a
Denton DV6 sputter deposition system. Samples were left in ambient conditions (an average relative
humidity of 33% and an average temperature of 28 ◦C) for three months before using them for the
surface characterization experiments. The period of three months provided enough exposure time
for the adsorption of VOCs on the surface [11,12]. Gold-coated samples were cut into pieces and
cleaned using a standard cleaning protocol (SCP) before the surface characterization experiments using
the following procedure—10-min ultrasonic cleaning in acetone (CAS 179124-4L-PB, Sigma Aldrich,
St. Louis, MO, USA), 10-min ultrasonic cleaning with isopropyl alcohol 99% (CAS 67-63-0, Pharmco
Aaper, Bookfield, CT, USA), vigorous rinsing with deionized (DI) water for 1 min, and drying with
high-purity-grade nitrogen [22].

2.2. Surface Characterization

Table 1 shows the surface cleaning and sample storing methods studied in this work. One sample
was used as-is without any further cleaning process; this sample was used as a reference. Two cleaning
procedures were studied: cleaning using SCP (Section 2.1) and cleaning using SCP followed by plasma
cleaning with air using a Harrick plasma cleaner (Harrick Plasma, Ithaca, NY) at 18 W for five minutes.
The plasma-cleaned samples were exposed to two environmental conditions—(1) in a sealed desiccator
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at atmospheric pressure and (2) in an open container in normal room conditions (an average relative
humidity of 33% and an average temperature of 28 ◦C).

Table 1. Details of the cleaning procedure and storing method of the samples.

Preparation Sample 1 Sample 2 Sample 3 Sample 4

Cleaning procedure - SCP + Plasma SCP + Plasma SCP

Storing method Open container Open container Sealed container Open container

Table 2 shows the surface characterization methods that were implemented to study the samples.
As the gold-coating quality and glass-slide surface properties may have varied from one sample to
another sample, we tried to minimize these effects on the surface characterization results by using
a single glass slide for each surface characterization method. A single glass slide was cut into three
pieces for AFM measurement, one glass slide was cut into 3 pieces for XPS measurement, and one glass
slide was cut into four pieces for contact angle measurement. The surface morphology of samples 2, 3,
and 4 at exposure times of 2, 17, 41, 185 h to the atmospheric conditions (exposure time indicates the
duration of time a sample was exposed to the ambient environment after the cleaning process and
before the onset of the study) was monitored using AFM. To ensure the repeatability of the result,
AFM studies was repeated at three random locations on each sample. The equilibrium contact angle
of samples, defined by the mean of the contact angles at five different locations on a sample, was
measured by dispensing water droplets with a volume of 0.2–0.5 µL. The contact angle was measured
for samples 1, 2, 3, and 4 at exposure times of 0, 4, 18, 46, 180, 1100 h. The surface chemistry of samples
was studied by XPS (PHI 5800 X-ray photoelectron spectrometer, Mg X-ray source, θ = 45◦).

Table 2. Surface characterization methods used to study the surface properties of the samples.

Analysis
Exposure Time (h)

Sample 1 Sample 2 Sample 3 Sample 4

XPS - 0, 4, 17, 43, 180, 893 0, 4, 17, 43, 180, 893 0

AFM - 2, 17, 41, 185 2, 17, 41, 185 2, 17, 41, 185

Contact Angle 0, 4, 18, 46, 180,
1100

0, 4, 18, 46, 180,
1100

0, 4, 18, 46, 180,
1100

0, 4, 18, 46, 180,
1100

SPRi - 1~110 1~110 1~110

2.3. Adsorbed VOC Characterization Using SPRi

SPRi was used for real-time tracking of adsorbed VOCs on a surface. Our in-house-developed
automated SPRi instrument was used for the imaging. Figure 1a shows a schematic of this instrument.
P-polarized monochromatic collimated light required for the SPRi forms by passing a divergent light
from a LED illumination system through the optical array (focusing lens, biconvex lens, apertures,
550 nm bandpass filter with a full width-half maximum of 10 nm, and p-polarizer). A stationary
mirror and a rotating mirror direct the light to launch on a prism. Reflected light from the prism is
guided toward a charge-coupled device (CCD) camera using a second pair of rotating and stationary
mirrors. The recorded light contains information on the thickness and refractive index of the medium
on top of the gold-coated glass. The use of a motorized rotating and linear stage allows for sweeping
the incident angle to obtain the SPRi reflectance curve of a sample. The reflectance curve of the
sample reveals the surface plasmon resonance (SPR) angle (the angle corresponding to the minimum
reflectance), which works as a fingerprint for characterizing the materials on top of the gold substrate.
The characterizations of adsorbed VOCs on samples 2 and 4 were done separately. For each sample,
first, the corresponding SPR angle of the sample was found by sweeping the incident angle from 40◦

to 60◦. Then, the incident angle was adjusted to 1.5◦ below the SPR angle (46.3◦), i.e., 44.8◦, and the
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time-lapse images (one frame per 1 min) of each sample were recorded for 110 h at room conditions
(relative humidity of 33% and temperature of 28 ◦C), Figure 1b. To ensure the repeatability of the result,
SPRi was repeated three times for sample 2 and sample 4. The schematic of the SPRi of dropwise
condensation is illustrated in Figure 1c. First, the reflectance curve for a sample cleaned with SCP was
obtained using SPRi with angle-scanning. Then, the incident angle was fixed at 44.8◦ and the setup was
prepared for the SPRi of dropwise condensation at 3000 FPS. For inducing condensation on the sample,
we placed an indium tin oxide (ITO)-coated glass slide as a heater at a distance of 5 mm above the
gold surface. A water column (between the heater and the gold-coated glass) with a size of 15 ± 5 µm
was formed using a syringe. By heating the water column, part of the water column evaporated and
condensed on the surface. The temperature and relative humidity above the study area were 45 ◦C
and 60 ± 4%, respectively, while the condensing surface temperature was 35 ◦C. The details of the
dropwise condensation experiment, image processing, statistical noise analysis, uncertainty of SPRi,
and a monolayer water film measurement are discussed elsewhere [5,23,24].

Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 12 

to 60°. Then, the incident angle was adjusted to 1.5° below the SPR angle (46.3°), i.e., 44.8°, and the 
time-lapse images (one frame per 1 min) of each sample were recorded for 110 h at room conditions 
(relative humidity of 33% and temperature of 28 °C), Figure 1b. To ensure the repeatability of the 
result, SPRi was repeated three times for sample 2 and sample 4. The schematic of the SPRi of 
dropwise condensation is illustrated in Figure 1c. First, the reflectance curve for a sample cleaned 
with SCP was obtained using SPRi with angle-scanning. Then, the incident angle was fixed at 44.8° 
and the setup was prepared for the SPRi of dropwise condensation at 3000 FPS. For inducing 
condensation on the sample, we placed an indium tin oxide (ITO)-coated glass slide as a heater at a 
distance of 5 mm above the gold surface. A water column (between the heater and the gold-coated 
glass) with a size of 15 ± 5 µm was formed using a syringe. By heating the water column, part of the 
water column evaporated and condensed on the surface. The temperature and relative humidity 
above the study area were 45 °C and 60 ± 4%, respectively, while the condensing surface temperature 
was 35 °C. The details of the dropwise condensation experiment, image processing, statistical noise 
analysis, uncertainty of SPRi, and a monolayer water film measurement are discussed elsewhere 
[5,23,24]. 

 
(a) 

  
(b) (c) 

Figure 1. (a) Schematic of the automated surface plasmon resonance imaging (SPRi) instrument (a p-
polarized monochromatic (550 nm) collimated light was used for SPRi), (b) schematic of volatile 
organic compound (VOC) adsorption experiment using SPRi, and (c) experimental conditions for 
SPRi of dropwise condensation (brighter color represents droplets and darker color represents the 
gold substrate). 

3. Results and Discussion 

3.1. Proper Cleaning Procedure Prior to the Dropwise Condensation Experiment 

Figure 1. (a) Schematic of the automated surface plasmon resonance imaging (SPRi) instrument
(a p-polarized monochromatic (550 nm) collimated light was used for SPRi), (b) schematic of volatile
organic compound (VOC) adsorption experiment using SPRi, and (c) experimental conditions for
SPRi of dropwise condensation (brighter color represents droplets and darker color represents the
gold substrate).

3. Results and Discussion

3.1. Proper Cleaning Procedure Prior to the Dropwise Condensation Experiment

Surface defects [7–9] and adsorbed VOCs [10–12] on a surface are key factors that contribute to
surface heterogeneity. Surface heterogeneity can cause abnormality in the mechanism of dropwise
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condensation on a smooth surface. As our final goal was to study the effect of surface treatment
on the measurement of ultrathin water film during the dropwise condensation process on a smooth
surface, we studied the effect of surface cleaning methods on the surface properties (surface uniformity,
surface wettability, and surface chemistry). Figure 2a,b show the surface morphologies of sample 2
with exposure times of 2 h and 185 h, respectively. The root-mean-square of the surface roughness for
samples 2 and 3 was reduced slightly (within 183 h exposure time) from 1.10± 0.02 nm to 0.95 ± 0.10 nm
and from 1.14 ± 0.02 nm to 0.83 ± 0.06 nm, respectively. Meanwhile, the root-mean-square of surface
roughness for sample 4 changed from 1.57 ± 0.01 nm to 1.70 ± 0.1 nm. The AFM analysis showed
that the surface had a uniform, smooth coating. However, the error of measurement (based on three
measurements at three different locations of each sample) increased for all three samples over time.
This showed that the adsorption of contamination on the surface can slightly affected the homogeneity
of the surface. As the associated error was smaller than 0.10 nm over the course of 183 h, we can
consider these samples to have had a uniform surface structure. Figure 2b shows a defect on the
surface of the gold-coated glass; a defect can cause heterogeneous nucleation during the dropwise
condensation process [9]. It can be seen in the example case in Figure 2c that atomic-scale defects and
surface edges on the gold-coated glass caused heterogeneous nucleation on the surface (bright spots
are micro-size droplets; the darker color represents the gold substrate). This image was recorded at the
onset of dropwise condensation using SPRi [23]. As the surface defects were limited on the gold-coated
glass surface, and these defects were prescreened prior to the dropwise condensation experiments, the
presumption of homogenous nucleation due to the smooth condensing surface is reasonable.
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Figure 2. AFM images of the sample 2 surface (gold-coated glass, plasma-cleaned and stored in
an open container at room conditions) after exposure times of (a) 2 h and (b) 185 h. (c) SPRi of
dropwise condensation (the darker color represents the gold substrate and the brighter color shows the
droplets) shows surface defects can cause heterogeneous nucleation. (d) Contact angle measurements
of the samples.
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Equilibrium contact angles of DI water drops on the gold surface are shown in Figure 2d.
The averaged contact angle for sample 1 remained relatively constant at 79.4◦ over the 1100 h period.
The contact angle variations over the exposure time of 1100 h were more significant for plasma-cleaned
samples -sample 2 (contact angle increased exponentially from 27◦ to 70◦) and sample 3 (contact angle
increased exponentially from 23◦ to 68◦). For sample 4, which was cleaned with the SCP, the averaged
static contact angle was slightly increased (from 70◦ to 76◦) in 1100 h. The results showed that the
cleaned samples had smaller contact angles, as compared to the sample with no surface cleaning
(sample 1). The decrease of contact angle after surface cleaning could have been an indication of
removing some adsorbed VOCs from the surface. The variations in the contact angles were more
significant (~ 44◦) in the plasma-cleaned samples.

To understand the mechanism of increased hydrophobicity in the plasma-cleaned samples, we
analyzed the variation in surface chemistry using XPS. A broad-range energy scan of the cleaned
samples showed the presence of gold (Au 4f), carbon (C 1s), and oxygen (O 1s) on the samples’ surface,
see Figure 3a. High-resolution XPS spectra of C 1s and O 1s indicated that the atomic parentage of C 1s
and O 1s increased significantly on the plasma-cleaned surfaces during the one-month exposure time,
see Figure 3b. For sample 2, the ratio of C/Au, which is the indicator of adsorbed VOCs, increased by
240% during the exposure time of one month. The result showed the amount of non-polar C-C (or C-H),
which is responsible for hydrophobicity, was the dominant part (76%) of the adsorbed hydrocarbons.
The high-resolution XPS spectra of sample 4 (seen in Figure 3b) revealed that the adsorbed VOCs on the
surface did not contain a polar C=O bond that causes hydrophilicity on the surface. This could explain
the larger contact angle (76◦) of sample 4 cleaned with SCP, as compared with the eventual contact
angle (70◦ after an 1100 h exposure time) of sample 2. Based on the surface characterizations of samples,
we used SCP as the cleaning procedure for the gold samples before the condensation experiment.
SCP produced negligible changes to the chemistry of the surface, as compared to the plasma cleaning
method. Therefore, the effect of concurrent adsorption of VOCs during the condensation experiment,
which can take up to several hours after the cleaning process, was expected to be less than that of the
samples treated with the plasma cleaning method.
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3.2. Proper Storing Methods of Gold-Coated Samples

As the samples–in our study, gold-coated glass–are usually fabricated in batches weeks or months
before the experiment, it is important to properly store them to minimize the amount of absorbed
contaminations (as a result, surface heterogenicity) on the samples’ surface. Samples 2 and 3 cut from
the same glass slide were both cleaned by SCP, followed by air plasma cleaning. Therefore, the initial
conditions for both of these samples should have been relatively similar. As Table 2 shows, sample 2
was kept in an open container in an area of a laboratory that is less accessible by personnel (an average
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relative humidity of 33% and an average temperature of 28 ◦C). Further, sample 3 was placed in a
sealed desiccator. The AFM results showed the roughness of the two samples were relatively similar
during the 185 h exposure time. The contact angle results show a similar trend in the increase of contact
angle (44◦ increase in 1100 h). The atomic percentage of O 1s, C 1s, and Au 4f from XPS are depicted in
Figure 4 for samples 2 and 3. The results indicate that the atomic percentage of C 1s changed from
~24% to 40% in one month for both samples, while the atomic percentage of O 1s in sample 2 increased
from 7% to 15% and the atomic percentage of O 1s in sample 3 decreased from 10% to 8%. As a result,
the atomic percentage of Au 4f was 10% more for the sample kept in a sealed desiccator (sample 3)
compared to the sample kept in the open container (sample 2). This result showed that the amount
of adsorbed VOCs can be decreased on the surface when the samples are kept in a sealed desiccator.
This storing method can be very important for optical microscopies, such as SPRi or ellipsometry,
which are sensitive to atomic variations in the thickness of samples.
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Figure 4. The sample stored in a desiccator (sample 3) allowed adsorption of fewer VOC molecules—a
higher atomic percentage of Au—on its surface, as compared to the samples left in an open environment
(sample 2) by desorbing the part of VOCs that has double oxygen bonds.

3.3. The Effect of Adsorption of VOCs on SPR Reflectance

As Figure 1b,c show, the recorded images from SPRi are in grayscale (with pixel intensity values
in the range of 0 to 4940). For the quantitative analysis of the results, it is required to normalize the
images by converting the pixel intensity value into units of reflectivity (0–1). Reflectivity units show
the ratio of reflected light from the prism into the incident light on the prism and allow comparison
between the SPR theoretical model and the experimental result. The theoretical SPR reflectance can be
modeled by solving the Fresnel equation for transverse magnetic light (p-polarized light) in a four-layer
configuration BK7 prism, gold, water, and air as:

R =
r12[1 + exp(−2i K2d2)] + [r12r23 + exp(−2i K2d2)]r34 exp(−2K3d3)

1 + r12r23 exp(−2i K2d2) + [r23 + r12 exp(−2i K2d2)]r34 exp(−2K3d3)
(1)

In this equation, the thickness of the air and the BK7 prism are considered infinity, and the
thickness of the gold layer is 50 nm. In the case of SPRi of adsorbed VOCs on the surface, the thickness
of the water layer is zero and Equation (1) reduces into the three-layer system. It is important to
note that we assume the initial thickness of adsorbed VOCs on the surface is zero on the surface.
For normalization of images, we introduced a scaling factor:

S =
ISPR, max − ISPR, min

Rt, max −Rt, min
(2)
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At a wavelength of 550 nm, the Rt,max and Rt,min were, respectively, 0.778 (at α = 42.0◦) and 0.089 (at
α = 46.3◦) from theoretical reflectance–angle plot. The reflectivity at each pixel can be calculated using:

C = ISPR, max − S Rt, min (3)

R = (1−C)/S + Rt, min (4)

The reflectance–incident angle curves for samples 2 and 4 are shown in Figure 5a,b, respectively.
The results show a good agreement between theoretical and experimental results. The real-time effects
of adsorbed VOCs on the SPR reflectivity were measured by visualizing changes in the reflectivity of
the surface at a fixed incident angle of 44.8◦. This angle is the same angle we used for observation of
dropwise condensation. Figure 5a shows the reflectance changes with time for sample 2. The result
indicates an odd behavior; initially, (for the first 43 h) reflectance dropped significantly (~ 5%). In the
next 70 h, reflectance gradually increased (1%). The SPRi was set up in such a way (incident angle
of 44.8◦ and wavelength of 550 nm [5]) that any increase in the reflectance showed an increase in
the thickness of the adsorbed layer and/or an increase in the refractive index of the adsorbed layer.
Conversely, a decrease in the reflectance is an indicator of desorption and/or reduction in the refractive
index of the adsorbed layer. As SPRi was performed under intensity modulation, it was not possible
to deconvolute changes in the refractive index and the thickness of the adsorbed layer concurrently.
Simultaneous measurement of refractive index and thickness of a film using SPRi is possible when
SPRi with angle-scanning is performed at two different wavelengths. It is possible to determine
refractive index and thickness of sample from Equation (1) using reflectance–incident angle curve at
two wavelengths. More information regarding the simultaneous measurement of refractive index and
thickness can be found in our previous work [24]. In this work, we used XPS data to observe the trend
of the adsorbed layer thickness with time. For a two-layer (overlayer and substrate) structure where
the overlayer does not produce electrons with the binding energy of interest, i.e., the overlayer does
not produce photoelectrons with the binding energy of Au 4f, the thickness (dover) of the adsorbed
VOCs on the gold surface can be estimated from XPS data [25]:

IXPS = IXPS, sub exp(
−dover

λ cosθ
) (5)
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sample 2 shows the trend of adsorbed VOCs layer thickness variation.

For a thick substrate (dsub >> λ), IXPS, sub can be considered as I∞, the intensity of a thick sublayer
without an overlayer. This is the case for our surface as the 50 nm thick gold layer is much greater than
the electron attenuation length of Au 4f photoelectrons (3 nm) through gold.

I∞ is usually measured directly. Normally, for a metal substrate such as gold, the surface is argon
sputtered in the XPS chamber to get the signal without the overlayer. However, our samples were not
argon sputtered in the XPS chamber and they had a small overlayer at the beginning. Argon sputtering
was not been implemented as it would likely have affected the surface morphology and homogeneity
of the surface [26] (for studying the mechanism of dropwise condensation, the surface needs to be
smooth). The initial overlayer in the first measurement can be seen by the presence of C 1s in the
broad range scan of samples (see Figure 3). Therefore, our thickness measurement was an estimate of
the additional overlayer thickness formed after the initial measurement and not the actual overlayer
thickness. By changing the order of Equation (1):

dover = − ln (
IXPS

IXPS, 0
) λ cosθ (6)

where IXPS, 0 is the signal associated with Au 4f generated from the substrate layer during the first
measurement (t = 0 h), and the collection angle relative to the surface (θ) is 45◦. The thickness of
the additional overlayer was measured by assuming the adsorbed layer formed a uniform layer on
the surface.

Figure 5c presents the trend of thickness variations in one month for sample 2; the thickness
exponentially increased in the first 17 h (from 0 to 0.24 nm), then it dropped slightly at 41 h (from
0.24 nm to 0.22 nm); finally, it increased from 0.22 nm to 0.68 nm at 893 h. As these results are based on
a single XPS measurement, we cannot present the error of measurement. The increasing trend in the
thickness of adsorbed VOCs means the initial drop in the SPR reflectance was due to a drastic decrease
in the refractive index, i.e., the chemistry of the adsorbed VOCs on the plasma-cleaned sample initially
changed from compounds with a higher refractive index to compounds with a lower refractive index.
As these thickness measurements were estimated, we cannot precisely estimate the changes in the
refractive index of the adsorbed layer. It is worth noting that a quantitative calculation of the adsorbed
layer’s refractive index was not the goal of this work. Therefore, we only mention this to note the
trend of changes in the adsorbed VOCs for sample 2. By tracking the atomic percentage of C and O
in the XPS data of sample 2, we can understand how the amount of C–O (compared to C–C (C–H)
and C=O) in a high-resolution carbon spectrum reduced on the surface for the first 41 h and then
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increased. Further, XPS data indicated that the peak binding energy of O-C (in high-resolution oxygen
spectrum) changed from 533.08 eV to 532.6 eV in 41 h and bounced back to 532.93 eV in the one-month
period. The O–C peak shift and atomic percentage can be deciphered as adsorbed VOCs changing
from aromatic hydrocarbons to aliphatic hydrocarbons in the first 41 h after exposure. The reflectance
behavior of the plasma-cleaned sample clearly showed this method of surface cleaning is not a proper
method for SPRi, as it can complicate the interpretation of the SPR results.

The SPRi of samples cleaned with SCP (sample 4) showed a 4% increase of reflectance in 110 h,
as shown in Figure 5b. To estimate the thickness of the adsorbed layer, we assumed a range of refractive
indices from 1.33 to 1.4 as the refractive index of adsorbed VOCS. This range of refractive indices
represents a variety of organic hydrocarbons [27]. Hence, the reflectance of 4% showed the formation
of a 0.85–1 nm adsorbed layer. As adsorption of VOCs is inevitable during the experiment involving
ultrathin film (<1 nm) measurement, it is imperative to quantify any uncertainties associated with
the adsorption of VOCs. Recently, we have shown the existence of a monolayer thin film between
droplets during the dropwise condensation process on a gold-coated glass [5]. The results of our work
can shed new light on the mechanism of dropwise condensation, which has been under debate for
more than nine decades. Here, we focus on the effect of adsorbed VOCs on a monolayer thin film
measurement. The SPRi of dropwise condensation took less than an hour. As a result, the net effect
of adsorbed VOCs on the reflectance can be estimated from Figure 5a as 0.0025 (reflectivity unit) or
0.053–0.0625 nm (thickness depends on the index) during the one-hour experiment. It is worth noting
that our experiment on the effect of adsorbed VOCs on the SPR reflectance was conducted at lower
relative humidity and temperature, as compared to the environmental conditions of the dropwise
condensation experiment. It has been shown that the adsorption of VOCs reduces with increasing
relative humidity and temperature. Therefore, the net effect of adsorbed VOCs on SPR reflectance
during the dropwise condensation experiment should be smaller than 0.0025 (reflectivity unit) or
0.0625 nm [28–30]. This value is only 30% of the reflectance measured from a monolayer film of
water (i.e., the corresponding reflectance is 0.0082) during the dropwise condensation experiment.
Quantification of adsorbed VOCs on the SPRi signal helps us to confidently claim that the monolayer
film that we have experimentally observed represents an adsorbed water film. Therefore, the adsorbed
film exists between droplets during the dropwise condensation. The next questions that needs to
be answered by researchers are whether this thin film plays any role in the growth of nucleates and
whether this film can affect the overall heat transfer rate. If the answers to these questions are positive,
the future models of dropwise condensation need to be revised accordingly.

4. Conclusions

The existence and thickness of a thin film between droplets during the dropwise condensation
process has been under debate for decades. In a recent article published by the authors, we shared
our observation (using SPRi) of a monolayer-thick water film that exists between the droplets on a
smooth hydrophilic condensing surface. As the thickness of this ultrathin film can be similar to the
thickness of the adsorbed VOCs layer that forms on the surface during the dropwise condensation
experiment, we used two surface-treatment processes-SCP and air plasma cleaning-and four surface
characterization techniques-AFM, optical microscopy, XPS, and SPRi-to quantify the effect of adsorbed
VOCs during the dropwise condensation experiment. The results indicate that (1) both surface cleaning
methods have negligible effects on surface homogeneity, (2) neither method fully removes the adsorbed
VOCs from the surface, (3) the rate of adsorption of VOCs after plasma cleaning is high and it can
cause up to 5% change in the SPR signal, (4) the SCP is recommended prior to sensitive measurement
such as ultrathin film (<1 nm) measurement using SPRi due to its minimal effect on the SPR reflectance,
and (5) the thickness of adsorbed VOCs is more than 70% smaller than the thickness of the monolayer
film that is observed between the droplets during the dropwise condensation on a gold-coated glass.
This finding verifies our claim [5,6] that a thin water film exists during dropwise condensation.
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List of Symbols

C Offset min Minimum (at the resonance angle)
d Thickness of a layer (nm) over Overlayer
I Intensity value SPR Associated with SPRi
K Wave vector (1/nm) sub Sublayer
n Refractive index t Theoretical
r Coefficient of reflection between layers XPS Associated with XPS microscopy
R Reflectance 0 First measurement
S Scaling factor 1 Layer 1
α Incident angle (◦) in SPRi 2 Lauer 2
θ XPS angle relative to the surface (◦) 3 Layer 3
λ Inelastic mean free path in gold (nm) 4 Layer 4
subscript ∞ Thick Au 4f layer with no overlayer
max Maximum (at the total internal reflection angle)
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