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ABSTRACT 
As modern electronics continuously exceed their performance 

limits, there is an urgent need to develop new cooling devices 

that balance the increasing power demands. To meet this need, 

cutting-edge cooling devices often utilize microscale structures 

that facilitate two-phase heat transfer. However, it has been 

difficult to understand how microstructures trigger enhanced 

evaporation performances through traditional experimental 

methods due to low spatial resolution. The previous methods can 

only provide coarse interpretations on how physical properties 

such as permeability, thermal conduction, and effective surface 

areas interact at the microscale to effectively dissipate heat. This 

motivates researchers to develop new methods to observe and 

analyze local evaporation phenomena at the microscale.  

Herein, we present techniques to characterize submicron to 

macroscale evaporative phenomena of microscale structures 

using micro laser induced fluorescence (μLIF). We corroborate 

the use of unsealed temperature-sensitive dyes by systematically 

investigating their effects on temperature, concentration, and 

liquid thickness on the fluorescence intensity. Considering these 

factors, we analyze the evaporative performances of 

microstructures using two approaches. The first approach 

characterizes local or overall evaporation rates by measuring the 

solution drying time. The second method employs an intensity-

to-temperature calibration curve to convert temperature-

sensitive fluorescence signals to surface temperatures. Then, 

submicron-level evaporation rates are calculated by employing a 

species transport equation for vapor at the liquid-vapor interface. 

Using these methods, we reveal that capillary-assisted liquid 

feeding dominates evaporation phenomena on microstructured 

surfaces. This study will enable engineers to decompose the key 

thermofluidic parameters contributing to the evaporative 

performance of microscale structures. 

NOMENCLATURE 
Variables 

C vapor molar concentration, molm-3 

D diffusion coefficient in air, m2s-1

h average structural thickness, μm 

hfg enthalpy of evaporation, Jkg-1

I fluorescence intensity, a.u. 

L length, mm 

m mass, kg 

M molecular weight, kgmol-1 

𝑚̇" mass flux, kgm-2s-1 

p pressure, Pa 

P fitting coefficient, K 

R universal gas constant, Jmol-1K-1 

t time, s 

T absolute temperature, K 

u fluid velocity, ms-1 

v speed, μms-1 

Subscripts 

air air 

atm atmospheric pressure 

far 3h distance from liquid-vapor interface 

ld local drying 

lv liquid-vapor interface 

n component along 𝑛⃑  direction 

od overall drying 

ref reference 

sat saturated 

tot vapor and air 

v vapor 
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1. INTRODUCTION 
Over the past several decades, modern electronics 

continuously exceed their performance limits and get smaller, 

stimulating needs to develop high-performance cooling devices 

that meet the increasing power density.[1] Among various 

cooling apparatus, two-phase cooling devices, such as vapor 

chambers,[2] capillary pumped loop heat pipes,[2, 3] loop heat 

pipes,[2-5] and thermosyphon heat pipes,[6] have shown great 

potential as a remedy for thermal management issues. In general, 

these devices operate in an evaporation, liquid-transport, and 

condensation cyclic system, and utilize micro/nanoscale 

structures called the wick (Figure 1a).[2] The wick plays a vital 

role in designated parts of the cooling device by vaporizing, 

absorbing, and transporting the working fluid to maximize heat 

dissipation. The wick’s role in the heat pipe system underlines 

the importance of understanding quantitative impacts of 

micro/nanostructures on evaporation phenomena. A general 

consensus of an optimal wick includes their properties such as 

efficient working-fluid delivery (i.e., permeability),[4] large 

surface area to volume ratios,[7] low thermal resistance,[6] and 

high effective thermal conductivity.[6] 

Past experimental heat transfer literatures analyze the 

wick’s heat transfer (i.e., evaporative) performances in relatively 

path independent approaches.[4, 8-10] In other words, these 

experimental methods rely on macroscale results rather than the 

results derived from microscale thermofluidic processes. This 

“low spatial resolution approach” makes it difficult to precisely 

predict the wick’s overall evaporative performance, which 

involves interplaying thermophysical parameters such as 

permeability, thermal conductivity, and effective surface areas. 

Analyzing local evaporative performances is thereby important 

to identify how those properties correspond to the heat 

dissipation at the device level. Among various methods to 

examine evaporation rates, a proven method is to measure local 

surface temperature profiles and insert them into energy balance 

equations or diffusion mass balance equations.[11-15] 

Measuring small-scale thermal profiles is challenging, and 

numerous temperature measurement methods have emerged to 

address resolution limitations. For example, infrared (IR) 

thermography measures two-dimensional temperature profiles 

based on sample thermal emission.[11, 16-19] However, IR 

imaging is limited to the scales above 3 – 5 μm due to the 

wavelength diffraction limit measured in the camera (> 3 

μm).[18, 20] Another popular method is thermochromic liquid 

crystal thermography (TLC), which uses temperature-sensitive 

colors reflected by crystals to measure temperatures with up to 

0.1 K thermal resolution.[12, 18, 21-23] While TLC 

measurements support high resolution, the samples need 

additional treatment such as thin and uniform coatings to 

increase spatial resolution,[18, 23] which makes it unsuitable for 

observing unpaintable objects such as porous material.[18] 

Direct measurement employing scanning thermal microscopy 

(SThM) uses nanoscale probe apexes to map thermal profiles at 

high-resolutions (~30 nm).[24-26] However, the contact area of 

the probe to the sample can vary depending on the local sample 

geometry, which can lead to contact-related artifacts.[27, 28] 

Finally, micro-thermocouple probes prove the most conventional 

among the measuring techniques; they are cheap and accurate, 

but too large to probe into submicron-level features without 

damaging the structure (i.e., smallest micro-thermocouple 

commercially available is 13-50 μm).[23] 

FIGURE 1: EXPERIMENTAL SETUP TO MEASURE EVAPORATIVE PERFORMANCE OF MICROSCALE STRUCTURES. (a) The 

porous structures used in this study show a highly interconnected network of coarse and fine copper particles as confirmed by the scanning electron 

microscope (SEM) image. The scalebar is 100 μm. Inset shows a magnified image of copper particles where the scalebar represents 2 μm. (b) The 

sample is mounted onto a glass slide where a heat flux of 0.75 Wcm-2 is applied by an indium-tin-oxide (ITO) heater. A fluorescence dye solution 

is supplied through the porous copper structure and is excited by 559 nm wavelength laser (green). The emitted light (yellow) passes through 

optical filters and is processed using a computer software to provide fluorescence imaging. The upper left and right insets show the top and side 

view of the chip, respectively. 
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As an emerging technique, laser induced fluorescence (LIF) 

gains attention as a powerful tool to characterize thermal profiles 

at various scales. In general, LIF utilizes temperature-and light-

sensitive molecules called fluorophores. At the macroscale, LIF 

has been conventionally used to analyze bulk thermofluidic 

physics typically over the mm scale.[29-31] On the other hand, 

micro laser induced fluorescence (μLIF) employs fluorescent 

microscopes to improve spatial and thermal resolutions up to 0.1 

– 0.3 μm and 0.01 K, respectively. [20, 32-38] The methods 

generally employ fluorescence, where temperature-sensitive 

fluorophores absorb photons of a specific wavelength (i.e., 

excitation) and emit photons of a longer wavelength (i.e., 

emission) (Figure 1b). The emitted fluorescence signals are 

selectively transmitted through an optical filter to produce 

fluorescence intensity-based imaging, which is then converted 

into temperature-based pictures. A great advantage of using μLIF 

is to observe temporal micro/nanoscale pixel-based fluorescent 

intensity profiles of the liquid-vapor interface. In other words, 

even some of the smallest liquid-vapor surface features are easily 

detected by observing fluorescence signals and can be used to 

assess local drying phenomena in complex structures. Although 

μLIF techniques have shown potential to function as 

thermometers in closed systems,[20, 33, 36] there are several 

inherent problems that could affect the measurement accuracy in 

an open system (where solvent is evaporating) such as 

photobleaching and thin-film evaporation. Photobleaching 

terminally alters the fluorophores and make them unable to 

fluoresce, but can be minimized by selecting certain dyes and 

with careful control over the laser beam intensity.[20, 39] On the 

other hand, the thin-film solvent evaporation effects on 

fluorescence behavior is not as simple to address because the 

liquid film thickness and dye concentration simultaneously 

change upon evaporation. Past studies report that fluorescence 

intensity increases with larger liquid thickness or with higher dye 

concentration.[40, 41] However, the integrated effect of such two 

factors on fluorescence intensity remains unexplored. 

Herein, we systematically present methods to characterize 

microscale evaporative phenomena in an open system by using 

μLIF techniques. For this, we investigate temperature, liquid 

thickness, and concentration effects on fluorescence intensity. 

Then, we analyze evaporative phenomena at the large (~1 cm) 

and local (0.3 – 35 μm) scales by employing μLIF techniques. 

Finally, we use vapor transport equations to calculate submicron 

level evaporation rates based on measured surface temperatures. 

Our results help decompose key physical parameters such as 

microscopic liquid flow paths that influence the wick’s 

evaporative performance. Therefore, the insights of this study 

can promise technical advances towards applications requiring 

high-fidelity microscale thermophysical characterization. 

2. EXPERIMENTAL METHOD 

2.1 Rhodamine B Solution  
We use laser grade rhodamine B (Acros Organics) to make 

a temperature-sensitive fluorescent working fluid. Prior to 

rhodamine B addition, a 0.1 M sodium carbonate-bicarbonate 

buffer at pH 9.4 is prepared to ensure proper dye color density. 

The buffer is made by adding 30 ml of 0.1 M sodium carbonate 

to 70 ml of 0.1 M sodium bicarbonate. The buffer is then diluted 

from 0.1 M to 0.2 mM, and rhodamine B is added to make a 2 

mM solution. The rhodamine B solutions are filtered with a 

syringe filter (0.2 μm pore size) before the use.  

2.2 Evaporation Chip Fabrication 
In order to test the evaporation phenomena at elevated 

temperatures, we prepare an evaporation chip. The evaporation 

chip consists of top and bottom acrylic platforms, a removable 

glass slide, a rubber gasket, spring-loaded pogo pins, and a 

transparent indium-tin-oxide (ITO) heater. The top and bottom 

platforms are fabricated using a computer numerical control 

(CNC) router to provide rigid support for all components. The 

gasket is inserted between the glass slide and the top chip to 

prevent leakage by applying distributed pressure through bolts 

and nuts. A constant voltage is provided through a power supply 

to produce a constant heat flux of 0.75 Wcm-2 from the ITO 

heater to the glass slide. 

2.3 Fabrication Process of Microscale Structures  
The wicks are fabricated using a simple template-assisted 

electrodeposition method. A 1 mm thick brass plate is cut into 1 

cm ×  3 cm sample pieces through machining processes. A 

copper sample used as the anode is prepared with identical 

dimensions. The brass and copper samples are immersed in 

hydrochloric acid for 15 minutes prior to electrodeposition. The 

electrodeposition process is performed in a stationary 0.4 M 

CuSO4 + 1.8 M H2SO4 solution. A constant current density of 2 

Acm-2
 is applied for 3 minutes with a power supply. 

2.4 Image Acquisition 
To obtain real-time, fluorescence-based liquid-vapor 

interface images, we use both inverted and upright confocal 

fluorescence microscopes. The inverted microscope views 

objects from bottom to top and can greatly increase imaging 

precision by eliminating the need to continuously focus on 

dynamic liquid-vapor interfaces. Accordingly, we use an 

inverted microscope (LSM 700, ZEISS) with a 10 mm long 

working distance objective to characterize the liquid thickness 

and concentration effects on fluorescence intensity. An 

appropriate filter set (559 nm excitation band pass and 570-800 

nm emission band pass) with a broadband halogen illumination 

is used.  

On the other hand, the upright microscope enables surface 

imaging of opaque samples from top to bottom when the 

excitation light cannot penetrate through the sample. Hence, an 

upright microscope (BX61, Olympus) is used to characterize 

evaporative performances of opaque microscale structures. A 

minimal laser beam intensity of 0.3% (to reduce photobleaching) 

excites the fluid at wavelengths of 559 nm to fluoresce while a 

fluorimeter records the fluorescence spectra. The high voltage 

(HV) and gain are set manually and are kept constant throughout 

a given set of experiments. Digital images are obtained and post-
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processed with ZEN (ZEISS) and FluoView FV1000 (Olympus) 

software. Image colors are added using built-in channel options. 

3. MATHEMATICAL MODEL 
In section 4.2.3, we calculate local evaporation rates based 

on surface temperatures by employing a species transport 

equation for vapor at the liquid-vapor interface.[14, 15] By 

assuming that the equilibrium vapor pressure at the interface 

pv_equ(Tlv) is equivalent to the saturation pressure, the Clausius-

Clapeyron equation can provide an expression for the saturation 

pressure psat(Tlv): 

 

𝑝𝑣_𝑒𝑞𝑢(𝑇𝑙𝑣) ≈ 𝑝𝑠𝑎𝑡(𝑇𝑙𝑣) = 

 𝑝𝑠𝑎𝑡_𝑟𝑒𝑓(𝑇𝑙𝑣) exp (
𝑀ℎ𝑓𝑔

𝑅
(

1

𝑇𝑠𝑎𝑡_𝑟𝑒𝑓
−

1

𝑇𝑙𝑣
))            (1) 

 

where psat_ref(Tlv) is the reference saturation pressure of 1 atm, M 

is the vapor molecular weight, hfg is the latent heat, Tsat_ref is the 

reference saturation temperature at 1 atm, R is the universal gas 

constant, and Tlv is the liquid-vapor temperature. On the other 

hand, the mass flux (i.e., evaporative mass flux 𝑚̇" ) at the 

liquid-vapor interface is provided through a general species 

transport equation: 

 

𝑚̇𝑣
" = 𝑀(−𝐷𝑛⃑ ∙ ∇𝐶𝑣 + 𝑢𝑛𝐶𝑣)                          (2) 

 

where D is the diffusion coefficient, u is the fluid velocity, and C 

is the molar concentration. A similar equation can be written for 

air. Since there is no mass transport of air (𝑚̇𝑎𝑖𝑟
" = 0) through the 

interface, the species transport equation for air becomes:  

 

𝑢𝑛|𝑙𝑣 =
𝐷

𝐶𝑎𝑖𝑟

(𝑛⃑ ∙ ∇𝐶𝑎𝑖𝑟)|𝑙𝑣                               (3) 

 

= −
𝐷

𝐶𝑡𝑜𝑡 − 𝐶𝑣

(𝑛⃑ ∙ ∇𝐶𝑣)|𝑙𝑣                    (4) 

 

By substituting this to Eq. 2: 

 

𝑚̇𝑣
" = −

𝑀𝐷

1 −
𝐶𝑣

𝐶𝑡𝑜𝑡
⁄

(𝑛⃑ ∙ ∇𝐶𝑣)|𝑙𝑣                          (5) 

 

According to the ideal-gas law:  

 

𝐶𝑡𝑜𝑡|𝑙𝑣 =
𝑝𝑎𝑡𝑚

𝑅𝑇𝑙𝑣

                                            (6) 

𝐶𝑣|𝑙𝑣 =
𝑝𝑠𝑎𝑡(𝑇𝑙𝑣)

𝑅𝑇𝑙𝑣

                                        (7) 

 

Finally, ∇𝐶𝑣 is defined as: 

 

∇𝐶𝑣 =
𝐶𝑣|𝑙𝑣 − 𝐶𝑣|𝑓𝑎𝑟

3ℎ
                                    (8) 

 

where 𝐶𝑣|𝑙𝑣   is the molar concentration at the interface and 

𝐶𝑣|𝑓𝑎𝑟  is the molar concentration at a distance 3h, where h is the 

average structural thickness. 

4. RESULTS AND DISCUSSION 

4.1 Rhodamine B Characterization 
In this section, we corroborate the feasibility of using 

unsealed rhodamine B to characterize evaporative phenomena by 

systematically investigating the effects of temperature, liquid 

thickness, and concentration on fluorescence intensity. 

4.1.1 Temperature Effect on Fluorescence Intensity. 
We investigate the dye’s temperature-sensitivity by recording its 

fluorescence intensity and temperature profiles by using a heated 

microchip. We minimize temperature variations within the 

microchip by using small dimensions (1 cm X 1 cm X 0.1 cm). 

Prior to imaging, the microchip is heated to ~75oC using a 

hotplate. Fluorescence images are captured every second as the 

microchip cools down while the solution temperature is recorded 

every 10 seconds with a pre-installed thermocouple. The 

fluorescence intensity increases as the solution temperature 

decreases as shown in Figure 2a. The fluorescence intensities are 

then normalized by the fluorescence intensity measured at room 

temperature (25oC), resulting in a calibration curve (Figure 2b), 

which is a fourth-order polynomial fit to the data of the form: 
 

T = Po + P1I + P2I2
 + P3I3

 + P4I4           (9) 

 

where T is the temperature, I is the normalized fluorescence 

intensity, and Po – P4 are fitting constants: Po = (128.7 ± 2.6)oC, 

P1 = (-359.5 ± 20.3)oC, P2 = (589.9 ± 54.8)oC, P3 = (-499.4 ± 

61.5)oC, and P4 = (165 ± 24.5)oC. The fitted line is relatively 

consistent even at different dye concentrations (Figure 2a-b) and 

matches very well with the past report of Ross et al.[36] 

4.1.2 Liquid Thickness Effect on Fluorescence 
Intensity. To understand the liquid thickness effect on 

fluorescence intensity, we analyze a liquid meniscus trapped 

between two glass slides separated by 1 mm. The focal plane is 

fixed by focusing on a mark created at the bottom of the glass 

slide, as shown in Figure 2c. The meniscus is generated by 

pipetting 200 μl of rhodamine B solution between the glass 

slides. We discover an almost linear increase in fluorescence 

intensity until the liquid thickness reaches ~500 μm (Figure 2d). 

This is because the light passes through more solution at constant 

dye concentrations, thereby exciting more fluorophores. 

However, the fluorescence intensity reaches a plateau when the 

distance that light can penetrate through the solution is equal to 

the maximum distance that fluorescence can be sensed (Figure 

2d). This relationship between liquid thickness and fluorescence 

intensity holds for different temperatures (Figure 2d). All these 

results infer that varying liquid thickness has substantial 

influence on fluorescence intensity when the liquid thickness is 

< 500 μm but is less sensitive when liquid thicknesses is > 500 

μm. Therefore, we minimize the effect of liquid thickness by 
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maintaining a constant liquid thickness through a reservoir in 

later sections.  

4.1.3 Concentration Effect on Fluorescence Intensity. 
We quantify how dye concentration impacts fluorescence 

intensity in an open system environment. To do this, we compare 

two cases: In one case, we increase the dye concentration by 

evaporating the dye solution. In the second case, the dye 

concentration is kept constant while the liquid thickness is 

adjusted to match the former case. In detail, two 1 cm-diameter 

wells are filled with 1 mM rhodamine B solution, as shown in 

the inset of Figure 2e. The solution of one well is exposed to air 

at room temperature to promote evaporation, whereas the other 

is sealed to prevent it. The liquid thickness and fluorescence 

intensity are measured for both wells in sequential timesteps 

where the second well’s solution is pulled out manually every 

timestep to match the first well’s liquid thickness. We discover 

that the first well’s fluorescence intensity increases as the 

solution evaporates while the second well’s fluorescence signal 

remains constant above liquid thickness of 1 mm which agrees 

with the previous section. We proceed to plot the estimated 

evaporation-induced concentration variations with respect to 

liquid thickness from a known initial fluorophore mass (Figure 

2e). The fluorescence intensity increases 30% as the 

concentration increases from 1 mM to 2 mM but reaches a 

relatively stable regime at concentrations 2 – 7 mM (Figure 2f). 

This trend is further validated through a separate case where 

concentration is increased by adding fluorophores at a fixed 

volume (Figure 2f). The 15% – 20% error between the two 

approaches may be attributed to fluorophores escaping the liquid 

through evaporation or by adhering to the surrounding walls. The 

drastic fluorescence intensity drop after the stable regime is 

caused by the self-quenching of fluorophores and has been 

reported elsewhere.[40] In other words, our results show that 

~90% of the experimental process occurs at concentrations 

between 1 – 10 mM. In this study, we use 2 mM dye 

concentration as an effort to reduce concentration effects. 

4.2 Characterization of the Wick’s Evaporative 
Performance 

To analyze the wick’s heat transfer performance, we 

characterize evaporative phenomena of the liquid at different 

scales using fluorescence signal tracking and fluorescence 

thermometry methods. For the following experiments, the 

sample heats up at a constant heat flux of 0.75 Wcm-2 with an 

ITO heater installed at the base of the chip. As the solution 

evaporates, the liquid thickness reduction decreases the 

fluorescence intensity. However, fluorophore residues emit a 

faint signal and prevents the fluorescence intensity from 

approaching zero even when the solution is depleted. Therefore, 

the signals emitted from residue fluorophores are defined as the 

background intensity. Finally, we define the background-

subtracted fluorescence intensity values as the relative 

fluorescence intensity. 

4.2.1 Overall Evaporation Rate. We measure the overall 

evaporation rate by tracking the surface fluorescence signals 

(i.e., surface-tracking) of an evaporating 10 μl rhodamine B 

solution droplet pipetted into the wick as shown in Figure 3a and 

b. As the solution surface approaches depletion, the fluorescence 

intensity rapidly decreases due to liquid thickness effects (Figure 

2d). We define the time that the relative intensity decays to 1% 

of its original value as the overall dry-out time tod. Figure 3c 

exhibits real-time fluorescence imaging of the surface-tracking 

method and shows incremental wick features (i.e., green colored 

FIGURE 2: CHARACTERIZATION OF RHODAMINE B 

SOLUTION. (a) The plot shows that the fluorescence intensity of 

rhodamine B decreases as temperature increases. The decreasing trend 

is relatively independent of concentration. It should be noted that the 

gain of the 1 mM concentration case is set to a lower value than the 

0.1 mM case due to excessive fluorescence signals. (b) The calibration 

curve is created by normalizing the raw intensity values at room 

temperature, 25oC. The calibration curve shows excellent consistency 

between different concentrations and a good match with a previous 

research by Ross et al. (c) The focal length is fixed by maintaining a 

constant focus on the bottom slide. The focal length is initially 

determined by focusing on a marker as shown. (d) The fluorescence 

intensity exhibits an almost linear increasing trend with liquid 

thickness up to ~ 500 μm. The measured fluorescence intensity values 

are normalized with intensity peak values for each experiment. Inset 

shows how a meniscus is formed between two glass slides. The scale 

bar is 1 mm. (e) A concentration estimation curve of an evaporating 

solution is plotted where the liquid thickness represents the amount of 

solution left. Insets show liquid thicknesses at different time frames. 

(f) The concentration effect on fluorescence intensity is plotted, 

showing the existence of a stable regime that is relatively independent 

of concentration between 2 – 7 mM.  
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circles) along the z-axis. The presence of more solid materials at 

the base of the substrate cause the perceptional growth of the 

wick features shown in increasing timesteps. It should be noted 

that the excitation light’s inability to penetrate through the solid 

materials causes the wick structures to have low fluorescence 

intensity profiles. Finally, the overall evaporation rate, defined 

as the ratio of the evaporated mass to tod, is calculated as 4.44e-5 

kgs-1.  

4.2.2 Local Dry-out. As an effort to untangle the strongly 

linked microscale phenomena that constitutes the wick’s overall 

evaporative performance, we observe microscale (2 – 35 μm) 

local dry-outs. The following experiments follow the same 

procedures mentioned above but maintain a consistent focal 

plane (i.e., static focal plane), as shown in Figure 3d and e. 

Figure 4f shows time-dependent images of decaying 

fluorescence signals on the focus. In this set of experiments, the 

fluorescence intensity decreases as the retreating surface (or 

increasing focal length) impedes signal transmission. We record 

temporal fluorescence intensity profiles of different liquid-vapor 

surface areas (i.e., menisci) characterized by taking the average 

width (i.e., characteristic length) between solid structures, as 

shown in Figure 4a. Analogous to tod, the elapsed time for the 

relative fluorescence intensity to decrease to 1% of its original 

value indicates the local dry-out time tld. In addition, the local 

drying speed uld, which is calculated by dividing the average 

structural height by tld characterizes microscale dry-out. uld 

increases almost linearly with longer characteristic lengths, 

which implies that liquid sections with larger liquid-vapor 

interface areas dries faster than sections with smaller ones.  

4.2.3 Local Evaporation Rate. We finally investigate 

submicron level (~0.3 μm) local evaporation rates by utilizing 

the dye’s temperature-sensitive properties. This procedure 

consists of three steps: (1) measuring surface fluorescence 

FIGURE 3: OVERALL AND LOCAL EVAPORATION RATE CHARACTERIZATION. (a-c) In the surface-tracking method, the liquid-vapor 

interface moves along the z-axis as the rhodamine B solution evaporates. The fluorescence signal emitted from the liquid-vapor interface is tracked by 

changing the focus plane (surface-tracking method). (a and b) The figures illustrate the surface-tracking method where (a) is the initial state and (b) is 

an arbitrary state during the process. (c) Real-time fluorescence images show the fluorescence intensity decay as the rhodamine B droplet evaporates. 

The scale bar represents 20 μm. (d-f) Unlike the surface-tracking method, the local evaporation rate is characterized by maintaining focus on a 

consistent plane (d) before and (e) during the evaporation process. (f) Temporal fluorescence images show that the fluorescence intensity decays as the 

solvent evaporates. The scale bar is 20 μm. 
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intensity of a heated solution in a steady state, (2) converting the 

measured fluorescence intensity to surface temperature, and (3) 

calculating local evaporation rates based on the obtained surface 

temperature profiles.  

In the following experiment, a 300 μl reservoir maintains a 

constant liquid thickness within the porous structure upon 

evaporation (Figure 5a). The initial (i.e., cold field) (Figure 5b) 

system assumedly reaches a steady state (Figure 5c) when the 

fluorescence intensity contours remains noticeably unchanged 

for at least 400 seconds. Furthermore, the borderline located 

between the liquid and solid contours (approximately 0.3 – 1 μm 

from the solid contour) represents the micro regime. Next, we 

normalize the fluorescence intensity values of the bulk liquid 

surface and the micro regime by the cold field bulk liquid surface 

intensity.  

Fitting the normalized fluorescence intensity values of the 

bulk liquid surface and the micro regime into the calibration 

curve, Eq. 9 produce local surface temperature information of 

both domains. The converted average surface temperatures of the 

bulk liquid surface and the micro regime are 34.9oC and 40.9oC, 

respectively. 

As the final step, we calculate the local evaporative mass 

flux by applying the converted surface temperature values into 

Eq. 5. The obtained evaporation rates of the bulk liquid and 

micro regime are 7.4e-3 and 0.011 kgm-2s-1, respectively. 

4.3 Microscopic Liquid Pathways  
Our results not only characterize overall and local 

evaporative phenomena but also explains microscopic liquid 

flow paths occurring within microscale structures. In this 

investigation, we discover highly evaporative areas (i.e., micro 

regimes) near (~0.3 – 1 μm) the solid-vapor-liquid interfaces. 

When compared to the bulk regime, the micro regime exhibits a 

~50% increase in evaporative mass flux (Figure 6a). The high 

evaporation associated with the micro regime (also identified as 

the thin-film region in some papers) studies agrees with previous 

reports where the micro regime is found to contribute up to 80% 

of the overall heat transfer occurring from the entire 

meniscus.[42-44] A recent CFD study reports higher evaporation 

rates at liquid-vapor interfaces with smaller characteristic 

lengths.[44] In other words, liquid domains with smaller menisci 

have high evaporation rates because a larger portion of the 

menisci is influenced by the micro regime. However, we report 

shorter local drying speed for smaller characteristic lengths 

(Figure 4b) which may seem counterintuitive to the prior 

statement. We attribute this to the capillary pressure associated 

with different feature sizes, (Figure 4b). The capillary pressure 

estimation plot provided in Figure 4b indicates significant 

increases in capillary pressure as the characteristic length 

decreases, leading to enhanced capillary filling between smaller 

feature sizes. This potentially explains why smaller feature sizes 

can exhibit longer local drying speeds despite having higher 

evaporation rates as illustrated in Figure 6b. Since recent 

characterization of nanoscale meniscus pull-off forces (i.e., 

meniscus strength) suggests that the meniscus size can be tuned 

by varying heating temperatures,[25, 26] we conclude that 

liquids with small characteristic lengths (i.e., small meniscus) 

can maintain high evaporative performances by optimizing the 

balance between local evaporation rate (i.e., heating 

temperature) and capillary filling.  

FIGURE 4: MICROSCALE DRY-OUT. (a) The image shows 

examples of characteristic lengths of the liquid-vapor surface area 

between solid particles (blue color). The blue color indicates that the 

solid particles have low fluorescence intensity profiles which can be 

attributed to the inability of the excitation light to penetrate through solid 

materials. The scale bar is 20 μm. (b) The local drying speed shows an 

almost linear increasing trend with longer characteristic length, 

indicating that the solution dry-out occurs faster for longer characteristic 

lengths. The capillary pressure estimation plot based on the feature sizes 

show that domains with shorter characteristic lengths provide larger 

capillary forces.  FIGURE 5: LOCAL EVAPORATION RATE MEASUREMENT. (a) 

A reservoir continuously supplies liquid to the wick to maintain 

constant liquid levels during the experiment. Average fluorescence 

intensities are measured for both the (b) cold-field and (c) steady state. 

The micro regime is visually identified by sharp fluorescence intensity-

based color contrasts at the peripheral of the solid structure. The bulk 

liquid surface is approximately 10 μm apart from the solid particle 

where fluorescence intensity has a relatively uniform profile. The scale 

bar represents 20 μm. 
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4.4 Limitations of Estimating Liquid-Vapor Interface 
Effects 

Obtaining accurate liquid-vapor interfaces between local 

sub-micron features is crucial in collecting accurate surface 

temperature profiles. The random, tortuous nature of the 

microstructures used in this study obscure sideview visualization 

and complicate experimental or computational meniscus shape 

regeneration. Therefore, we assume the influence of microscopic 

liquid thickness variations caused by the liquid-vapor interface 

between the microstructures are relatively small compared to 

that of bulk liquid thickness in Figure 2d. Nevertheless, 

obtaining an accurate liquid-vapor interface model will provide 

a better understanding of the geometrical features of the 

meniscus and therefore help define a more robust micro regime. 

With our definition, we acquire a relatively large temperature 

difference (~6oC) between the micro regime and the bulk liquid. 

To address these limitations, future work will include a more 

reliable analysis of the meniscus shape and its effect on 

fluorescence intensity by utilizing controlled microstructures 

such as micropillars.  

5. CONCLUSION 
In conclusion, we analyze the local and average evaporative 

performances of microstructures using μLIF techniques at the 

submicron scales. We show the potential of employing μLIF 

techniques for evaporation characterizations by separating the  

interplaying parameters such as temperature, liquid thickness, 

and dye concentration of rhodamine B solutions. A series of 

techniques involving dynamic surface-tracking and static focal 

plane measurements of fluorescence signals have been 

demonstrated to characterize overall and local liquid dry-outs. 

Furthermore, we show that submicron level evaporation rates 

can be measured by retrieving surface temperature information 

converted from fluorescence signals. The integrated results infer 

that liquid between nanoconfined features with small 

characteristic lengths exhibits higher evaporation rates with slow 

drying rates. The high evaporation rate associated with small 

characteristic lengths is caused by the influence of the micro 

regime located near (~0.3 – 1 μm) the solid-vapor-liquid contact 

lines. The slower drying rates might be attributed to the 

continuous liquid supply from the vicinity through capillary 

feeding. The μLIF techniques introduced in this work will enable 

researchers to precisely characterize microscale thermofluidic 

properties in thermal/fluid applications. Further work is needed 

to define the micro regime of the meniscus. 
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