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ABSTRACT

In this paper, an additive manufacturing process has been used to deposit nanoparticles on a substrate. In this innovative technique called
the nano-electrospray laser deposition process, droplets of various nanosuspensions are dispensed onto a silicon substrate where subwave-
length structures and bouncing droplets have been observed. An analytical model is presented for determining the temperature distribution
in the substrate by considering the microdroplet as a ball lens. This lens continuously changes the focus of the laser beam as the droplet
travels toward the substrate. The laser is either defocused or focused on the substrate forming locally decreased or enhanced heating near
the center of the laser beam depending on the distance of the droplet from the substrate. It is found that the enhancement in heating differs
for the nanosuspensions since their optical properties are different. The subwavelength structures determined from the post-pulse tempera-
ture qualitatively match with the experimental results. The steady end-period temperature is also compared with the experimentally
observed temperature for bouncing droplets and the temperatures are in good agreement.

Key words: pulsed laser deposition, laser-microdroplet interaction, microdroplet lens, Bessel beam heating, temperate modeling, analytical
solution, electrospray, optical absorption
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I. INTRODUCTION

Nano-Electrospray Laser Deposition (NELD) is a newly
developed additive manufacturing method, which uses nanoparti-
cle suspension, to print nanopatterns or micropatterns on sub-
strates in nanophotonic or optoelectronic devices.1 The
nanoparticles have better mechanical, electrical, and optical prop-
erties as well as lower melting temperature compared to their bulk
material counterpart.2 In NELD, an aqueous suspension of nano-
particles, e.g., silver nanoparticle suspension, is used as a precur-
sor to produce microdroplets by an electrospray method. The
suspension is fed to a positively charged capillary tube using a
syringe pump, and the microdroplets are extracted from the tip of
the tube using a negatively charged electrode. The droplets pass
through a hollow parabolic mirror and enter into a hollow conical
laser beam to eventually interact with a Bessel laser beam at
the apex of the cone where the laser evaporates the liquid and
sinters the nanoparticles on the substrate.3–5 The laser–droplet

interaction occurs in mid-air as well as on the substrate, creating
subwavelength structures on the substrate.6

The microdroplets respond to laser heating differently depend-
ing on the laser power. Research on such droplet heating on hot
surfaces has gained some attention recently.7–11 The bouncing of
droplets from Si substrates under high laser power is also observed
experimentally, which is similar to the droplet rebounding from a
hot surface, known as the Leidenfrost effect.12,13 Shirota et al. experi-
mentally studied the effect of an isothermal surface temperature on
the time and length scales of the Leidenfrost boiling of droplets.14

Villegas et al. numerically simulated the droplet impingement on a
hot surface for Weber numbers ranging from 7 to 45 at temperatures
well above the Leidenfrost point.15 It is commonly accepted that the
dynamics of a droplet impinging on a hot surface depends predomi-
nantly on the temperature of the surface.16–19

The substrate surface temperature during laser heating is, there-
fore, a significant variable for understanding different phenomena
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that may arise when the droplets impinge on the substrate. Yilbas
and Shuja compared the temperature distributions due to short-pulse
laser heating by considering three models: the Fourier heating, two
equations for electron and lattice heating, and kinetic theory
models20 and inferred that the Fourier model is not applicable for
laser pulses shorter than 0.1 ns. Yilbas and Pakdemirli also presented
a closed-form solution for the temperature distribution due to pulsed
laser heating by solving the hyperbolic heat conduction equation
using a perturbation method.21,22 Nath et al.23 considered a one-
dimensional model for the temperature profiles during heating and
cooling cycles, resulting from laser pulse on–off times, and analyzed
the effects of various processing parameters, such as the laser power,
beam diameter, scan speed, pulse duration, pulse repetition rate, and
duty cycle, on laser surface hardening. Chen et al.24 and Taylor
et al.25 developed the two-dimensional and three-dimensional ana-
lytical solutions for pulsed laser heating of aluminum and silicon
substrates, respectively. A generalized analytical solution was devel-
oped by Lam for electron and lattice temperature profiles in a metal-
lic film exposed to ultrashort laser pulses using the superposition of
temperature and the Fourier transform method in conjunction with
the solution structure theorems.26 In the application of laser manu-
facturing, Rahaman et al.27 solved the Fourier heat conduction equa-
tion analytically using an integral transform technique for the
temperature distribution in polypropylene due to femtosecond laser
heating, and they demonstrated that their model predictions agree
well with the experimental results.

An analytical two-dimensional, transient heat conduction
model is developed in the present paper, to predict the temperature
distribution in the substrate due to the Bessel laser heating during
the NELD process. A pulsed Nd:YAG laser of 1064 nm wavelength is
illuminated on a silicon substrate through microdroplets of different
nanoparticle suspension as the droplets fall down onto the substrate.
The microdroplet serving as a ball lens focuses the laser beam on the
silicon substrate, and therefore the laser irradiance distribution on
the substrate surface continuously changes as the distance between
the droplet and the substrate decreases. Consequently, enhanced
heating can occur at the center of the laser beam, resulting in subwa-
velength structures on the substrate. The predictions of the analytical
solution are verified using the experimental results on different drop-
lets impinging on a silicon substrate.

II. METHODOLOGY

The analytical solution for the model of this study is presented
in this section. Shown in Fig. 1 is the schematic of the model and
the axisymmetric cylindrical coordinate (r0, z0) system used to
describe the laser propagation as well as the axisymmetric cylindrical
coordinate (r, z) system used to calculate the temperature distribu-
tion in Si substrates. With the nanoparticle suspension droplet
falling down, the pulsed Nd:YAG laser is refocused by the droplet
and the laser irradiance on the substrate changes continuously.
The radius and speed of each droplet are set as ρ0* ¼ 50 μm
andv ¼ 2 m/s, respectively, since these data correspond to the exper-
imental results5 that are used in this study for model verification.
The substrate is a thin Si wafer of radius r0 ¼ 25 mm and thickness
L ¼ 0:4 mm in the r and z directions, respectively. The absorbed
laser energy is assumed to be converted to heat instantaneously.

A. Bessel beam propagation in microdroplet lens

The zeroth order Bessel function of the first kind, J0, repre-
sents a nondiffracting beam28 whose intensity distribution remains
the same in every plane perpendicular to the direction of the prop-
agation, z0 axis (Fig. 1). This ideal beam is, however, difficult to
achieve in practice due to the diffraction effect of a finite aperture.
Indebetouw29 showed that approximately nondiffracting beam can
be synthesized using an axicon lens. The intensity distribution of
these nonideal or real beams varies along the z0 axis.30 This varia-
tion is considered very small in this study since the diameter of
each droplet is ∼100 μm and the laser–droplet interaction occurs
over a very small distance of ∼500 μm above the substrate surface
and, therefore, only the radial component of the intensity distribu-
tion is used in the following analysis. Under this assumption, the
irradiance distribution of a pulsed Bessel beam incident on the top
surface of the droplet can be written as

Iorig(r
0, t) ¼ I0J

2
0(kr0 r

0)f(t), (1)

where r0 is the radial distance from the center of the beam and t is the
time variable for the temporal shape of the laser pulse. kr0 is the radial

wave vector given by kr0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(2π=λ)2 � k2z0

q
, where kz0 is the wave

vector in the laser beam propagation direction z0 (Fig. 1) and λ is the

FIG. 1. Schematic of a laser passing through a droplet and heating a substrate
in a cylindrical coordinate system. Center of the laser is aligned with the center
of the droplet and center of the Si substrate at r ¼ 0. The laser is distributed in
ther 0 direction and propagating in the z0 direction. The droplet is described by
spherical coordinates with radial distance ρ� and polar angle θ.
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laser wavelength which is 1064 nm in this study. For 0 < kr0 ≤ 2π/λ,
the laser is a nondiffracting beam in which the envelope of the
maxima in the intensity distribution (Fig. 1) decreases radially and
this variation of the envelope is inversely proportional to kr0r0. The
effective diameter of the beam is determined by kr0 and the central
high intensity spot reduces to its minimum possible diameter 0.77λ
when kr0 = 2π/λ. kr0 is taken as 2π/λ in this study. f(t) is the temporal
distribution of the irradiance due to the laser pulse:

f(t)¼

t�(np�1)tp
0:5ton

, (np�1)tp� t� (np�1)tpþ0:5ton,

tonþ(np�1)tp� t

0:5ton
, (np�1)tpþ0:5ton, t� (np�1)tpþ ton,

0 , (np�1)tpþ ton, t,nptp,

8>>>><>>>>:
(2)

where np¼1, 2, 3,... are the total number of pulses irradiating the
substrate after passing through the droplet and ton and tp are the laser
pulse on-time and laser period, respectively. tp is the sum of the pulse
on and off times. Schematic of f(t) is shown in Fig. 2.

I0 is the peak intensity of the Bessel laser beam incident on the top
surface of the droplet and it can be calculated from the laser power P as

I0 ¼ 2P
prf tonπR2

l J
2
0 kr0Rlð Þ þ J20 kr0Rlð Þ½ � ; (3)

where the laser pulse repetition frequency prf ¼ 30 kHz and the radius
of the incident beam Rl ¼ 150 μm, which correspond to the data used
in the Nano-Electrospray Laser Deposition experiment.5

The laser refraction due to the droplet is shown in Fig. 3. When
the distance between the droplet and the substrate surface, H(t), is
larger than the diameter of the droplet, the laser intensity distribution
refracted by the droplet can be calculated by using the following equa-
tions. The incidence angle for laser ray at win ¼ ρ0* sinθ1 is θ1. The
reflected angle can be written as θ2 ¼ arcsin ( sinθ1/n). The corre-
sponding laser ray location beneath the droplet at H can be written as

w(t)¼ [((R0 sinθ1)/(sin(2θ1 � 2θ2)))�H(t)]sin(2θ2 � θ1)
(( sinθ1)/(sin(2θ1 � 2θ2)))� cos(2θ2 � θ1)

: (4)

And, the laser intensity at this point can be expressed as

I(r ¼ w, t) ¼ w2
in

w(t)2
(1� Rd)Iorig(win, t)e

�ηd(θ2), (5)

where

d(θ2) ¼ 2ρ0* cos θ2: (6)

When the distance between the droplet and the substrate
surface, H(t), is less than the diameter of the droplet, the
laser intensity on the Si substrate after passing droplet can be

FIG. 2. Schematic of the pulsed laser pattern. The period of the laser is
tp ¼ 33:3 μs, corresponding to 30 kHz repetition frequency and the pulse
on-time is ton ¼ 170 ns.

FIG. 3. Schematic of laser refraction by a droplet.
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estimated as31

I(r, t) ¼ w2
inc

wc(t)
2 (1� Rd)e

�2ηρ0*I0J
2
0 kr*

winc

wc(t)
r

� �
f(t), (7)

where Rd and η are the reflectance and absorption coefficients
listed in Table I. ρ0* represents the radius of the droplet, and winc is
the laser incidence radius assumed to be 150 μm. wc is the focused
laser spot radius on the Si substrate, which can be expressed as

wc(t) ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Fe � H(t)

zR

� �2
s

, (8)

where w0 is the spot radius at the focal point, which is given by

w0 ¼ n � ρ0*�λ
8(n� 1)win

, (9)

with n representing the refractive index of the microdroplets. zR is
the Rayleigh range,

zR ¼ πw2
0

λ
: (10)

Fe is the distance between the focal point and the droplet center for
laser passing the droplet axis,

Fe ¼ nR0

2(n� 1)
: (11)

B. Effect of microdroplet lens on the substrate
temperature

The modified irradiance distribution caused by the micro-
droplet lens is used to determine the temperature in a substrate,
which is assumed to be initially in the ambient temperature,
Tamb ¼ 25 �C. The laser irradiance on the substrate is assumed to
be a direct heat flux into the substrate. The substrate is considered
to be sufficiently large in the radial direction so that the tempera-
ture at the edge of the substrate can be approximated to be Tamb

which is in good agreement with a convective boundary condi-
tion.27 The governing equation, boundary conditions, and initial
condition for the temperature, T(r, z, t), in the substrate can be
written as follows in terms of the excess temperature

T*(r, z, t) ¼ T(r, z, t)� Tamb:

@2T*

@r2
þ 1

r
@T*

@r
þ @2T*

@z2
¼ 1

α

@T
@t

, (12)

BC1:
@T*

@r
jr¼0 ¼ 0, (13)

BC2:T*(r ¼ r0) ¼ 0, (14)

BC3:hT*(z ¼ L)þ k
@T*

@z
jz¼L ¼ 0, (15)

BC4: hT*(z ¼ 0)� k
@T*

@z
jz¼0 ¼ (1� Rs)I(r, t), (16)

IC: T*(t ¼ 0) ¼ 0: (17)

Here, the thermal diffusivity α ¼ 0:8 cm2/s, the thermal
conductivity k ¼ 119 W/mK, and the reflectivity RS = 0.3 for Si.32

The overall heat convection coefficient is taken to be h ¼
100 W/mK within the natural convection coefficient range of
10� 1000 W/mK.

Equation (12) is solved using the following finite medium
Hankel transform33 pairs in the radial direction:

T� ηi; z; tð Þ ¼ Ð r0
r00¼0 r

00J0 ηir
00ð ÞT� r00; z; tð Þ dr00;

T� r; z; tð Þ ¼ P1
i¼1

J0 ηirð Þ
N ηið Þ T

� ηi; z; tð Þ;

8<: (18)

where ηi is the ith eigenvalue, which is determined by Eq. (10) as
J0(ηir0) ¼ 0, and N(ηi) is the norm of the eigenfunction J0(ηir)
with the weighting function r, which is given by

N(ηi) ¼
ðr0
r00¼0

r00J20 (ηir
00) dr0 ¼ 1

2
r20J

2
1 (ηir0): (19)

The governing equation (12), boundary conditions (15) and
(16), and initial condition (17) can be expressed as follows in terms
of the Hankel transform temperature T*(ηi, z, t):

�η2i T
* þ @2T*

@z2
¼ 1

α

@T*

@t
, (20)

TABLE I. Fluid and optical properties of nanoparticle suspensions at laser wavelength λ = 1064 nm.

Sample
ID

Density ρ
(g/ml)

Viscosity μ
(cP)

Surface tension σ
(mN/m)

Reflectance Rd
(%)

Absorption coefficient η
(cm−1)

Refractive index
n

Ag20 1.153 1.71 47.2 6 100 1.377
SDS 1.000 1.10 49.8 48 0.2 1.330
Ge5 1.064 1.56 47.5 42 4.17 1.340
Ge10 1.130 1.95 47.6 35 7.7 1.358
Si5 1.033 1.82 48.2 28 6.25 1.348
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hT* þ k
@T*

@z
jz¼L ¼ 0, (21)

hT* � k
@T*

@z
jz¼0 ¼ �I(ηi, t), (22)

T*(t ¼ 0) ¼ 0, (23)

where

�I(ηi, t) ¼
ðr0
r00¼0

r00J0(ηir
00)I(r00, t) dt: (24)

Equation (24) is solved using the following finite medium
Fourier transform33 pairs in the z-direction:

eT*(ηi, βj, t) ¼ Ð L
Z0¼0 Zj(z00)T*(ηi, z00, t) dz00,

T*(ηi, z, t) ¼ P1
j¼1

Zj(z)

N(βj)
eT*(ηi, βj, t),

8><>: (25)

where Zj(z) is the eigenfunction,

Zj(z) ¼ βj cos βjz þ
h
k
sin βjz, (26)

with the eigenvalue βj given by

tan βjL ¼ 2hβj
kβ2j � (h2/k)

, (27)

and ~N(βj) is the norm of the eigenfunction Zj(z),

~N(βj) ¼
1
2

β2j þ
h2

k2

� �
Lþ h

k
: (28)

Equation (20) and initial condition (23) can be expressed as
follows in terms of the Hankel–Fourier transform temperatureeT*(ηi, βj, t):

�(η2i þ β2j )
eT* þ βj

�I(ηi, t)
k

¼ 1
α

@ eT*

@t
, (29)

eT*(ηi, βj, t ¼ 0) ¼ 0: (30)

The solution of Eq. (29) under initial condition (30) is given
by

eT* ¼ α

k

ðt
τ¼0

βj�I(ηi, τ)e
�α(η2i þβ2j )(t�τ) dτ: (31)

The inverse Fourier transforms is applied to Eq. (31) to obtain
T*(ηi, z, t) and then the inverse Hankel transform is applied to

T*(ηi, z, t) to determine T*,

T*(r, z, t) ¼ α

k

X1
i¼1

J0(ηir)
N(ηi)

X1
j¼1

Zj(z)

N(βj)
eT*(ηi, βj, t): (32)

The actual temperature distribution in the substrate is
obtained using the relation T ¼ T*þTamb, which is used to analyze
the effect of the microdroplet lens on laser heating of the substrate.

III. RESULTS AND DISCUSSION

The perturbed irradiance distributions of the laser on the Si
substrate are shown in Fig. 4 at different times, i.e., for different
heights of the droplets from the substrate. The laser is defocused
on the substrate when the droplets just enter the diffraction-free
region around the apex of the laser cone at t ¼ 0: The peak inten-
sity, I0, on the substrate decreases compared to the peak intensity
of the laser beam incident on the top surface of the droplet. This
perturbation in the intensity is due to the absorption and refocus-
ing by the droplets. In addition, the height of the droplet bottom
from the substrate surface, H(t) decreases as the droplets drop at
the speed of 2 m/s, and consequently, the focal spot size on the
substrate gradually decreases to yield a maximum I0 when the
droplet bottom is 41:5� 51 μm above the substrate. This height
depends on the optical properties of the nanoparticle suspension
droplets, such as the refractive index and absorption coefficient as
listed in Table I.

In addition to altering the peak intensity, the droplet lens
modifies the spatial profile of the laser irradiance distribution.
Shown in Fig. 5 are the laser profiles on the substrate at different
times for Ag20 droplets. When t , 180 μs, the laser profile is
stretched due to defocusing by the Ag20 droplet. When t . 203 μs,
the peak intensity obtained on the substrate with the droplet is
larger than the peak intensity without any droplet. This result indi-
cates that enhanced heating can occur around the center (r = 0) of
the laser spot.

FIG. 4. Laser peak intensity on the Si substrate for different nanoparticle
suspension droplets during transit from the diffraction-free zone to the substrate.

Journal of
Laser Applications ARTICLE scitation.org/journal/jla

J. Laser Appl. 33, 012012 (2021); doi: 10.2351/7.0000317 33, 012012-5

Published under license by Laser Institute of America

https://lia.scitation.org/journal/jla


The temperature at the laser spot center is calculated for the
laser power, P ¼ 9 W , to determine the enhancement in heating
due to different suspension droplets. The convection coefficient h
and the reflectance of substrate Rs are set to be 105 W/mK and 0.6,
respectively, to introduce the decrease in laser heating of the Si sub-
strate due to the liquid in droplets on the Si surface. Figure 6 com-
pares the temperature at r = 0 as a function of time when the
droplet is absent or present in the path of the laser beam. A steep
increase and decrease in temperature can be observed for all cases
during each period of the pulse. The temperature rises rapidly due
to the rapid heating during the laser pulse-on time. ton ¼ 170 ns.
During the pulse-off time, the heat diffuses rapidly in the Si sub-
strate and also the substrate is cooled by convection cooling which
decreases the surface temperature rapidly.

For direct heating of the substrate without any droplet,
however, the peak temperature remains the same for all pulses

FIG. 5. Laser intensity profile on the Si substrate for Ag20 droplets at different
transit times.

FIG. 6. Laser induced maximum temperature on Si substrates vs time with and without nanoparticle suspension droplets for P = 9 W, h ¼ 105 W/mK, and Rs ¼ 0:6.
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[Fig. 6(a)]. For transit time t � 180 μs, i.e., when the droplet is
more than 140 μm above the substrate, the laser beam is defocused
and consequently the substrate temperature is lower than the direct
heating case [Fig. 6(a)] for all cases. For transit time t � 203 μs,
i.e., when the droplet is less than 100 μm above the substrate, the
laser beam is refocused and consequently the substrate temperature
is higher than the direct heating case [Fig. 6(a)] for all cases. This
defocusing and refocusing effects cause the reduction and enhance-
ment in the laser intensity as shown in Fig. 4. Also, the above
transit time limits exhibit an interval of 23 μs because the droplets
of different optical properties refocus the laser beam at different
times (Fig. 4).

Eduardo et al.5 created subwavelength holes of average sizes
100, 500, and 800 nm on Si substrates using SDS, Ge5, and Ge10
droplets, respectively, a laser power of 9W on each droplet. The
temperature distributions are plotted in Fig. 7 for these three and
Ag20 droplets at transit time t = 233.5 μs, which is just after the
seventh pulse and before the droplet impingement on the substrate.
Ag20, Ge10, Ge5, and SDS droplets have absorption coefficients in
the descending order as listed in Table I, and all of these droplets
focus the laser to enhance heating as illustrated in Fig. 6. Due to
their different absorption coefficients, the local enhancement in
laser heating varies. Ag20 droplets absorb more laser energy due to
their higher absorption coefficient than the other three types of
droplets. Less laser energy, therefore, exits the Ag20 droplets, result-
ing in lower temperatures of the substrate than the other three

cases as shown by the color temperature maps in Fig. 7.
Figures 7(b)–7(d) show the Si melting temperature isotherm 1414 °C
above which the material is considered to vaporize in this study to
form a hole in the substrate. The Ag20 sample in Fig. 7(a), on the
other hand, does not exhibit the isotherm 1414 °C, indicating no hole
formation in this sample. This prediction is in agreement with the
experimental observation34 of no holes in the Si substrate for the case
of Ag20 droplets.

For the other samples in Fig. 7, the isotherm 1414 °C is
deeper for the Ge10 sample and progressively becomes shallower
for Ge5 and SDS samples. The hole sizes in this figure are 60,
1500, and 2500 nm for SDS, Ge5, and Ge10, respectively, while
the corresponding experimental data5 are 100, 500, and 800 nm.
The theoretical and experimental hole sizes are comparable for
the SDS sample, but the sizes differ significantly for the other
two samples. This discrepancy may be due to the same liquid
convection coefficient, 105 W/mK, used for these cases. The
liquid convection coefficient of 105 W/mK may be applicable to
the SDS droplets. However, Ge5 and Ge10 droplets contain 5 and
10 wt. % germanium nanoparticles, respectively, and the thermal
conductivity of these nanoparticles is expected to increase
the overall liquid convection coefficient higher than 105 W/mK.
The usage of 105 W/mK, therefore, underestimates the
convection heat loss and overestimates the laser heating of the
substrate, resulting in a deeper melting isotherm and larger
hole size.

FIG. 7. Temperature profiles in an Si substrate induced by laser through nanoparticle suspension droplets at transit time t ¼ 233:5 μs for P ¼ 9 W, h ¼ 105 W/mK, and
Rs ¼ 0:6. (a) Ag20, (b) SDS, (c) Ge5, and (d) Ge10.
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When the laser power is increased from 9 to 22W, the drop-
lets are observed to bounce back to air from the substrate, known
as the Leidenfrost effect, where the surface temperature plays an
important role. Compared to the laser pulse repetition frequency,
prf ¼ 30 kHz, the droplet frequency, i.e., the number of droplets
delivered to the substrate per unit time, is much less
(fdrop ¼ 420 Hz), which indicates that the laser illuminates the sub-
strate most of the time without passing through any droplet. The
temperature profiles on the substrate surface are plotted in Fig. 8 at
different times. Each profile is calculated at the end of one period
(pulse-on time + pulse-off time) of the pulse train to allow the
maximum relaxation time for the thermal energy to diffuse in the
substrate. This procedure yields the minimum temperature profile,
called the end-period temperature, which increases with time when
more and more pulses illuminate the substrate. Eventually, the tem-
perature reaches a steady state when the input laser energy is equal

to the diffusion loss of thermal energy, which is found to occur at
t � 0:05 s in this study.

The end-period temperatures at the laser spot center are calcu-
lated at t ¼ 0:1 s and plotted in Fig. 9 as a function of absorbed
laser power. The experimental data in this figure show that the
droplet bouncing regime (Leidenfrost condition) occurs above the
temperature T = 137 °C. The temperatures predicted by the model
in this regime match with the experimental data34 very well since
the droplets do not form sessile drops on the substrate surface in
this regime, and the analytical model is also based on droplets that
do not break into sessile drops. However, Fig. 9 shows that the tem-
peratures predicted by the model are less than the experimental
temperatures in the laser heating and boiling regimes. This discrep-
ancy may be ascribed to the existence of sessile drop on the surface
in these two regimes, whereas the model considers only spherical
droplets. In addition, the convection heat transfer coefficient (h) in
the model may be slightly higher than that of the sessile drop in
the experiment.

IV. CONCLUSION

An analytical model is developed to analyze the effect of
microdroplet ball lens on laser heating of a substrate when the
droplets carry nanoparticles for potential deposition of thin films
on the substrate. The model can be applied to calculate two-
dimensional, transient temperature distributions in the substrate.
The nanoparticle suspension droplets can either decrease or
increase the temperature around the center of the laser spot on the
substrate by defocusing or focusing the laser, respectively. This lens
effect of the droplets depends on the reflectance, absorption coeffi-
cients, and refractive index of the nanosuspension, and the result-
ing variation in the laser irradiance distribution on the substrate
surface depends on the height of the droplets above the substrate.
Droplets with lower reflectance or absorption coefficient and
higher refractive index enhance laser heating of the substrate. The
post-pulse temperature distribution due to laser heating enhance-
ment has been evaluated for different types of nanoparticle suspen-
sion droplets, and the diameter of the high temperature region is
found to qualitatively match with the size of subwavelength struc-
tures induced by the laser on Si substrates. The effect of illuminat-
ing the Si substrate for a long time is also modeled as the steady
end-period temperature to determine the conditions for droplets to
bounce off the substrate, and this end-period temperature matches
with the droplet–substrate interaction regime map including the
microdroplet bouncing regime for different laser powers.

This analytical model can be used to predict the formation of
subwavelength structures on a substrate due to enhanced laser
heating or the bouncing of droplets from the substrate due to high
surface temperature. These predictions are useful for depositing
nanoparticles using nanoparticle suspension droplets.
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FIG. 9. Comparison between analytical solution and experiments for substrate
surface temperature vs absorbed power.

FIG. 8. Temperature profile on the Si substrate surface at different times with
laser power P ¼ 22 W. The time is picked at the end of the pulse period.
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