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ABSTRACT: Porous GaN epitaxial layers were prepared using pysses ~N
single-step chemical vapor deposition (CVD) through the direct

reaction of ammonia with gallium. The degree of porosity and pore 1001 ﬁ
diameters in the resulting GaN were analyzed by means of SEM

and AFM and were found to depend on the GaN deposition time. 2 '
Furthermore, the evolution of the contact angle of a droplet of #==%
water located on the surface of these GaN epitaxial layers with the &
deposition time was investigated. We observe a transition from the
hydrophilic regime to the hydrophobic regime for deposition times
longer than 15 min. The observed dependence of GaN
hydrophobicity on its degree of porosity is discussed and explained
in the framework of the Cassie—Baxter model.
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1. INTRODUCTION the Wenzel model'' or more hydrophobic if it follows the
Cassie—Baxter model.'”” Also, by roughening the surface
through the generation of pores, the surface area of the device
increases, as does the area of the contact surface against which
the analytes can interact, allowing an increase in the sensitivity
of the sensors.”

Porous GaN was produced first through anodization in an
aqueous solution of HF under UV illumination to be used as a
buffer layer for heteroepitaxial growth on foreign lattice
mismatched substrates since the porous structure allows for
the relaxation of the structure.'” Since then, many other top-
down approaches have been developed to induce porosity in
GaN layers, such as photoelectrochemical wet etching,'* metal-
assisted electroless etching,"* and alternating current photo-
assisted electrochemical etching.'® Aside from its utility as a
buffer layer, the porous form of GaN has physical properties
that differentiate it from bulk GaN, such as a strong
photoresponse,'” a UV shift of the band gap due to quantum

chemical gas and fluid monitoring sensors compatible with confinement if the width of the walls between pores is small

18 . . . 14
. . . .o . enough, © a photoluminescence intensity enhancement, ~ and
high bit-rate wireless communication systems that facilitate . . . . 19
. . 6,7 a high luminescence extraction efficiency.~ Porous GaN can
their use in remote arrays.

For this reason, it is desirable to control the wettability of also be produced by bottom-up approaches such as the direct

. . . 20
the exposed surface of the sensing devices to the samples, reaction of metallic Ga and NH; in CVD systems.
biological and chemical, so that no impurities get attached to
the surface, favoring the obtaining of a reproducible sensor. To Received:  August 31, 2021
change the wetting properties of a surface, two different Revised:  November 29, 2021
strategies can be used: (i) its functionalization with polar Published: December 10, 2021
molecules to make it more hydrophilic or apolar molecules to
make it more hydrophobic'® and (ii) roughening it, making an
already hydrophilic surface even more hydrophilic if it follows

GaN is a semiconductor that is well known for its applications
in electronics and optoelectronics because of its wide band gap,
large critical electric field, high electron mobility, and
reasonably good thermal conductivity and stability." All of
these properties make GaN an excellent candidate for the
fabrication of commercial high electron mobility transistors
(HEMTs),” light-emitting diodes (LEDs),” and laser diodes
(LDs),* among others.

In the past decade, many prototypes of chemical and
biochemical sensors have been also developed on the basis of
GaN HEMT devices’™® since GaN offers great chemical
stability” that is essential for sensing in aqueous media. Thus,
sensors based on GaN that are able to detect hydrogen, carbon
monoxide, ethylene, acetylene, nitrous oxide, combustion
gases, pH, polar liquids, block copolymers, pressure, and
biological species such as prostate-specific antigen have been
developed.”® This allows for the development of integrated
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In this work, we studied the influence of surface porosity on
the apparent contact angle of a sessile drop of water deposited
on the top of the surface of porous GaN layers produced by
chemical vapor deposition (CVD). We also analyzed how the
different pore sizes, tuned by the deposition time, affect the
wetting properties of the material.

2. EXPERIMENTAL SECTION

2.1. Deposition of Porous GaN Films by CVD. Porous GaN
films were deposited epitaxially on substrates composed of a 1-ym-
thick p-type GaN(0001) doped with Mg/3-um-thick undoped
GaN(0001)/sapphire(0001). We used the direct reaction between
metallic Ga and NH; in a CVD 2 in. Thermolyne 79300 horizontal
tubular furnace according to the procedure optimized previously.*’
The substrate was placed facing downward on a boron nitride (BN)
support ~1.7 cm above the Ga source. The quartz tube reactor was
degassed to a pressure below 107> Torr. Ammonia was then
introduced into the quartz tube reactor via a mass-flow controller at
a preset flow rate of 75 sccm. The pressure was kept at 15 Torr while
the furnace was heated to 1203 K and maintained at this temperature
for four different deposition times, 15, 30, 45, and 60 min, under a
constant flow of NH;. By changin§ the deposition time, pores of
different sizes could be produced.”® The deposition of GaN was
stopped by closing the NH; flow and turning off the furnace heating
system, allowing it to cool to room temperature under a pressure of
1072 Torr.

2.2. Morphological Characterization of the Porous GaN
Films. The surface morphology of the nanoporous GaN films was
characterized using a JEOL JSM 6400 scanning electron microscope
(SEM) and by atomic force microscopy (AFM) with an Agilent S500
microscope operating in tapping mode, using Si tips with a radius of
<10 nm, oscillating at a resonance frequency of 75 kHz.

2.3. Measurement of the Apparent Contact Angle. To
evaluate the apparent contact angle (ACA) on the different GaN
samples, a 2 uL water droplet was placed on the top of the GaN
surface smoothly with a micropipette. The droplet profile was
recorded using an OCA 1SEC video-based optical contact angle
measuring goniometer by NEURTEK Instruments.

3. RESULTS AND DISCUSSION

3.1. Morphological and Topographical Character-
ization of the Porous GaN Films Produced by CVD. The
surface morphology of the porous GaN samples was
characterized using SEM. Figure 1 shows top-view SEM
images of the porous GaN samples grown at different
deposition times. The images reveal that samples grown for

Figure 1. SEM images of the surface of porous GaN layers produced
by CVD grown for (a) 15, (b) 30, (c) 45, and (d) 60 min.

shorter times show more circularly shaped pores with
apparently smaller sizes, while in samples grown for longer
times, the pores present a more diverse range of shapes. In all
cases, the pores observed in the grown layers are aligned along
the [0001] direction, perpendicular to the substrate, matching
the crystallographic orientation of the substrate. It is worth
noting that GaN particles™ also appear during the deposition
of the porous GaN layer in some cases. From Figure 1c,d, we
can deduce that the nucleation of the particles occurs in the
early stage of the growth process since the porous epitaxial
layer encircles the particles as the growth proceeds.

Figure 2 shows a cross-sectional SEM image of the sample
grown for 30 min. A sharp interface divides the initial GaN

Grown porous GaN layer

Substrate GaN layer

2 um

Figure 2. Cross-sectional SEM image of the porous GaN sample
grown for 30 min showing the thickness of the layer and the pore
depth.

substrate and the grown porous GaN layer. The change in
color observed in the image reveals the change in the density of
the sample due to the porosity induced in the sample
compared to that of the nonporous GaN substrate. This
image reveals that the deposited GaN layer grown for 30 min
has a thickness of ~1.17 um. The evolution of the layer
thickness with time was previously reported by analyzing the
cross-sectional images for samples grown at different times,
showing an increase in the thickness with a deposition time of
up to ~1.7 um for the sample grown for 60 min.*

The surface topography of the GaN samples was also
analyzed by tapping mode AFM. Figure 3a shows an AFM
image of a GaN substrate. In it, a flat surface can be seen with
steps 190 nm wide and a terrace thickness of ~S A, which
matches the GaN unit cell constant ¢ (5.18 A).** Figure 3b—e
shows the AFM images corresponding to the porous GaN
samples grown for different times. The profiles obtained from
the AFM images provide an estimated value of the porous
diameters and also of the wall thicknesses between pores,
determined by considering the distance between the peak and
the valley of the profiles. Figure 3f depicts the criteria we used
to measure the pore diameters and wall thicknesses between
pores from an AFM profile. For each sample, 60 different
values of both pore diameters and wall thicknesses were taken
into account to establish their mean values. Table 1
summarizes these values and their standard deviations.

After the AFM images were observed and the pore diameters
and wall thicknesses were determined, one could conclude that
the sample grown for 15 min has the smallest pore diameters
and wall thicknesses among all of the samples. For higher
deposition times, pore diameters increase, reaching a maximum
for a deposition time of 30 min, upon which the pore size
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Figure 3. AFM images of the surface of (a) a GaN substrate and CVD porous GaN layers grown for (b) 15, (c) 30, (d) 45, and (e) 60 min. (f)

Criteria used to determine the pore diameters and the wall widths.

Table 1. Mean Pore Sizes and Wall Thicknesses for the
Porous GaN Epitaxial Layers Grown at Different Deposition
Times Determined from the Analysis of the AFM Images

deposition time (min)  mean pore diameter (nm)  wall thickness (nm)

15 113 + 34 113 + 31
30 252 + 68 217 + 63
45 241 + 109 278 + 63
60 226 + 66 243 £ 72

decreases again. However, the wall thicknesses reach their
maximum values for the sample grown during 45 min, for
which the presence of particles deposited on the surface could
also be observed, which complicated the accurate determi-
nation of the pore size. The increase in the wall thicknesses as
the deposition time increases can be explained by the
coalescence of neighboring pores as the layer thickness
increases, favored by the deposition of more material, leading
to thicker walls but also wider pores.

The pore diameters obtained through the AFM profiles are
similar to those determined using an image-processing
method.”® The discrepancy between the results obtained by
SEM and AFM may arise from the image-processing method
used in the first case, which considers circular pores to
calculate their areas. However, in the AFM characterization the
size of the pores is measured transversely, as indicated in
Figure 3f.

3.2. Analysis of the Wetting Properties. Considering a
flat, rigid, smooth, chemically homogeneous surface, the
contact angle at the triple contact point is described by
Young’s equation

Yoo = Yoo = g €08 b, (1)

where yg, ¥SL, and y; are the surface tensions of the solid/
gas, solid/liquid, and liguid/gas interfaces and 6, is the Young
contact angle. Macroscopically, this condition is not fulfilled

unless the ideal conditions mentioned before are satisfied;
however, even if we have a nonflat surface, this condition has
to be locally satisfied at every triple contact point.

Surface roughness affects the macroscopic wetting properties
of the material, converting a hydrophilic material into a
hydrophobic one or into a more hydrophilic one, depending
on the wetting properties of the liquid in the microstructure.
When the liquid of a droplet is in contact with all of the
material’s surface, completely filling the pore voids, the
apparent contact angle (ACA) of the droplet is described by
the Wenzel model"

cos Oy =r cos 6, 2)

were 6y is the Wenzel contact angle and r is the roughness
parameter, which is the ratio between the real surface area and
the projected flat surface area, a parameter that is always larger
than 1. Note that by using eq 2, hydrophobic materials become
more hydrophobic by increasing the roughness (6, < 6y)
while hydrophilic materials become more hydrophilic (6, >
6,). This model predicts that the microstructure of the surface
always amplifies the hydrophilicity of a hydrophilic substrate,
so it is valid only when no air is between the droplet and the
substrate.

Another wetting mechanism is the so-called Cassie—Baxter
model in which the liquid does not completely wet the surface
of the material and there is some gas between the liquid and
the surface, creating a composite material. This wetting
mechanism amplifies the hydrophobicity of both hydrophobic
and hydrophilic materials. The transition between the Wenzel
model and the Cassie—Baxter model depends on the Young
contact angle and the geometric parameters of the rough
surface. The equation that describes the Cassie—Baxter contact
angle is

cos Oy = f, cos 6, + f, cos 0, (3)
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Figure 4. Optical images of the apparent contact angle of a drop of water on (a) a p-type nonporous GaN substrate and CVD porous GaN layers
grown for (b) 15, (c) 30, (d) 45, and (e) 60 min. (f) Apparent contact angle as a function of the deposition time.
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Figure 5. (a) Scheme of the Cassie—Baxter model for a sinusoidal microstructure proposed by Liu et al.?® (b) Apparent contact angles described by
the Cassie—Baxter model (0cp) considering a sinusoidal microstructure as a function of the wavelength-normalized triple-point position (xo/L) for

different equispaced geometric values (A/L).

where cos Oy is the Cassie—Baxter contact angle and f; and f,
are the areal fractions of the solid and the air in contact with
the liquid droplet, respectively. The sum of these terms
invariably equals 1. 8, and 0, are the Young contact angles
between the solid and liquid and between the air and liquid,
respectively. This equation can be rewritten as a function of
only f; and 6, since 6, = 180°:>*
cos Ocp = f(cos O + 1) — 1 (4)
Thus, when a hydrophilic material becomes hydrophobic after
roughening, this situation can be explained only through the
formation of a composite interface between the material and
the trapped air beneath the water droplet, as described by the
Cassie—Baxter model.'”> Thus, water cannot penetrate the
pores because of the resistance of the trapped air inside them.
It is important to consider that the Wenzel and Cassie—
Baxter models are valid only when the dimensions of the
microstructures on the surface are much smaller than the
dimensions of the liquid droplet,” as happens in our case.
Images of a water droplet standing on the top of the surface
of different porous GaN samples as well as on a nonporous
substrate are shown in Figure 4. To determine the ACA, five
measurements were taken for each sample. The values of the
ACA as a function of the deposition time are shown in Figure
4f. The values of the ACA obtained for the samples grown for

14625

15, 30, 45, and 60 min are 75.5 + 3.8, 95.5 + 6.9, 95.6 + 9.8,
and 90.8 + 7.9°, respectively, while the ACA measured for the
GaN substrate is 71.1 + 2.6°.

The ACA of the porous as-grown GaN porous layers was
higher than the intrinsic contact angle of GaN. This can be
explained only by the Cassie—Baxter model, not by the Wenzel
model (Supporting Information), because air is trapped
between the pore cavities, creating a balance between the
capillary force, which governs the penetration of water inside
the pore, and the pressure of the trapped air, which acts against
the penetration of the water into the pore.

To fully understand the wetting mechanism in our samples,
we considered the model proposed by Liu et al.”® (Figure Sa)
in which the microstructure is simplified to a sinusoidal-like
surface with a shape function y(x) = —A cos(kx), where A is
the roughness amplitude, k is the wavenumber k = 27/L, and L
is the peak-to-peak distance. We also assumed that the liquid/
gas interface within the microstructure has a circular arc shape
with a radius R. The Young equation has to be satisfied locally
at the triple contact point inside the microstructure (xo);
therefore, the liquid/gas interface for a hydrophilic material has
a convex meniscus R < 0 in the microstructure. This generates
a negative Laplace pressure Ap across the liquid/gas interface
as described by the equation
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P =B, out R %) for sinusoidal microstructures, it seems that the transformation

where p;, is the pressure inside the liquid droplet and p,,, is the
pressure of the gas phase trapped in the microstructure.
When the geometric limitations and the energy analysis are
taken into account, the Cassie— Baxter contact angle for a
sinusoidal structure using Liu’s model*® is described by

L/2
cos O = 2 cos HY/ 1 + k*A* sin®(kx) dx
o

. —1 %

2R sin R )

Using this model, we have plotted the Cassie—Baxter angle,
Ocg, versus the dimensionless tripe-point position &, = x,/L for
different geometric values expressed by the dimensionless
amplitude A = A/L (Figure Sb) using the value of the contact
angle measured for the GaN substrate as the Young angle, 6,.
With this, we are trying to model porous GaN surfaces with
different degrees of porosity. As this wavelength, we take the
sum of the mean pore size and the wall thickness measured by
AFM. Nevertheless, due to the difficulty in measuring the pore
depth, we cannot assign an A value to our samples, but we can
use extreme values such as the overestimated value given by
the cross-sectional SEM and the underestimated value given by
the AFM profile. This would give us a range of A of between
0.3 and 1.25 for the sample grown for 30 min, and we expect to
have a higher upper limit for samples grown for 45 and 60 min
since they are thicker and have comparable L values. On the
basis of the estimated range of A, the simulation for 0y against
%, is done over the range of 1/3 < A < 2. By applying this
simulation, we observed that, even for the same geometric
parameters, we can obtain a wide range of ¢y depending on
the position of the triple contact point, which is a direct
consequence of how much air is trapped in the microstructure.
Therefore, well-trapped air pockets in the microstructure will
produce more hydrophobic surfaces. Moreover, we can see
that hydrophobicity can be easily achieved for any A/L ratio,
and even a superhydrophobic surface (ACA > 150°) could be
generated if the right conditions are satisfied. It is worth
mentioning that for higher A values the slope gets steeper and
the curves of the equispaced A values are closer together,
which means that at a certain point tuning the geometric
parameters A will not produce a great change in the ACA.
Instead, small changes in the triple contact point are key to
tuning the ACA.

The wide range of pore diameters in the same sample could
explain the deviation observed in the ACA of the porous GaN
layers due to the constant change in A within a sample. In
addition, the constant change in geometrical parameters A may
lead to some pores being connected, giving rise to less-efficient
air trapping in the microstructure changing the X, value,
explaining the observed difference in ACA in a sample.

4. CONCLUSIONS

Porous GaN epitaxial layers grown by CVD exhibit a larger
apparent contact angle when compared to the flat nonporous
GaN substrates. The apparent contact angle tends to increase
until a hydrophobic regime is reached for the samples grown
for deposition times longer than 30 min, reaching its higher
value for the sample grown for 45 min, and then slowly
decreases again as the deposition time increases, becoming a
nearly hydrophilic material again for the samples grown for 60

toward a hydrophobic material is a compromise between the
A/L ratio and how well air is trapped in the microstructure.
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