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ABSTRACT: In this work, the morphology, surface composition,
and electronic properties of porous GaN films containing
hexagonal V-shaped pits were studied. The V-pits are orientated
along the [0001] direction of GaN, and we observed a clear
relation between the growth time with the surface composition,
film thickness, and pit morphology, which in turn had a significant
impact on the band gap, valence band maximum, and the work
function. The effect on the position of the valence band maximum
and work function is explained by the formation of superficial
oxygen-rich phases such as Ga2O3 and nonstoichiometric GaNxOy
as supported by X-ray photoelectron spectroscopy and density functional theory (DFT). We further show a change in the optical
band gap with the thickness of the porous films explained by a change in the tensile strain caused by open-core screw dislocations
that gives rise to the formation of V-pits. The correlation between strain and the band gap is supported by DFT calculations. Our
study provides insights into the intricate relation between surface states and electronic properties of semiconducting materials and
offers directions for designing GaN heterojunctions with specific optical and electronic properties.

■ INTRODUCTION
Gallium nitride is an interesting semiconductor material from
the III−V group which in recent years has gained considerable
attention due to its vast use in the fabrication of bright light-
emitting diodes, laser diodes, high-power/high-temperature
electronics, as well as in photoelectrocatalysis.1−3 When
prepared in a porous form, GaN often shows enhanced
specific surface area, optical activity, luminescence efficiency,4

and unique electronic properties, as well as lower optical
reflectance5 and tunable refractive index6 when compared with
their flat counterparts. These enhanced features are desired
when developing state-of-the-art reflective/refractive materials
and high-efficiency photoelectronics and photochemical
conversion devices. All these significantly increase the
applicability of porous GaN in photonic-based technologies.6

Another advantage of porous GaN relates to the relaxation of
the stress generated at the substrate/GaN interface due to
lattice constant mismatch.7 The reduced stress can have a
positive effect on devices by minimizing their degradation
performance.

Several techniques have been used to grow and deposit GaN
films, such as sublimation,8 molecular beam epitaxy,9 and
chemical vapor deposition (CVD),10 just to mention a few.
The main advantages of using CVD over other techniques rely
on controlling the reaction environment leading to the
production of large-scale uniform films with high purity and
stability.11,12 In addition, polycrystalline GaN films can be
deposited via CVD, resulting in nanoporous GaN coatings
with V-pits that exhibit interesting antireflective properties

suitable for a variety of technologies.13,14 In addition, there is a
clear correlation between the film growth kinetics and the
resulting surface morphology and density of pores.15−17 These
pits exhibit different properties than flat surfaces, acting as
favorable oxygen traps that can modify the electronic and
optical properties.18−22 In addition, the existence of a biaxial
strain in CVD-grown GaN epitaxial layers and possible changes
in surface composition can cause alterations in its band
structure. Therefore, it is required to investigate how changes
in film morphology and surface composition affect electronic
properties such as work function, Fermi-level pinning, and
electronic surface states, among others.

In this work, we investigate the correlation that surface
composition, film thickness, and lattice strain have over the
optical band gap, work function, and valence band maximum
of porous GaN films containing a high density of hexagonal V-
shaped pits. We discuss the formation of oxygen-rich phases on
exposed crystallographic surfaces inside the V-pits with high
oxygen affinity and associate these to an unintentional n-doped
behavior. We also observed a correlation between biaxial lattice
strain in porous GaN and the optical band gap.
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■ METHODS
Materials Growth. Porous GaN was grown via CVD by

direct reaction between metallic Ga and NH3 gas, as reported
elsewhere.23 Briefly (and shown in Figure 1a), a substrate
consisting of 1 μm-thick p-type GaN(0001) doped with Mg/3
μm-thick undoped GaN(0001)/sapphire(0001) was placed
facing the Ga droplet on a boron nitride (BN) support with a
window of approximately 0.7 × 0.7 cm2. The substrate was
placed above the window with a vertical distance of 1.7 cm.
The entire setup was placed at the center of a 2 in.-diameter
quartz tube CVD tubular furnace (Thermolyne 79300). Prior
to the growth, the system was purged by degassing to a
pressure below 10−2 Torr. NH3 was introduced at a flow rate of
75 sccm using a mass-flow controller; the flow was kept
throughout the experiment while keeping the pressure at 15
Torr. Afterward, the furnace was heated to a temperature of
930 °C by using a heating rate of 60 °C·min−1. The deposition
time was varied (15, 30, 45, and 60 min) for every experiment.
Finally, the growth was stopped by switching off the furnace
and the NH3 flow, and the system was let to cool to room
temperature under a pressure of ∼10−2 Torr.

Material Characterization. The morphology of the
porous GaN was studied with a scanning electron microscope
(Carl Zeiss Merlin FESEM), using the detector In-lens and
with an electron high tension (EHT) of 5 kV. The optical band
gaps were obtained via diffusive reflectance measurements
using an Agilent Cary 5000 UV−vis-NIR spectrophotometer
equipped with an internal diffuse reflectance accessory (DRA)
integrating sphere. X-ray photoelectron spectroscopy (XPS)
was carried out using an AXIS Ultra DLD electron
spectrometer manufactured by KRATOS Analytical LTD

with a monochromatic source Al Kα-line (1486.6 eV) and a
pass energy of 20 eV. The high-resolution spectra were
obtained using an energy step of 100 meV. Ultraviolet
photoelectron spectroscopy (UPS) measurements were
performed using an ARPES Scienta R3000 hemispherical
electron analyzer manufactured by VG SCIENTA equipped
with an ultraviolet light source with He gas, including two
photon energies (21.2 eV (He−I) and 40.8 eV (He−II)). A
schematic of the ultrahigh vacuum (UHV) system is seen in
Figures S1 and S2. Prior to the UPS measurements, all samples
were stored under UHV conditions for at least 12 h, and then
the samples were annealed at 800 °C for 5 min to remove any
contamination or adsorbed species. Afterward, the UPS
measurements were performed at room temperature. The
UPS was calibrated at room temperature using a pass energy of
5 eV resulting in a resolution of 4.8 meV, as determined by the
width of the Fermi edge measured on a Mo substrate. The
obtained binding energy (BE) values refer to the Fermi level.
The UPS spectra were measured at a normal emission
geometry with an acceptance angle of 10°, a slit width of 1.3
mm, and an energy step size of 3.98 meV. A pass energy of 10
eV was used during measurements which reduced the
resolution to 9.9 meV. The work function values were
determined from the secondary electrons cutoff spectra
measured under a bias of −5 V. A complete list of parameters
used during the UPS measurements is found in Table S1.

Computational Details. The computational studies were
performed using density functional theory (DFT) as
implemented in the Quantum Espresso code.24,25 We used
the Perdew−Burke−Ernzerhof (PBE) implementation as the
exchange-correlation functional. Norm-conserving pseudopo-

Figure 1. (a) Schematic representation of the CVD setup used to grow porous GaN. (b) Schematic representation of the multilayered substrate
(sapphire/GaN/p-type GaN) with the epitaxially grown porous GaN film with V-pits. (c) SEM micrograph of the porous GaN (60 min deposition
time) where the highlighted area indicates the hexagonal V-pits. (d) Growth direction and crystalline facets that constitute the V-pits.
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tentials (PPS) were constructed with the Martins-Troullier
approach.26 The systems were geometrically optimized until
the components in the atomic forces were less than 1 × 10−3

(a.u.), and the total energy change was less than 1 × 10−4

(a.u.). A kinetic energy cutoff for wave functions of 120 Ry was
used, and 480 Ry of kinetic energy cutoff for the charge density
and potential. The Brillouin zone was sampled using an 8 × 8
× 8 k-grid for bulk systems, while an 8 × 8 × 1 was used for
surfaces. No spin polarization was considered. After geo-
metrical relaxation, the electronic structure was evaluated using
the hybrid Heyd−Scuseria−Ernzerhof (HSE)27 approach as
exchange-correlation functional with a mixing parameter α of
0.25. A q-grid of 2 × 2 × 2 was used to sample the Fock
operator. All other parameters remained unchanged.

■ RESULTS AND DISCUSSION
Surface Morphology. Porous GaN films were grown by

direct reaction between NH3 gas and metallic Ga in a CVD
setup as schematically shown in Figure 1a. A quartz boat with
metallic Ga was placed below a BN support with an opening
window of 0.7 × 0.7 cm2. On top of the BN support, a
multilayered p-type GaN substrate (depicted in Figure 1b) was
placed facing down the metallic Ga. The entire construction
was placed inside a quartz liner that sits inside a wider quartz
tube with a controlled atmosphere (more details in the
experimental section).

Porous GaN grows epitaxially from the underlying p-doped
GaN (0001) substrate, and the formation of V-pits is
controlled by varying the growth time from 15 to 60 min.
SEM studies reveal that the pits exhibit a distorted hexagonal
shape, as depicted in Figure 1c, aligned along the [0001]
crystallographic direction of GaN, while the side walls consist
of (101̅1) GaN surfaces (see Figure 1d). Similar V-pits in GaN
were reported by Heying et al. using plasma-assisted molecular
beam epitaxy. The reported pits are formed by six {101̅1}
planes that started to merge when the density of the pits
increased,28 in agreement with our observations. All samples
produced at different growth times (15−60 min) exhibited V-
pits spread along the surface; however, the pit’s size and
distribution, as well as the porous GaN film thickness, are
strongly influenced by the deposition time.

Figure 2 shows SEM images for samples obtained at
different growth times. From these micrographs, two main
characteristics are evident: (1) The presence of faceted
particles along the surface. (2) The appearance of small
pores in addition to the large distorted hexagonal V-pits. As
shown in Table 1, the V-pit size evaluated from SEM images
increases from 104 to 246 nm as the growth time increases
from 15 to 45 min, in good agreement with AFM
measurements (Table S2). The size correlation with growth
time indicates that the V-pits merge as the thickness of the
porous GaN increases, decreasing their spatial density at longer
growth times. Finally, an increase in the thickness of the
porous GaN layer is observed from 0.5 (15 min) to 1.7 μm (60
min), as summarized in Table S2.

Note that the V-pits diameter (Table 1) reaches a maximum
value of ∼250 nm at 45 min (Figure 2e) of growth time. This
suggests that longer growth times lead to a thickening of the
pit walls, which is seen as a reduction in diameter. This is
evidenced from Figure 2f (60 min) where the space between
V-pits is increased when compared to Figure 2e (45 min). At
all growth times, faceted particles are apparent on the surface
along with the pits (Figure 2a−f).

Electronic Properties. We studied the electronic proper-
ties of the porous GaN by evaluating their optical band gap
(Eg) using diffuse reflectance spectroscopy and their valence
band maximum (VBM) and work function (ΦS) using
ultraviolet photospectroscopy (UPS). The optical band gap
was evaluated at room temperature from Tauc’s plots in Figure
S3, and the results are summarized in Figure 3. As a reference,
Eg of the clean multilayered p-type-GaN/undoped-GaN/
sapphire substrate was equal to 3.37 eV. The porous GaN
films exhibited Eg values ranging between 3.32 and 3.34 eV.
These values differed by a few meV when compared to
homoepitaxially grown GaN with a reported band gap of 3.40
eV.29 The energy difference can be attributed to surface
defects, structural strain due to the presence of V-pits, as well
as lattice strain generated by the lattice mismatch between the
grown sample and the substrate or by the presence of defects
and dislocations. However, it has been reported that the
growth of GaN on sapphire substrates results in a compressive
biaxial strain due to the lattice mismatch and differences in
thermal expansion coefficients.29,30 In our case, the GaN
substrate contains an intermediate 3 μm undoped-GaN layer
between the sapphire and the p-type GaN layer with the aim to
minimize the compressive strain caused by the sapphire
substrate. Therefore, the observed tensile strain in our samples
must have a different origin. It has been reported that GaN
grown by molecular beam epitaxy under Ga-rich conditions
experiences a formation of open-core screw dislocations
resulting in the formation of pits.31 The latter indicates that
the observed residual tensile strain could arise from the center
of the V-pits by inducing biaxial stress, in which the formation
of the V-pits is a mechanism to stabilize the energy of the
system by forming more energetically favorable surfaces.32 By

Figure 2. SEM micrographs of porous GaN at (a, b) 15, (c, d) 30, (e)
45, and (f) 60 min of growth time.

Table 1. Average V-Pits Diameter at Different Growth
Times

growth time (min) average V-pits size (nm)

15 104 ± 30
30 223 ± 39
45 246 ± 53
60 196 ± 48
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comparing Eg of our samples to a strain-free grown GaN (3.40
eV),29 we can see deviations as large as ∼0.08 eV for the
porous GaN films, while for the p-type GaN layer, the
difference was only ∼0.03 eV. The larger deviation seen on
porous GaN suggests an additional accumulation of strain
likely caused by the presence of open-core screw dislocations
which produces the V-pits.

The change in electronic band gap due to the presence of
tensile strain in GaN was corroborated by theoretical
calculations using DFT with the hybrid HSE functional.27

We evaluated the evolution of the electronic band gap by
introducing a biaxial tensile strain, as experimentally reported
for GaN grown on sapphire.29,33,34 Eight different biaxial
strains up to 1.01% were evaluated, and in this range, we
observed a perfect linear correlation between the band gap and
the induced strain (see Figure S4). A theoretical band gap of
3.27 eV was obtained which is in excellent agreement with
other theoretical studies.35−37 The observed changes in band
gap are in line with previous studies reported by Chatzopoulou
et al.38 in which Eg decreased 5.4% (3.28 to ∼3.1 eV) when
applying a 1.5% biaxial strain. In comparison, we observed a
reduction of 7.4% for a similar biaxial strain. These calculations
provide an opportunity to estimate the strain in our samples by
comparing the optical band gap to the theoretical electronic
band gap. We have done this by evaluating the relative change
in the band gap seen experimentally, which is in the range of
−1.28 to −0.78% for films grown for 15 to 60 min,
respectively. A similar change in Eg is found for strain in the
range of 0.30 to 0.73% as seen from Figure 3, where clear
similarities can be observed. Note that all Eg evaluated from the
DFT-HSE simulations are underestimated by 0.105 eV due to
an incomplete description of the electronic structure by
DFT.39 The value at zero strain is compared to the
experimental value of 3.37 eV (indicated by the black dashed
line) of the multilayered p-type-GaN/undoped-GaN/sapphire
substrate. With these results, we can conclude that the increase

in optical band gap seen in samples produced at longer growth
times corresponds with a reduction in biaxial strain, as
previously discussed.

The valence band maximum was experimentally identified
by UPS using two different photo energies (He−I and He−II).
The corresponding UPS spectra are shown in Figures S5−S8,
from which the VBM was evaluated using the expression VBM
= Δ(EV − EF). The Fermi level (EF) was taken from the
position of the previously calibrated detector as explained in
the Experimental section, while the valence band energy (EV)
corresponds to the position of the cutoff at the lowest BE side
(∼0 eV region) as obtained from Figures S5 and S6. From
these, two different VBM values are obtained when using He−I
(21.21 eV) and He−II (40.81 eV) (see Figure 4). The

difference is explained by the so-called information depth from
which the photoemitted signal originates. Here, the He−I
excitation is significantly more sensitive to the surface with an
inelastic mean free path (IMFP) in GaN of ∼2 Å, compared to
the ∼5 Å IMFP of He−II.40,41 From Figure 4, we can see that
there is a difference of 0.7 eV between the two values of VBM
for the GaN substrate obtained with He−I and He−II light
sources. The larger VBM from He−I measurements suggests
an n-type behavior of the GaN substrate, which is contrary to
what is expected since the substrate is a p-type semiconductor.
However, the He−II measurements show a more dominant p-
type behavior due to its higher penetration depth. This
discrepancy can be caused by superficial morphological
changes and the presence of surface contaminants.42

ΦS was determined from the lower cutoff UPS spectra, using
ΦS = hv − Ecutoff, using the incident photon energy (hv) of
40.81 eV from the He−II, and Ecutoff from the spectrum cutoff
at the higher BE side (∼36 eV region) is shown in Figures S7
and S8. The ionization energy (IP) can thereby be determined
by using IP = ΦS + VBM. Calculated values for VBM, ΦS, and
IP are represented in the energy diagram referenced to the
vacuum level (VL) as shown in Figure 5. By taking advantage
of the larger penetration depth of the He−II source, the
contribution of surface contaminants is minimized.

For the multilayered GaN substrate, values of 2.55 and 4.26
eV were observed for VBM and ΦS, respectively. These results
can be rationalized by considering that the presence of
hydrocarbons and oxygen/hydroxide species can shift the
VBM by several eV below the Fermi level resulting in an

Figure 3. Experimental optical band gap as a function of growth time
and DFT-HSE simulated electronic band gap as a function of biaxial
strain. The black dashed line represents the experimental Eg of the
strain-free p-type-GaN/undoped-GaN/sapphire substrate. The error
bars were obtained from the linear fit performed in Tauc’s plot, Figure
S3. The red dashed line is the electronic Eg of the unstrained GaN
bulk evaluated by DFT-HSE.

Figure 4. VBM position obtained with two different light sources,
He−I and He−II, for samples produced at different growth times.
The box indicates the values corresponding to the p-type-GaN/
undoped-GaN/sapphire substrate.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c05878
J. Phys. Chem. C 2023, 127, 24658−24665

24661

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05878/suppl_file/jp3c05878_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05878/suppl_file/jp3c05878_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05878/suppl_file/jp3c05878_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05878/suppl_file/jp3c05878_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05878/suppl_file/jp3c05878_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05878?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05878?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05878?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05878/suppl_file/jp3c05878_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c05878/suppl_file/jp3c05878_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05878?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05878?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05878?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05878?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c05878?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c05878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


apparent n-type behavior, as reported by Tracy and co-
workers.43 This is further evidenced in the He−I measure-
ments, when the lower penetration depth reveals a VBM of
3.25 eV, with a Fermi level just 0.15 eV away from the
conduction band of bulk GaN (Eg = 3.4 eV), pointing toward
the presence of surface contaminant. Note that these drastic
changes in VBM can result even if the contaminants are below
the detection limit of XPS,43 which is likely the case in our
samples as discussed later. Samples containing the porous GaN
film show markedly different VBM and ΦS values in
comparison to the reference GaN substrate. ΦS of porous
GaN lies in a narrow range of 4.52−4.64 eV with no clear
correlation to deposition time. The presence of adsorbed
oxygen has been associated with changes in ΦS for related
materials.44−47 On the other hand, the VBM shows a clear
reduction with a longer growth time, decreasing from 3.74 to
2.83 eV. The significantly larger VBM in samples with only 15
and 30 min of deposition time strongly suggests the presence
of additional donor states. It is known that the valence band
spectra of GaN are governed by hybridized states (N 2p-Ga-
4p, N-2p-Ga 4s, N 2p-Ga 4s, and mixed orbitals) and satellite
peaks.32,48−50 Therefore, the VBM position is mostly affected
by the density of the N−Ga states. Hawkridge and Cherns51

reported that oxygen can accumulate at the pit surfaces and
substitute the nitrogen that is exposed at the (101̅1) facet. The

introduction of oxygen can eventually generate donor states,
causing the observed increase in VBM. XPS measurements
discussed in the following section support the correlation to
the density of the N−Ga states by the existence of
nonstoichiometric GaNxOy observed in samples with 15 and
30 min of deposition time. For samples with a deposition time
of 45 and 60 min, the VBM reduces and approaches that of the
p-type GaN substrate, with a difference of only 0.27 eV
between the 60 min porous GaN and the GaN substrate. This
difference could be related to a higher content of contaminants
(oxygen/hydroxides) on the porous GaN due to the new
crystal surfaces exposed and to the larger surface area due to
the porous nature.

Surface Characteristics. The elemental composition and
chemical states of the surface of the porous GaN films were
characterized by XPS. Figure 6a shows the high-resolution XPS
of Ga(3d) for samples at different growth times with a mean
feature centered at a BE of ∼20.0 eV.52 The Ga (3d) spectra
were deconvoluted in three peaks attributed to different
chemical bonds: the first peak at ∼18.1 eV related to Ga−Ga
bonding, a second at ∼19.6 eV attributed to the Ga−N states,
and a third peak at ∼21.0 eV which corresponds to Ga−O
states.52 Note that the Ga−Ga feature is observed only for the
lowest growth time (15 min), likely due to an incomplete
formation of a GaN film. The BE of the Ga−N peak shifts from

Figure 5. Energy diagram aligned to the VL for samples produced at different growth times. These values were obtained using He−II as the
excitation source. CBM, VBM, and EF represent the conduction band minimum, valence band maximum, and the Fermi level, respectively.

Figure 6. XPS deconvolution of states in the (a) Ga (3d), (b) O (1s), and (c) N (1s) spectra for samples at different growth times.
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19.6 to 20.2 eV with increasing deposition time, while the Ga−
O states appear only for samples grown at 30, 45, and 60 min
with similar intensity. A comparison between Ga−N and Ga−
O states is shown in Figure 7a. According to the literature, the

Ga−O states can be attributed to Ga2O3,
53 while the shift in

the peak energy is a strong indication of the presence of band
bending in the surface which affects the electronic properties
due to the presence of different surface states.32

The XPS region around the O-1s BE is shown in Figure 6b.
The deconvolution of the spectra shows three peaks at BE
values of 530.2, 531.6, and 533.2 eV corresponding to the
chemical states of GaNxOy, Ga2O3, and hydroxyl species
(−OH), respectively.52 A decrease in the contribution from 42
to 13% of GaNxOy states with time is observed, while Ga2O3
states increase from 50 to 82% (from 15 to 45 min of
deposition time), indicating a clear increase in Ga oxides at the
surfaces of the V-pits. Note that there is a slight reduction of
oxide states to 80% for a growth time of 60 min. The last
observation could indicate that the size of the V-pits limits the
amount of oxygen coverage inside the pits. The changes
between Ga2O3 and GaNxOy are easily observed in Figure 7b,
where the Ga2O3/GaNxOy ratio increases with the deposition
time.

The deconvolution of states in the N (1s) spectra is shown
in Figure 6c, where three peaks are observed at BE values of
396.8, 398.1, and 399.2 eV corresponding to N−Ga, N−H,
and N−O, respectively. The features not resolved in Figure 6c;
corresponding to energies <396.2 eV (marked with an arrow),
are related to Ga LMM Auger transition corresponding to
electron transitions between different energy levels, these can
reveal different chemical environments seen in the porous GaN
films, where the presence of GaOxNy has shown suppressed
Auger transitions,54 in agreement with our XPS results. Besides
the N−Ga states, we found features corresponding to N−O
and N−H states that slightly fade away with the growth time.
At 15 min of deposition time, there is a significant contribution
of nitrogen bonded to hydrogen which likely originates from
the partial decomposition of the NH3 gas, while the nitrogen−

oxygen states could be related to the presence of non-
stoichiometric GaNxOy as seen in the O (1) spectrum. At 60
min of growth time, the porous film consists mostly of GaN
and Ga2O3, with some remanent of GaNxOy.

We performed DFT simulations to investigate the feasibility
of forming oxidized species (e.g., Ga2O3, GaNxOy) onto GaN.
We evaluated the adsorption energy of oxygen (EO

ads) relative to
O2(gas) on the surface of two crystallographic surfaces seen in
the V-pits, namely, Ga-terminated (0001) and the (1̅011) as
indicated in Figure 1d. The EO

ads values were obtained using
periodic (0001) and (1̅011) surfaces without considering edge
effects, and their values are shown in Figure 8 as guidance (see

the experimental section for further details). The EO
ads values on

both Ga-terminated (0001) and N-terminated (1̅011) surfaces
have relatively similar values of −3.1 and −3.6 eV, respectively.
Note that negative EO

ads indicates favorable oxygen adsorption.
The magnitude of EO

ads indicates a strong interaction between
the oxygen with Ga and N on both surfaces, eventually leading
to the formation of the experimentally observed GaNxOy and
Ga2O3, in agreement with the XPS and UPS measurements.
This information is depicted in Figure 8, where an idealized
atomic model of a V-pit in the Ga-terminated (0001) surface is
shown, indicating the plausible origins of GaNxOy and Ga2O3.

■ CONCLUSIONS
Crystalline and porous gallium nitride films were deposited by
the chemical vapor deposition technique onto a p-type GaN/
undoped-GaN/sapphire substrate at different growth times
due to the reaction of metallic Ga and NH3. We have observed
a clear relation between the deposition time used with the
thickness, morphology, and optical and electronic properties
exhibited for the films obtained. An interesting finding is the
presence of V-pits orientated along the [0001] direction of
GaN, in which these V-pits can significantly modify the surface
and electronic properties of the material. Our DFT calculations
show that the main crystallographic planes observed in the V-
pits present a high adsorption energy for oxygen, being this the
main reason for the change in size with the deposition time
due to the formation of oxygen-rich phases such as Ga2O3 and
nonstoichiometric GaNxOy on the inner surface of V-pits. We
can conclude that the change in the ratio of the Ga2O3 and
GaNxOy phases with time, as indicated by the XPS results,
strongly modifies the work function and the VBM
experimentally measured by UPS. On the other hand, the
decrease observed in the optical band gap of the porous films is
more related to changes in the tensile strain introduced by the
presence of open-core screw dislocations rather than the lattice

Figure 7. Ratio among (a) Ga−O and Ga−N and (b) Ga2O3 and
GaNxOy chemical states for the samples grown at different deposition
times.

Figure 8. Schematic configuration of a V-pit in GaN showing the
crystal planes involved in its formation. The oxygen adsorption
energies (EO

ads) were obtained using periodic surfaces and are stated
here as guidance.
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mismatch and differences in thermal expansion coefficients
between the GaN and the sapphire substrate. We have also
supported this result with DFT calculations, and the good
correlation between the experimental and theoretical data
opens the possibility for fine-tuning the material's optical
properties depending on the needs. We believe that the
detailed study presented in this work not only shows the
intricate relation between surface states and electronic
properties of semiconducting materials but also gives clear
directions for the design of GaN heterojunctions with specific
optical and electronic properties as required, as an example, on
different kinds of electronics components.
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