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Introduction

ABSTRACT

Mg-doped p-GaN, which cannot be etched and porosified by wet etching, is
annealed in a N, environment to fabricate porous p-GaN for the first time. In the
annealing temperature range of 900-1150 °C, the pore size and pore density
increase with the annealing temperature rising. The porous p-GaN with a
V-shape pore structure obtained at 1050 °C presents the best crystal quality. We
demonstrate that the formation of porous structures is largely due to the
decomposition of GaN molecules located at the defects in the p-GaN epitaxial
film. Porous p-GaN epitaxial wafers can be used to prepare violet light pho-
todetectors. Compared with the as-grown sample, the porous GaN obtained at
1050 °C exhibits faster carrier mobility, higher light response speed, lower
surface state density and similar visible light transmittance. Our work will
promote the development of porous p-type GalN materials.

blue lasers, ultraviolet detectors) and power elec-
tronic devices (e.g., heterojunction field effect tran-
sistors)[2, 5-7]. Compared to GaN epitaxial films,

As a common third-generation semiconductor mate-
rial, GaN has excellent optical, electrical and chemical
properties such as high carrier mobility, wide direct
band gap (3.4 eV), high breakdown voltage (3.3 MV/
cm), high chemical and thermal stability, and high
thermal conductivity (1.3 W/(cm-K)) [1-4]. These
excellent characteristics make GaN presents a wide
range of application prospects in light-emitting
devices (e.g., blue and green light-emitting diodes,
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porous GaN obtained by etching has many advan-
tages such as low defect density, large specific surface
area and high photoelectric performance [1, 3, 8, 9].
Therefore, porous GaN can be applied in many fields
such as crystal growth, water splitting, light-emitting
diodes (LEDs) and energy storage [1, 10, 11].

So far, the methods for preparing porous GaN
materials included dry etching and wet etching. Dry
etching includes plasma etching, reactive ion etching
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and laser ablation. However, issues such as yield and
cost make such a process still somewhat cumbersome
[12-14]. Wet etching can be divided into chemical
etching, electrochemical (EC) etching and photo-as-
sisted electrochemical (PEC) etching [15, 16], which
has several advantages over dry etching such as low
stress, high yield, and low cost [17]. The etching
mechanism is that GaN is oxidized at the defects, and
then the corresponding oxide is dissolved in the
etching solution (e.g., HF acid and oxalic acid) [18].
For p-GaN, however, the Fermi energy level is close
to the position of the valence band, and the ionization
energy required by its electrons is much greater than
that of n-GaN, so it is difficult to oxidize it through
electrochemical methods [19]. Therefore, it is abso-
lutely necessary to find a high yield and lost cost
method that can replace dry etching to prepare por-
ous p-GaN.

In this paper, we explore a novel method for
porosizing p-type GaN epitaxial films. The thermal
annealing in N, ambient can lead to formation of
porous p-GaN [20]. Compared with the as-grown
GaN epitaxial wafer, the porous p-GaN film fabri-
cated at 1050 °C has better crystalline quality, higher
carrier mobility and similar visible light transmit-
tance. To study the possible applications, the p-type
porous GaN was made into a metal-semiconductor-
metal photodetector, which has higher photoelectric
response effect than the as-grown GaN detector.

Experimental details

Mg doping p-GaN(0001) films with a thickness of
about 2pm and a doping concentration of
1 x 10" cm™ are deposited on c-face sapphire
(double-sided polishing and single-sided polishing)
substrates by metal organic chemical vapor deposi-
tion (MOCVD). The as-grown samples are placed
into tube furnace for annealing at different tempera-
tures (e.g., 900, 1000, 1050, 1100 and 1150 °C) for 1 h
under an atmosphere of high purity N, (56 N) (0.6
NL/min). Subsequently, the annealed samples are
immersed in a boiling saturated solution of NaOH for
30 min, to reduce possible oxidation in the annealed
samples. Finally, photodetectors are fabricated by
using that Ti film and gold film with a thickness of
5 nm and 40 nm were grown on the GaN film before
and after the annealing by a thermal evaporation
method, respectively. The patterns are 250 um-wide
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and 5.2 mm-long with a 100 pm wide inter-finger
spacing.

The surface morphology of samples is observed by
scanning electron microscope (SEM, Nova Nano SEM
450), while the high-resolution X-ray diffraction
(HRXRD, Smartlab3kW) was applied to assess the
lattice quality of the samples. The room-temperature
Raman spectra of the samples were measured to
assess the in-plane stress before and after annealing.
The optical transmittance of the samples grown on
the double-sided polished sapphire substrates was
measured by a TU-1901 double-beam UV-Vis NIR
spectrophotometer to prove the difference in optical
properties, whereas the carrier concentration, mobil-
ity and resistivity of the samples before and after
annealing at 1050 °C are determined by Hall test
(semishare X1). The elemental composition of the
sample surface was evaluated by X-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB 250XI). The
time response measurements of photodetectors were
carried out under 405 nm violet light illumination at
an applied bias of 5 V.

Results and discussion

Figure 1 shows the top-view SEM images of the p-
GaN(0001) samples within the temperature range of
900-1150 °C and the photographs of corresponding
GaN samples. It can be observed that the annealing
leads to the formation of V-shape pores which are
defined by the six (10 11) planes. This is because the
structure has the lowest surface energy in hexagonal
wurtzite structure [21]. The pore size and density of
the samples increase with the annealing temperature
rising. When the temperature is or exceeds 1100 °C,
the pores will begin to overlap, and pore size
increases with the annealing temperature rising. The
insets display the photographs of corresponding GaN
samples under room light illumination and the
transmittance of card printed with a logo. The logo
can be clearly observed through the annealed sam-
ples at 900-1050 °C, meaning that the annealing is the
uniform porosification process across the entire epi-
taxial wafer. Although the smooth surface of samples
obtained at 1100 and 1150 °C is observed by using the
naked eye, the films are opaque, which should be
contributed to scattering of light due to the existence
of a large number of pores.
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Figure 1 Top-view SEM
images of p-GaN thin films
annealed at a 900, b 1000,

¢ 1050, d 1100 and e 1150 °C.
The insets are photographs of
annealed GaN samples on a
card with the Shandong
University Logo.

When the annealing temperatures are 1000 and
1050 °C, the pore density is 3.6 x 10° and
7.1 x 10® cm?, respectively. These values are within
the reported range of threading dislocation density
(10"-10” cm™?) [22]. It has been known that for GaN
grown on sapphire substrates, most threading dislo-
cations are parallel to the growth direction (i.e., the c-
axis) [23], which is in agreement with the growth
direction of V-shape pores (Fig.2 (a)), probably
indicating that the V-shape pores should be related to
the threading dislocations [24, 25]. Because the lattice
atoms at the defect positions have worse stability
than those at other positions, the lattice molecular in
the ‘defect’ positions are decomposed and form metal
Ga [20, 24]. The corresponding chemical equation is
as follows [26]:

2GaN(s) — Ga(l) + Ny(g) + Ga(g).

Under the high temperature of more than 900 °C,
the formed Ga nanodroplets are evaporated, leading
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to V-shape pores along the [000 1] direction. When
the annealing temperature is above 1100 °C, the
decomposition of GaN molecules will occur across
the entire GalN epitaxial wafer, resulting in formation
of an opaque GaN epitaxial wafer (see the insets in
Fig. 1(d) and Fig. 1(e)).

Figure 2(b) summarizes the phase diagram of the
observed morphology and optical properties, which
is related to annealing temperature and time. Here,
the SEM images which vary with the annealing time
are not provided. The phase diagram consists of
mainly porous region which is opaque, porous and
nonporous regions (these three regions are delineated
by solid lines as a visual guide). In the porous region,
the annealing temperature and time have a profound
effect on the pore morphology, as shown in Fig. 1.
The pore size and density increase with the annealing
temperature and time rising.

To investigate the porous p-type GaN quality, the
structural, optical, and electrical properties are ana-
lyzed in turn. The XRD w-rocking curve and
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Figure 2 a Cross-sectional
SEM images of porous p-GaN
thin film annealed at 1050 °C,
b Different annealing
characteristics related to the
annealing time and
temperature of GaN. Three
regions are defined: no porous,
porous and transparent, porous
and non-transparent regions.

corresponding FWHM of (0002) symmetry planes of
the GaN films annealed under the different temper-
atures are depicted in Fig. 3. The w-rocking curves of
the GaN samples before and after the annealing do
not present significant change (Fig. 3(a)), indicating
that the GaN epitaxial films still have single crystal
characteristics after the annealing. However, the
FWHMs of the peaks narrow first and then widen
with the increasing of the annealing temperature
(Fig. 3(b)), meaning that the annealing can lead to
improvement of GaN crystal quality in the tempera-
ture range from 900-1050 °C. The improvement
could be contributable to the decrease in native
defects inside the films and/or stress relaxation
[17, 24]. In addition, the annealing temperature above
1100 °C will severely damage the film structure as
shown in Fig. 1(d) and Fig. 1(e), leading to a signifi-
cant deterioration of the crystal lattice quality of the
films [27].

Figure 4 displays the room-temperature Raman
spectra of the samples annealed at the different
temperatures. A strong E, (high) peak and a weak A,
(TO) peak are observed at 570 and 735 cm ™' in all
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samples, respectively, which meets the Raman
selection rules for wurtzite GaN [28]. Although there
are a lot of pores in the films, the E; peaks do not
present significant red shift, i.e., the annealed films
do not have obvious stress relaxation [29], which
should be related to the sparse pores (Figs. 1 and
2(a)). The E; (TO) peak emerges in the spectra of the
samples annealed at 1050 and 1100 °C, which should
be ascribed to the increased scattering of the non-
planar (e.g., pore wall) of porous GaN structures [30].
Therefore, the improvement of GaN crystal quality in
Fig. 3 should be attributed to decrease in the defects
rather than the stress relaxation after the annealing.

The insets in Fig. 1 only qualitatively explain the
transmission characteristics of the annealed samples.
To quantify the transmittance of annealed samples,
the GaN films were grown double-sided polished
sapphire substrates. Figure 5 shows the optical
transmittance of GaN epitaxial wafers before and
after the annealing. It can be seen from this figure that
the optical transmittance of the 1050 °C-annealed
sample can be almost consistent with that of the as-
grown sample. When the temperature reaches

Figure 3 XRD w-rocking
curve and corresponding
FWHM of (0002) symmetry
planes of the GaN films treated
under different annealing
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Figure 4 Raman spectra of the as-grow film and annealed at 900,
1000, 1050 and 1100 °C.

1100 °C, however, the optical transmittance decreases
significantly, which is blamed to the surface structure
that is damaged severely under the high anneal
temperature, resulting in a significant increase in
diffuse scattering [31].

The Hall test is performed to assess the changes in
electrical properties before and after the annealing.
The carrier concentration, mobility and resistivity of
the samples before and after the annealing at 1050 °C
are exhibited in Table 1. Compared to the as-grown
sample, the carrier concentration of the annealed
sample decreases slightly, while the carrier mobility
and resistivity increase slightly. The reduction in the

carrier concentration could be due to the
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Figure 5 The optical transmittance of the annealed p-GaN wafer
under the different temperatures.

decomposition of GaN region with the local high
carrier concentration [18]. The increase in the carrier
mobility should be related to decrease in the carrier
concentration and defects. The decrease in carrier
concentration leads to decrease in the scattering
between free carriers, while the decrease in the
defects caused by the annealing results in decrease in
the scattering of lattice defects [32-35]. However, the
effect of increased mobility is not enough to offset the
effect of reduced carrier concentration on resistivity,
so the resistivity of the annealed sample increases
[36].

Figure 6 depicts the XPS scan result of the GaN
thin films before and after the annealing at 1050 °C.
The core peaks of the charges have been corrected by
carbon peak. It can observed from Fig. 6(a) that the
two samples present a O 1s peak located at ~
531.5 eV, mainly resulting from the adsorption of
oxygen-containing pollutants on the sample [37].
Compared to the as-grown sample, the O 1 s peak of
the annealed sample is stronger, which is due to
larger specific surface area of porous GaN.

The XPS fine spectra of N 1s with Ga Auger
electron spectroscopy (AES) and Ga 3d of the as-
grown and annealed samples are depicted in Fig. 6
(b) and Fig. 6 (c), respectively. Figure 6(b) shows that
the N 1 s peaks of the as-grown and annealed GaN
are centered at 395.98 and 395.78 eV, whereas the
corresponding Ga 3d core lines are located at a
binding energy of 18.87 and 18.17 eV (see Fig. 6(c)),
respectively. These red shifts of 0.2 and 0.7 eV indi-
cate the decrease in the number of Ga-N bonds, i.e.,
the number of dangling bonds in the surface region of
the porous p-GaN increases, which is in agreement
with Mg doped p-GaN [38]. In addition, the FWHM
values of the Ga 3d and N 1 s core level peaks for the
annealed sample are 1.48 and 1.2 eV, respectively,
which are much smaller than those (1.60 and 1.45 eV)
of the as-grown sample. These results indicate that
the annealing can lead to decrease in the surface state
density of the sample [39], meaning that the annealed
GaN sample can create better Ohmic contacts than
the as-grown p-GaN.

To investigate the possible application of porous
p-GalN, the samples before and after the annealing
were used to fabricate metal-semiconductor-metal
photodetectors. The schematic diagram of the porous
p-GaN photodetector is shown in Fig. 7 (a). Due to
formation of the Schottky-type contact at the interface
of the Ti and GaN, the current of the detectors keeps
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Table 1 Carrier concentration,

carrier mobility and resistivity Sample Carrier concentration (cm™>)  Carrier mobility (cm*>V~'-S™!)  Resistivity (Q-cm)
OﬁtthetfaN Sa“;!’les tt’elfgz_%afg As-grown  2.85 x 10! 226 x 10? 9.7 x 102
?orer1 he e Annealed  1.45 x 10" 2.68 x 107 1.6 x 107
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a small state under dark conditions. When the devi-
ces are irradiated, the high-energy photons excite the
GaN layer and generate electron-hole pairs. Subse-
quently, the photo-generated electrons and holes in
the depletion region are separated and drift to the
positive and negative electrodes under an applied
bias, respectively, leading to the formation of pho-
tocurrent. The time-dependent photo responses of the
photodetectors under 405 nm are display in Fig. 7
(b) and Table 2. The rise (t,) and fall (t4) times are
defined as the time for the current to rise to 90% of
the maximum value and the current to fall to 10% of
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the maximum value, respectively, whereas the on/off
ratio refers to the ratio of photocurrent to dark cur-
rent [40]. The photo-response of detectors at 405 nm
(3.06 V) is less than the band gap (3.4 eV) of GaN,
which is due to the impurity band to widen caused
by Mg doped and enter the valence band to form a
band tail, resulting in a narrower band gap of the
sample (Fig. 7(c)) [41].

Compared with the S; photodetector, the S, and S3
detectors show excellent characteristic, in terms of
response speed and switching ratio (see Table 2),
suggesting that the GaN films after the annealing
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Figure 7 a Schematic (a)
diagram of photodetector,

b time response of on/off
switching for the
photodetector fabricated by the
GaN samples before and after

40nm Au
5nm Ti

the annealing under 405 nm
light illumination, ¢ band
structure of the samples before Sapphire

and after the annealing.
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Table 2 The rise time (t,), fall time (t4), photocurrent (Iynoo),
dark current (Ija) and the on/off ratio (Iynoto/ldarc) Of the
photodetectors fabricated by the GaN films before and after the
annealing

Sample T (S) Td (S) Iphoto(HA) Idark(lJ-A) Iphoto/ Idark
S,? 19.11 1895 3.60 2.95 1.22
S,° 0.078 0.155 1.33 6.71 x 10* 2.0 x 10°
S;© 0297 0.590 1.34 0.47 2.85

a—cC

corresponds to photodetectors of as-grown GaN, 1050 °C-
annealed GaN and 1100 °C-annealed GaN

have the potential to make photodetectors. To explore
the effect of the annealing temperature, a comparison
is made between the two photodetectors prepared by
the annealed GaN films. It can be observed from
Table 2, the S, photodetector presents much better
photoelectric conversion performance (e.g., higher
on/off ratio and faster response speed) than the S
detector.

Owing to the 1100 °C-annealed GaN film with the
badly damaged surface, the 1050 °C-annealed sample
has lower interface trap state density generated by
the defects at the interface between GaN and metal,
which can increase the height of the Schottky barrier.
The high Schottky barrier can present electrons from
overcoming the barrier to generate leakage current
[42], meaning that the dark current and on/off ratio
of the S, photodetector are much lower and higher

: E \ 27
After

8(® 0 25 50 75 100 125
Time (s)

than the S;, respectively. Furthermore, the response
speed is mainly affected by the carrier drift process in
the film as well as the recombination and generation
of electron-hole pairs [6]. Therefore, the increase of 1,
and 14 of the S; photodetector should be attributed to
deterioration of the crystal at 1100 °C, leading to
destruction of the periodic potential field. The
destruction results in the enhancement of scattering
[35, 43, 44]. These factors indicate that the 1100 °C-
annealed sample has lower carrier mobility than the
1050 °C-annealed sample.

Conclusion

Due to the chemical inertness of p-type GaN, it can-
not be applied to fabricate a porous structure by wet
etching. We report a novel method to fabricate por-
ous p-GaN films by the thermal annealing in N,
atmosphere. Compared with the as-grown sample,
the annealed samples have high responsibility at the
visible light regions, and the porous GaN obtained at
1050 °C exhibits faster carrier mobility, higher
response speed and similar visible light transmit-
tance. Our studies will enable the rational control of
porous structure toward the fabrication of GaN-
based devices having the desired optoelectronic
properties.
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