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Gallium nitride (GaN), as a typical wide bandgap semiconductor, is an excellent candidate to fabricate the high-
performance UV photodetector, due to its excellent intrinsic nature. However, the weak light absorption of conventional
bulk GaN limits the further improvement of photo-response of GaN-based photodetectors. Here, we have prepared a
longitudinal porous GaN using a simple electrochemical etching process, and then fabricated a porous GaN-based pho-
todetector (Porous PD). The photo-response in the Porous PD has been improved significantly compared to the control
planar GaN-based photodetector (Planar PD). At —1.2 V, the photo current (Ippot0) in the Porous PD is ~ 75 times higher
than that of Planar PD, and the maximum responsivity of the Porous PD can reach 3.11 x 10* A/W, which is attributed
to the large internal gain (> 1.06 x 10°). The maximum specific detectivity of the Porous PD has also been calculated
to be 5.22 x 10'3 Jones, two orders of magnitude higher than that of the Planar PD. Our work paves the way to develop
high-performance GaN-based PDs for detecting weak optical signals.

Keywords: gallium nitride, nanopores, photodetector, electrochemical etching
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1. Introduction

Ultraviolet (UV) photodetection technique has been
widely used in many advanced application fields, such as
flame detection, space communication, environmental moni-
toring, and high-density photomemory, etc.[!=3] The key de-
vice to achieve UV photodetection is UV photodetector. Gal-
lium nitride (GaN), as a typical wide bandgap semiconductor,
is an excellent candidate to fabricate the high-performance UV
photodetector, due to its excellent intrinsic nature, 1 such
as direct wide bandgap (UV absorption window), high break-
down voltage, superior radioresistance, high electron satura-
tion drift velocity, high chemical and thermal stability, etc.
Until now, many kinds of GaN-based UV photodetectors have
been reported,”! including pin photodetector, and metal—
semiconductor-metal (MSM) photodetector. Among them,
the MSM structure has drawn lots of attention because of its

10,11

advantages,[!%!!] such as easy to fabricate and integrate, low

electric capacity, etc. However, due to the weak light absorp-

tion of bulk GaN, the traditional GaN-based MSM UV pho-

todetectors exhibit a low responsivity of 1.31 A/W,!?! indi-

cating a low photo-response.
An alternative approach to improve the photo-response of

GaN-based photodetector is to introduce nanostructures, 3131
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CSTR: 32038.14.CPB.ae0018

which has larger surface-to-volume ratio and the light mod-

16-18] 1 arger surface-area-to-volume ratio can

ulation effect. !
significantly increase the light absorption, resulting in the en-
hancement of the photo current and photo-gain,['”! while the
light modulation from the nanostructure itself can ‘trap’ the
incident light entering the interior of GaN, leading to the im-
provement of the light absorption. In addition, the formation
of nanostuctures can not only improve the light absorption of
GaN film, but also induce a lot of surface defects and dangling
bonds. These surface defects and dangling bonds serve as
the trap centers to capture/emit photo-generated carriers (trap-
ping effect), which would significantly prolong the lifetime
of the photo-generated carriers, resulting in a larger photo-
gain. 120211

So far, various types of nanostructured GaN have been
demonstrated in past decades,?>~*! including nanocolumns
GaN, silver-decorated GaN, nanorod GaN, etc. Neverthe-
less, the fabrication methods adopted in these works are top-
down etching methods and need to prepare masks before
etching,m‘ZSJ either aluminum oxide (AAO) membranes or
rapid thermal annealing metals, which makes the whole fab-
rication process more complicated and largely increases the
time and cost spent on the process. Different from these nanos-
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tructrues, nanoporous GaN can be fabricated using a sim-
ple electrochemical etching process, reducing the preparation
cost.

Here, we have fabricated a longitudinal porous GaN us-
ing a simple electrochemical etching process, which largely
reduces the complexity and cost for fabricating nanostruc-
tured GaN. The SEM images show that the pores density and
porosity in the porous GaN are calculated to be 3.75 um~2
and 0.83%, respectively, and the average diameter of the pore
channels is ~ 49.5 nm. The PL peak position of the porous
GaN (363.28 nm) exhibits a slightly red shift compared to
that of the planar GaN (363.19 nm), which is attributed to the
strain relaxation after formation of lots of nanopores verified
by Raman spectra. The photo-response in the Porous PD has
been improved significantly compared to the control Planar
PD. At —1.2 V, the photo current (Iphoro) in the Porous PD
is ~ 75 times higher than that of the planar GaN-based pho-
todetector (Planar PD), and the maximum responsivity of the
Porous PD can reach 3.11.x10* A/W, which is attributed to
the large internal gain (> 1.06 x 10°). The maximum specific
detectivity of the Porous PD has also been calculated to be
5.22 x 10'3 Jones, two orders of magnitude higher than that of
the Planar PD. This high performance GaN-based PDs lay a
foundation for detecting weak UV optical signals.

2. Experimental details
2.1. Fabrication of the longitudinal porous GaN

The whole GaN epitaxial structure consists of a c-plane
sapphire substrate, a 30-nm-thick nucleation layer, and a 3-
um-thick Si-doped GaN layer.
metal-organic chemical vapor deposition, with high purity

trimethylgallium and ammonia as the precursors, hydrogen as
26,27

The epitaxy technique was

the carrier gas.*6?”] The Hall measurement results show that
the specific doping concentration of the Si-doped GaN layer
is 3 x 10" cm™3. Afterwards, the as-grown GaN piece served
as the anode and immersed into the 1-mol/L NaOH solutions
together with a Pt cathode. Under an applied voltage of 30 V,
partial GaN was oxidized and dissolved after 5 min, and the

related chemical reactions are as follows:

2GaN +6H,0+6h* — Ga(OH); + N, +6H', (1)
Ga(OH)3 +OH™ — GaO, +2H,0. 2)
Finally, the as-grown GaN piece was picked out from the elec-

After
dried by the N gun, the fabrication of the porous GaN was

trolyte solution and cleaned in the deionized water.

completed, and the schematic fabrication diagram is shown in
Fig. S1 of the supporting information.

2.2. Fabrication of the longitudinal porous GaN-based
photodetector

Based on the preparation of the porous GaN, the corre-
sponding porous GaN-based photodetector (Porous PD) was

fabricated, and for comparison, we also fabricated planar
GaN-based photodetector (Planar PD) as reference. The elec-
trode pattern was designed to be interdigital pattern to col-
lect photo-generated carriers more efficiently, which was de-
fined by lithography technology.?®! The electrode materials
were 50 nm-thick Ti and 250-nm-thick Au, and the deposition
technique was magnetron sputtering. The length and width
of the interdigital fingers are 285 um and 10 pum with the
space of 10 pm, and the active area of the photodetectors is
300 pmx400 pm, as shown in Fig. S2 of the supporting infor-
mation.

2.3. Measurements

FEI NanoSEM650 was used to take the SEM pictures
and observe the morphology of the porous GaN and the pla-
nar GaN. High-Resolution Raman Imaging System (Renishaw
inVia-Qontor) was used to measure the photoluminescence
(PL) and Raman spectra, and the corresponding laser wave-
lengths were 325 nm and 532 nm, respectively. An optoelec-
tronic measurement system, consisting of an Agilent semicon-
ductor parameter analyzer B1500A to collect -V data, a 150-
W Xe lamp served as light source, an OmniA 300 monochro-
mator to tune the light wavelength, and a calibrated power me-
ter Thorlabs GmbH. PM 100D to measure the light power, was
assembled to measure the /-V characteristics of the Porous PD
and the Planar PD.

3. Results and discussion
3.1. Characterization of the longitudinal porous GaN

Figures 1(a) and 1(b) show the top-view SEM images of
the planar and porous GaNs. Compared to the planar GaN,
lots of pores appear on the surface of the porous GaN, which
can be illustrated as follows. Due to the heteroepitaxy, there
are a lot of surface defects in the GaN film grown on sap-
phire substrate. When applied voltages, these defects with
high chemical activity will oxide and dissolute during electro-
chemical etching, resulting in the formation of surface pores.
Because of the random distribution of defects, the positions of
the formed surface pores are also randomly distributed. The
more detailed illustration about the formation of these pores

29-32] We have con-

can be referred in our previous works.!
ducted statistics on the pore area distribution in the top-view
SEM image of the Porous GaN using Image-Pro Plus software,
as shown in Fig. S3. The number, the mean area, the pores
density, and porosity of the nanopores are calculated to be 178,
0.0022 pum?, 3.75 um~2, and 0.83%, respectively. Figures 1(c)
and 1(d) show the corresponding cross-sectional SEM images
of the planar and porous GaNs. It can be seen clearly that
the pore channels have already penetrated through the entire
n-GaN film in the porous GaN, and the average diameter of
the pore channels is ~ 49.5 nm.

048503-2
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Fig. 1. Top-view SEM images of (a) the planar GaN and (b) the porous GaN, respectively. Cross-sectional SEM images of (c) the planar GaN
and (d) the porous GaN, respectively. (e) Photoluminescence and (f) Raman spectra of the planar and porous GaNs.

To investigate the physical properties of GaN film before
and after the formation of nanopores, we measured the photo-
luminescence (PL) spectra of the planar and porous GaNs, as
shown in Fig. 1(e). The full width at half maximum (FWHM)
of the porous GaN is 7.94 nm, slightly wider than that of
the planar GaN (7.16 nm), which is attributed to more sur-
face defects in the porous GaN. During electrochemical etch-
ing process, the dissolution of GaN molecules not only forms
nanopores, but also leaves lots of dangling bonds and sur-
face defects.>3] The PL peak position of the porous GaN is
363.28 nm, exhibiting a slightly red shift compared to that of
the planar GaN (363.19 nm), which is attributed to the strain
relaxation after formation of lots of nanopores.**3>! Due to
the heteroepitaxy, there are a lot of compressive stresses in
the GaN film grown on sapphire substrate, which increases
the energy bandgap of the GaN film.[3 After electrochemical
etching, lots of nanopores are formed in the GaN film, and the
residual compressive stresses can be relaxed, resulting in the
decrease of the energy bandgap and the slightly red shift of the
PL peak.[3*3]

The strain change can be verified using Raman mea-
surement, as shown in Fig. 1(f). Compared to the pla-
nar GaN (569.41 cm™!), the E,(high) phonon peak of the
porous GaN shifts to 569.24 cm™!, indicating a compressive
strain relaxation, which is consistent with the PL measurement
result.[3236] The specific relaxation strain can be calculated to
be 0.04 GPa using the following equation: (37!

Aw
O =
43 (cm~!-GPa!)’
where o represents the biaxial stress and Aw is the relative
shift of Ep(high) phonon peaks. We also measured the re-

flectivity spectra of the planar and porous GaNs, as shown

in Fig. S4. Compared to the planar GaN, the reflectivity of
the porous GaN decreases significantly, and at 363 nm, the
specific reflectivity of the porous GaN is 15.9%, more than 2
times lower than that of the planar GaN (41.1%). The lower
reflectivity indicates a stronger light absorption in the porous
GaN, which is attributed to the larger surface-area-to-volume
ratio of nanopores. To exclude the effect of the band gap of
material, we simulated the reflectivity of the porous metal Cu,
as shown in Fig. S5. Compared with the bulk Cu, the reflectiv-
ity of the porous metal Cu decreases significantly, consistent
with the reflectivity of the porous GaN, which indicates that
the higher photocurrent is attributed to the light trapping ef-
fect of the porous nanostructure and no involvement of band
gap of the material.

3.2. Performance of the longitudinal porous GaN-based
photodetector

3.2.1. Photo and dark current

Based on the preparation of the nano-porous GaN film,
the corresponding MSM UV photodetector (Porous PD) with
symmetric Au/Ti/GaN/Ti/Au structure was fabricated, and for
comparision, a planar GaN-based photodetector with the same
structure (Planar PD) was also prepared. The schematic dia-
grams of these two devices are shown in Figs. 2(a) and 2(b).
Figure 2(c) shows the I-V characteristics of the Planar PD and
Porous PD under dark condition. At —5 V, the dark current
(Igark) of the Porous PD is 1.83 mA, lower than that of the
Planar PD (11.50 mA), which is attributed to the reduction of
the background carrier density following the conversion of n™-

[38] Meanwhile, it can be

GaN film into a nanopores structure.
seen clearly that the current increasing rate with voltage in the

Porous PD is lower than that of the Planar PD, which can be
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illustrated as follows. According to the thermionic emission
theory, when the influence the influence of image force and
tunneling on the height of Schottky barrier were ignored, the
relationship between dark current (I4,x) and applied voltage
(V) is as follows:

%
IdarkAA*Tzexp<’E> <expnqkT1), 3)

where A, A*, T, @B, n, k, and g are the area of electrodes, the
Richardson constant, the temperature, the Schottky barrier in
the device, ideal factor, the Boltzmann constant, and the ele-
mentary charge, respectively. At room temperature,

kT =~ 0.026 eV < ¢V, 4
therefore,
qv
1. 5
exp ps > &)

(a) Planar PD

(b) Porous PD

Substrate

B Buffer layer

Equation (3) can be simplified to be

* V-
Igark = AA*T?exp (%) ©)

taking the logarithm of both sides, equation (6) can be trans-
formed into

qV —¢s

lg Iy = lg AA*T?
gljark = 1g + KT

(N
from Eq. (7), we can conclude that the current increasing rate
with voltage in Fig. 2(c) is linearly dependent on the coeffi-
cient ¢/nkT. Due to the formation of nanopores using electro-
chemical etching, there are lots of dangling bonds and surface
defects in the Porous PD, resulting in a higher ideal factor (1)
than the Planar PD. Therefore, the current increasing rate with
voltage in the Porous PD is lower than that of the Planar PD.

101
c) —@— Porous PD
10-3 .-., —@— Planar PD ¥
< 10-5
A
<
=

3
3
3
107
3
109k
3

—1k . . S . .
10 -5 -3 -1 1 3 5
Voltage (V)

(d) —@— Porous PD

[Digne| (A)
—
<

gWaveler1gth@3()'3 nm|
P, @41.1 pW/cm?
11kl \ \ . . .
=537 =11 3 5
Voltage (V)
Ti/Au

B »-GaN

Fig. 2. Schematic diagrams of (a) the Planar PD and (b) the Porous PD. (c) I-V curves of the planar and porous PDs under dark condition.
(d) I-V curves of the planar and porous PDs, with the illumination power density of 41.1 tW/cm? and the illumination wavelength of 363 nm.

Figure 2(d) shows the -V characteristics (/jjgn) of the
Planar PD and Porous PD under light condition, with the il-
lumination power density of 41.1 uW/cm? and the illumina-
tion wavelength of 363 nm. At low voltage, the light current
(higno) in the Porous PD is higher than that in the Planar PD,
while they are reverse at high voltages. This phenomenon is
mainly because the light current consists of two parts: dark
current (Igark) and photo current (Iphoto), respectively. At low
voltage, the dark current (I44%) 1S SO low that can be neglected,
and the photo current (Iphoto) is dominant in the overall light
current (fjjgh). Compared to the Planar PD, the Porous PD
has stronger light absorption due to the larger surface-area-to-

volume ratio, resulting in a higher photo current (/ynoto) and
light current (fjigne). At high voltage, the dark current (Igar) is
so high that the photo current (/,not0) can be neglected, leading
to a lower light current (Jjign,) in the Porous PD. At —1.2'V, the
photo current (Iphoto) in the Porous PD is 17.30 pA, ~ 75 times
higher than that of the Planar PD (0.23 pA).

The illumination power density dependent light current
(higne) of the Porous PD has also been measured, as shown
in Fig. S6. The light current (jgne) is positively relative to
the illumination power density () and follows the power law:
ILight =< P%, where the index o is related to the recombina-

S, [39,40

tion probability of photo-generated carrier: I as shown in

048503-4
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Fig. S7. Affected by the surface defects and states, the number
of recombination centers in the Porous PD increases, causing
the specific value of « is calculated to be 0.48, less than 1.

3.2.2. Responsivity and specific detectivity

Based on the measurement results of the light and dark
current, the corresponding photo-responsivities (R) of the Pla-
nar PD and the Porous PD at different voltages can be calcu-
lated, as shown in Fig. 3(a). The responsivities for the Planar
PD and the Porous PD increase with increasing the applied
voltages, which reach the maximum value of 1.29 x 10* A/W
and 3.11 x 10* A/W at -5V, respectively. Otherwise, the re-

106
105 F o
104G
103F

(a) —@— Porous PD
—@— Planar PD

#Wavclcngth@BGB nn

10—2F ]
) QL @41.1 yW/em?
10-3 L L L R R L
—5 -3 -1 1 3 5
Voltage (V)
500+ —@— Porous PD

—@— Planar PD

/W)
w
S

R (
[\
o
o

Voltage@—1.2 V

360 380 400 420

Wavelength (nm)

340

sponsivity of the Porous PD is significantly higher than that of
the Planar PD, and at —1.2 'V, the corresponding improvement
ratio reaches the maximum value, ~ 75, as shown in Fig. S8.
The higher responsivity is corresponding to a higher inter-
nal gain (G). According to the equation R = Gn(Ae/hc),?!1
where 1, ¢, A, e, and 1] are the Planck constant, the light speed,
the illumination wavelength, the elementary charge, and the
internal quantum efficiency, respectively, the product Gn can
be calculated, as shown in Fig. 3(b), and the specific values of
the Porous PD at —5 V is 1.06 x 10°. Since 1 < 100%, the
corresponding internal gains (G) are higher than 1.06 x 10°.

106
_f _(b) —@— Porous PD
10°¢Q
101
103k
= 102}
© 10'F
100k
10— 1k
102} .' Wavelength@363 nm|
10_3 1 L 1 b 1@41'1 P’W/sz L
-5 -3 -1 1 3 5
Voltage (V)
1015
(d) —9@— Porous PD
Lot —@— Planar PD
0 5
g 1013} o
S ] K
~ * ]
a 1012} \ 9
P9
10ME 9
6 avelength@363 nm|
o P @411 W/en

5 3 -1 1 3 5
Voltage (V)

Fig. 3. (a) Responsivity of the Planar PD and the Porous PD at different applied voltages. (b) The product of the internal gain and quantum
efficiency in the Planar PD and the Porous PD. (c) Wavelength-dependent responsivity of the Planar PD and the Porous PD at —1.2 V. (d) The
corresponding specific detectivity of the Planar PD and the Porous PD, with the illumination power density of 41.1 uW/cm? and the illumination

wavelength of 363 nm.

There are several mechanisms to illustrate the high inter-
nal gain (G), including avalanche carrier multiplication at high
electric fields, photoconductive gain, and trapping effect.>!]
In our device, the trapping effect is the dominant factor. The
formation of nanopores can not only improve the light ab-
sorption of GaN film, but also induce a lot of surface de-
fects and dangling bonds. These surface defects and dan-
gling bonds serve as the trap centers to capture/emit photo-
generated carriers (trapping effect), which would significantly
prolong the lifetime of the photo-generated carriers, resulting
in a larger gain according to the equation G = Tiifetime / Tiransit»
where Tifetime and Tiransit represent the lifetime and the transit
time of the photo-generated carriers, respectively. 41421

To investigate the wavelength selectivity, we also plot-
ted the wavelength-dependent photo-responsivities of the Pla-

nar PD and Porous PD, as shown in Fig. 3(c). The re-

jection ratio of the Planar PD and Porous PD, defined as
R(363 nm)/R(400 nm), are 3.4 and 102.1 at —1.2 V, respec-
tively, indicating that the Porous PD not only exhibits higher
photo-responsivity, but also has a better wavelength selectiv-
ity.

The specific detectivity (D*) is an important characteris-
tic for photodetectors, which describes the smallest detectable
optical signal and can be expressed as!*3#4]

R
\% 2eJdark ’

where e is the elementary charge, R and Jy, represent the

D" = ®)

responsivity and the dark current density, respectively. Fig-
ure 3(d) shows the corresponding specific detectivity of the
Planar PD and Porous PD. Attributed to the higher photo cur-
rent and lower dark current, the detectivity of the Porous PD is
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improved significantly compared to the Planar PD. At —1.2'V,
the specific detectivity of the Porous PD is 5.22x10'® Jones,
two orders of magnitude higher than that of the Planar PD,
which indicates a more excellent detectability for weak opti-
cal signal in the Porous PD.

3.2.3. Response time

We have built a measurement system consisting of a sig-
nal generator, current preamplifier, oscilloscope and an LED
light source with a central wavelength of 365 nm to define the
response time of the Porous PD and the control Planar PD, as
shown in Fig. S9. By calculating the consumed time from 10%
(90%) to 90% (10%) of the maximum current value, [4>%]
the rise time (7;) and decay time (74) of the Porous PD are
45.6 ms and 51.2 ms, respectively, slightly slower than that of
the Planar PD (19.2 ms/ 20.4 ms), which is mainly attributed

(211 After electrochemical etching, a large

to trapping effects.
number of defects existed in nanopores serve as trapping cen-
ters to capture and emit photo-generated carriers (trapping ef-
fect), which would prolong the whole response time of photo-

generated carriers.

3.3. Mechanism of the enhanced properties

Compared to the planar GaN, the porous GaN has larger
surface-to-volume ratio, leading to a stronger light absorption
and more photo-generated carriers. On the other hand, the
light modulation from the porous nanostructure itself plays an
important role in the enhancement of the optoelectronics prop-
erties. Because of the existence of these pores, the optical field
in the porous GaN is re-distributed, and a large amount of in-
cident light is trapped into the porous nanostructure, resulting
in the reduction of the reflectance. To further understand the
light modulation phenomenon, we simulated the optical field
distribution (log|E|) of the planar GaN and the porous GaN,
respectively, using FDTD solutions, as shown in Fig. 4. It
can be seen clearly that the incident light is confined inside
the porous GaN. The larger surface-to-volume ratio and light-
modulation effect can improve the efficiency of the light uti-
lization and thus enhance the photo current.['8]

2.0

~ 15
E

=

= 1.0
>

0.5

-1 0
z (pm)

z (um)

Fig. 4. Simulated optical field distribution of (a) the planar GaN and (b) the
porous GaN.

4. Conclusion

In summary, we have fabricated a longitudinal porous
GaN using a simple electrochemical etching process, which

largely reduces the complexity and cost for fabricating nanos-
tructured GaN. The SEM images show that the pores density
and porosity in the porous GaN are calculated to be 3.75 um 2
and 0.83 %, respectively, and the average diameter of the pore
channels is ~ 49.5 nm. The PL peak position of the porous
GaN (363.28 nm) exhibits a slightly red shift compared to
that of the planar GaN (363.19 nm), which is attributed to the
strain relaxation after formation of lots of nanopores verified
by Raman spectra. The photo-response in the Porous PD has
been improved significantly compared to the control Planar
PD. At —1.2 V, the photo current (Iphoto) in the Porous PD
is ~ 75 times higher than that of the planar GaN-based pho-
todetector (Planar PD), and the maximum responsivity of the
Porous PD can reach 3.11x10* A/W, which is attributed to
the large internal gain (> 1.06 x 10%). The maximum specific
detectivity of the Porous PD has also been calculated to be
5.22 x 10'3 Jones, two orders of magnitude higher than that
of the Planar PD. Our work suggests that the porous nanos-
tructure can significantly improve the light absorption and the
photo-response of GaN-based PDs, providing a new approach
to fabricate high-performance GaN-based PDs for detecting
weak optical signals.
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