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Abstract

Antireflective surface texturing is a feasible way to boost the light absorption of photosensitive
materials and devices. As a plasma-free etching method, metal-assisted chemical etching (MacEtch)
has been employed for fabricating GaN antireflective surface texturing. However, the poor etching
efficiency of typical MacEtch hinders the demonstration of highly responsive photodetectors on
undoped GaN wafer. In addition, GaN MacEtch requires metal mask patterning by lithography,
which leads to a huge processing complexity when the dimension of GaN antireflective
nanostructure scales down to the sub-micron range. In this work, we have developed a facile
texturing method of forming a GaN nanoridge surface on undoped GaN thin film by lithography-
free sub-micron mask patterning process via a thermal dewetting of platinum. The nanoridge surface
texturing effectively reduces the surface reflection in ultraviolet (UV) regime, which can be
translated to a six-fold enhancement in responsivity (i.e., 115 A/W) of photodiode at 365 nm. The
results demonstrated in this work show that MacEtch can offer a viable route for enhanced UV light-

matter interaction and surface engineering in GaN UV optoelectronic devices.



1. Introduction

In recent years, a demand for highly responsive ultraviolet (UV) photosensing has been growing
due to the requirement for increased photo-sensitivity in various fields such as monitoring of
environmental and biological analysis, optical communication, and astronomy studies!. Considering
the detection wavelength range in UV region, numerous wide band gap semiconductors such as
gallium nitride (GaN), zinc oxide (ZnO) and gallium oxide (Ga,Os) have been studied intensively?.
Among them, GaN is regarded as one of the best candidates for UV photodetection due to its direct
band gap characteristic with suitable band gap energy, high electron mobility and commercial
availability of high quality crystal substrates as well as epitaxial thin films>.

Surface antireflective (AR) treatment has been proven effective in boosting the light absorption
within the materials* ° as a widely employed approach to enhance the light harvesting capability of
photosensing devices. Compared with AR coating of layer stacks which requires a precise control
of the parameters such as refractive index and thickness, AR surface texturing via nanostructures by
top-down etching method exhibits merits such as omnidirectional, broadband AR characteristics
and facile fabrication process®. For GaN, various nanostructures such as nanopillars®8,
nanopyramids®, nanodomes'® ! and porous GaN'2 !3 have been fabricated by either dry (plasma)
etching® 7> 1% 15 or anisotropic wet (chemical) etching® 12 13- 16, The former method typically involves
lithography-patterned'> or thermally dewetted metal hard mask® 7> !> 14 for subsequent dry etching
of GaN. However, it is notable that dry etching of GaN introduces undesirable damages and defects'?,
resulting in large dark current in photodetectors'® and leakage current in power devices'® 2°. On the
contrary, such plasma-induced surface damage can be avoided by wet etching. Therefore,
anisotropic wet chemical etching is employed to produce GaN antireflective structures. Doped
GaN'!22! gre typically utilized, due to a low etching efficiency of undoped GaN?2* 23, forming porous
structures. However, previous literatures show that Schottky barrier diodes based on doped GaN
exhibit higher leakage current and lower UV responsivity compared to those made on undoped GaN
thin films due to a lower concentration of Ga vacancies in undoped GaN epi-layers®* 2. In addition,
undoped GaN exhibits higher electron mobility than doped one?®, which exhibits better application
potential in high speed device. Therefore, undoped GaN antireflective structures via anisotropic wet
etching offer an appealing option for high performance UV photodetectors.

However, the reports on wet etching of undoped GaN for device level applications have not yet been
well studied. Although some groups have demonstrated a porous surface on undoped GaN, its
electrical and optical properties were not studied?’?°. There have been attempts to employ porous
surface texturing on undoped GaN in UV photodetection, but they failed to achieve enhanced
responsivity. For example, Guo et. al*° utilized porous undoped GaN to detect 325 nm UV light.
However, responsivity was deteriorated after porosification treatment, probably due to the increased
surface states from high surface-to-volume ratio of the porous structure. Therefore, it is worthwhile
to carry out a comprehensive study of an anisotropic wet etching method on undoped GaN to
fabricate antireflective GaN for highly responsive UV photodetectors.

Among various anisotropic wet etching methods, metal-assisted chemical etching (i.e. MacEtch,
also named as electroless chemical etching or photoenhanced wet etching for GaN) is more
preferred since it is a simple alternative to photoelectrochemical etching which requires external
electrical contact to sample’!. Since MacEtch of GaN is catalyzed by noble metal catalyst (typically
platinum (Pt)3% 32), a Pt catalyst patterning process is required on the GaN surface3?34. Bardwell has
shown that the etching rate variation of GaN occurs due to the in-plane distance to Pt catalyst3!.
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Therefore, it is important to keep the distance small between Pt-pattern areas to realize uniform
etching across the sample surface. In addition, nanostructures with dimension and spacing
comparable and even smaller than incident wavelength are desirable to realize efficient light-matter
interactions® . Therefore, sub-micron size Pt-patterned areas are required for GaN MacEtch which
can be realized by electron beam lithography (EBL)?® or nanosphere lithography®°. However, these
processes are either resource-consuming or requiring complex chemical patterning process. As a
result, a facile and cost-effective sub-micron Pt catalyst patterning process is well desired to form
densely distributed antireflective GaN nanostructures.

Here, inspired by the thermally driven dewetting characteristic®” 3% and catalyst function of Pt, we
put forward a sub-micron Pt catalyst network for GaN MacEtch to fabricate the textured GaN
surface with densely packed undoped GaN nanoridge structures. This high-quality textured GaN
surface was then systematically characterized to reveal its structural, optical and electrical properties,
as well as UV photodetecting performance of photodiodes. Compared with photodiodes made on
planar GaN surfaces, the GaN nanoridge photodiodes are capable of realizing a six-fold increase in
responsivity. Our result shows that the plasma-free and lithography-free MacEtch can be a viable
and cost-effective technique to form GaN AR nanostructures that enable a translation of the
enhanced UV optical properties into optoelectrical performance at the device level.

2. Experimental Section

The process starts with the GaN wafer that has a 4.5 pum thick unintentionally doped n-type GaN
epilayers on sapphire (c-Al,O3) by metal organic chemical vapor deposition (MOCVD) from
Biotain Crystal. Samples were cleaned by sonicated acetone, isopropanol alcohol (IPA) and
deionized water subsequently for 5 min each, then immersed in the diluted hydrochloric acid (HCL,
10%) to remove native oxide. Samples were then loaded into electron-beam (e-beam) evaporator
(Edwards Auto306) to deposit 10 nm Pt thin film with a deposition rate of 0.1 A/s. Thermal
dewetting of evaporated Pt thin film was carried out at 900 °C in nitrogen atmosphere (N2) by rapid
thermal annealing system (RTA, AS-ONE AnnealSys).

GaN MacEtch was performed in a mixed etchant of potassium persulfate (K»S,0s, 40.7 mM) and
hydrofluoric acid (HF, 14 M). Prior to etching, solution was stirred with a magnetic stir bar to ensure
a complete dissolution of K»S,0s in etchant. Then, GaN samples with dewetting-patterned Pt mask
were immersed in the etchant under the illumination of a 254 nm ultraviolet (UV) lamp with a light
power of 8 W at room temperature. Distance between UV lamp and GaN samples was fixed at ~3
cm. Etching was carried out at static environment without stirring etchant. After GaN MacEtch,
GaN samples were cleaned with DI water and blown dry with N> gun. Residue of Pt catalyst was
removed by aqua regia treatment (50 °C, 2 min) in order to minimize its influence on etched GaN
surface. Then, GaN metal-semiconductor-metal (MSM) photodiodes were fabricated by depositing
Ti/Au (20/80 nm) interdigital electrodes with a finger width and spacing of 4 um and 4 pm
respectively. The devices were fabricated on both nanoridge (etched) and planar (unetched) GaN
surfaces for comparison.

Field emission scanning electron microscope (FESEM, Sirion, FEI Netherlands) was used for
surface morphology characterization. Hall effect measurement (HS-65-AEM) was carried out to
characterize the electrical properties using soldering indium electrode for good ohmic contact with
low contact resistance. Surface chemical composition was examined by X-ray photoelectron
spectroscope (XPS, Kratos AXIS Supra). Photoluminescence (PL) spectrum was measured by
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RPM2000 at room-temperature with a He-Cd 325 nm laser source. Raman spectra measurement
was carried out under the backscattering condition using a UHT S300&WITEC Raman
spectroscopy with a 532 nm laser focusing on a 1 um diameter spot by using a 100x objective lens.
Optical reflectance spectra were measured by UV—visible spectrometer (Shimadzu UV-2450) using
an integrating sphere. Lumerical finite difference-time-domain (FDTD) was used for optical
simulation with the refractive index (n) and extinction coefficient (k) of wurtzite GaN extracted
from ref. [39]*. A plane-wave light source was adopted for normal incident illumination with a
perfectly matched layer (PML) utilized in vertical ends and the reflectance monitor located at the
backside of the light source. Electrical characteristics of photodiodes were measured using a
Keithley 4200 SCS semiconductor analyzer in the dark box. For device measurement under
illumination, UV- visible light was illuminated directly from Horiba 150 W Xe tunable light source
using a Formfactor light wave probe.

3. Results and Discussion
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Figure 1. (a) Fabrication process of GaN nanoridge structures. (b) Top SEM image of 180 s RTA
dewetted Pt network on GaN. (c) Tilted SEM image of GaN nanoridge structures before Pt removal.
(d) Cross-sectional and (e) top-view SEM images of GaN nanoridge structure after Pt removal.

Figure 1a shows the fabrication process of GaN nanoridge structures. After GaN sample cleaning
(Figure 1a-i), a 10 nm Pt thin film was evaporated onto GaN samples (Figure 1a-ii), with top-view
SEM image shown in Figure S1. Dewetting of Pt thin film was carried out by RTA at 900 °C for
180 s in N, atmosphere, changing Pt from continuous thin film to network structure as indicated by
Figure la-iii and Figure 1b. Pt network mainly consists of larger clusters (in-plane dimension larger
than 250 nm, green box in Figure 1b) and thin interconnects (in-plane dimension ~100 nm, orange
box in Figure 1b). GaN samples covered with the dewetted Pt network then underwent MacEtch
process under UV illumination for 15 min. As shown in Figure 1c, GaN was etched at areas not
covered by the Pt catalyst, indicating the inverse nature of UV-assisted MacEtch of wide band gap
semiconductors® 40, After removal of the Pt residues, the formation of GaN nanoridge structures
with 500 nm height was completed as shown in cross-sectional (Figure 1d) and top SEM (Figure
le) images. It can be clearly seen that the nanoridge has a sharp tip (indicated by “Top” in Figure
1d) and obtuse base (in-plane dimension ~ 500 nm, indicated by “Bottom” in Figure 1d). It indicates
that MacEtch of GaN was anisotropic in the early stage of the etching, creating vertical sidewalls



while at a later stage, the vertical direction etching became slower, thus the overall etching tended
to be more isotropic. MacEtch of GaN is mainly governed by the following process3!*!.

Photons were absorbed by GaN, generating electrons (e’) and holes (p*) within the GaN:

GaN + photon — GaN + ¢ + p* (1
Under UV light with wavelength smaller than 310 nm, S,Os?> absorbed photons, generating sulfate
ion radical (SO4™) which is a strong oxidizing agent catalyzed by Pt:

S,0s% + photons — 2S04~ 2
Therefore, photogenerated electrons could be consumed by SO4™":

SO4" + e — SO4* 3)
While photogenerated holes participated in oxidizing GaN:

GaN+3p"— Ga*" +1/2 Ny 4)

Ga*" is generally considered in the form of Ga,Os*! 42, which can be further dissolved in the same
etching environment*% 43,

Sulfate ion radical formation is a crucial step for the following GaN etching, which is catalyzed by
Pt. Therefore, the anisotropic etching characteristic in the early stage of the MacEtch is likely from
its closer distance to the surface with Pt catalysts. It results in the formation of sharp tips at the top
of nanoridge, while at the later stage of the etching, such effect got weaken, resulting in less
anisotropic etching (i.e., an obtuse base of the nanoridge). Similar dual sidewall morphology has
been observed in inverse-MacEtch (i-MacEtch) of Ge in which Ge pyramid has sharp top sidewalls
with rounded base**. In addition, thermal dewetting formed two kinds of Pt mask morphologies
(larger cluster and thin interconnects indicated by orange and green boxes in Figure 1b respectively).
It leads to the formation of narrow (~100 nm top width) and wide tips (~300 nm top width) at the
top region (~200 nm height) of nanoridges as indicated by orange and green boxes respectively in
Figure 1d and 1e after MacEtch. Figure S2 illustrates the combination of Pt dewetting and MacEtch
is able to realize uniform fabrication of GaN nanoridge surface texturing across the sample with size
over lem*1cm.

To study the effect of the in-plane Pt morphologies on the resultant nanostructures, we extended the
RTA dewetting time from 180 s (Figure 1) to a broader range from 60 to 240 s (Figure S3). Other
conditions remained unchanged. Pt dewetting of 60 s resulted in sparse and small voids in the Pt
layer. Prolonging dewetting time enlarged the voids and narrowed down the Pt-covered area. A
similar evolution of Pt nanostructure has also been observed in Kunwar’s work, in which metal
adatoms can agglomerate more compactly with a longer annealing time*. Since the etching process
occurred at the areas not covered by Pt, different morphologies of Pt catalyst led to different
morphologies of GaN nanostructures as shown in Figure S3, in which MacEtch via 60 and 120 s
dewetted Pt mask led to the small, dense and isolated GaN hillocks, while 180 and 240 s resulted in
largely connected nanoridge structure. Figure S4a shows the dependence of etching depth
(nanostructure height) on RTA dewetting time corresponding to SEM images in Figure S3. GaN
nanostructure formed by MacEtch via 60 s dewetted Pt mask has the lowest height of ~ 250 nm. It
should be due to the limited access of GaN to etchant since most GaN surface areas were covered
by Pt. Enlargement of voids in the Pt mask led to improved access of etchant to GaN, therefore
larger nanostructure depth can be realized. A maximum nanoridge height of 500 nm was achieved
via 180 s dewetted Pt mask. Further prolonging the dewetting time to 240 s led to decreasing etching
depth, likely due to the further narrowing down of the Pt covered area. Photogenerated electrons in
GaN moved from GaN through the GaN/Pt interface to Pt, then got consumed, leaving
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photogenerated holes behind in GaN which participated in the subsequent etching. Thus, a smaller
interface area might slow down the transport of electrons, which led to a slower etching rate. As a
result, GaN nanostructure has a height of ~410 nm via 240 s dewetted Pt mask. Another possible
reason is that 240 s dewetted narrow Pt mask is more easily influenced by the lateral etching of GaN
and more likely delaminated from GaN surface. Therefore, etching tended to be slower if the
bonding between Pt and GaN became weaker by undercut. Figure S4b shows the dependence of
nanoridge height (etching depth) on etching time using 180 s dewetted GaN network (Figure 1b).
Etching tended to slow down at the later stage of the MacEtch, which is also likely from the

influence of the undercut.
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Figure 2. Ga 3d XPS spectra of (a) planar GaN and (b) nanoridge GaN surfaces. Dotted lines indicate
the raw data while solid lines indicate the peak fitting result. (c) Room-temperature PL spectra and
(d) room-temperature Raman spectra of planar and nanoridge GaN surfaces. Insets in Figure 2d

show the amplified spectra in peak regions indicated by black arrows.

XPS measurement was carried out to characterize the change of surface chemical composition
before and after MacEtch via 180 s dewetted Pt network. Figure 2a and b show the Ga 3d spectra
of planar and nanoridge GaN, respectively, with a binding energy corrected by C 1s peak. Two peaks
can be distinguished using peak fitting and assigned to Ga-N and Ga-O composition*é. Compared
with planar GaN, nanoridge GaN surface has a higher Ga-O composition ratio, which is from the
oxidation of GaN to Ga,Os indicated by the equation (4). Due to the difference in surface
composition, the Ga 3d peak position of nanoridge GaN shows a clear shift from planar GaN as

shown in Figure S5. Figure 2¢ shows the room-temperature PL spectra of planar and nanoridge GaN,

6



with the normalized peak at 360 nm. Two major PL peaks locating at 360 nm and 560 nm can be
assigned to near-band-edge emission (NBE) and yellow luminescence (YL), respectively®. The NBE
peak shows much lower intensity compared with YL peak, which is likely from the low carrier
concentration in undoped GaN?®. Compared with planar GaN, nanoridge GaN surface shows a much
higher YL peak intensity. YL in undoped GaN is widely regarded to be from the complexes of
gallium vacancies and oxygen substituting on the nitrogen site (Vga-On complexes)*’. Therefore,
such complexes were promoted by the incorporation of oxygen into GaN as indicated by XPS
measurement during MacEtch, resulting in a stronger YL peak. It is notable that the correlation of
YL in GaN with the surface oxidation layer has been reported by Shalish et. al**. Figure 2d shows
the room-temperature Raman spectra of planar and nanoridge GaN surfaces, with Raman intensity
normalized to peak locating at 569 ¢cm™!. Two major Raman peaks located at 569 cm™! and 735 cmr
! can be assigned to E; (high) and A; (LO) of wurtzite GaN, respectively*. As shown in the left
inset in Figure 2d, E; (TO) peak locating at the shoulder of E; (high) shows enhanced intensity after
MacEtch, which is due to the exposure of other crystal planes besides (0001) GaN on the surface™.
As shown in the right inset in Figure 2d, A; (LO) peak shows a slightly broadened characteristic
with a peak position shifted to higher wavenumber after MacEtch. It is notable that such changes in
position and broadness of A; (LO) peak indicate an increase in carrier concentration within GaN*°.

Table 1. Sheet resistivity, hall mobility and carrier concentration of planar and nanoridge GaN from
Hall measurement.

Materials Sheet resistivity (Q2-cm) Hall mobility (cm?/Ves)  Carrier concentration (1/cm?)
Planar GaN 0.4219 395.1173 3.75%10'
Nanoridge GaN 0.1645 309.9696 1.23x10"

In order to confirm the possible change of electrical property of GaN before and after MacEtch, we
performed room-temperature Hall effect measurement using the Van der Pauw method®'. Table 1
shows the key extracted parameters. After MacEtch, carrier concentration in GaN increased from
3.75 x 10'%/cm? to 1.23 x 10'7/cm?. Since oxygen substituting on the nitrogen site is a shallow donor
in GaN*2, the incorporation of oxygen in GaN during MacEtch led to the enhancement of n-type
doping, thus increasing carrier concentration. A similar change in carrier concentration has been
observed in GaN surface that was processed by the remote plasma oxidation®. Therefore, lower
sheet resistivity is from the higher carrier concentration after MacEtch, while lower hall mobility
might be from enhanced scattering by means of impurity scattering and electron-electron
scattering®. Since YL peak in GaN PL is related with electron transition from conduction band or
from a shallow donor to a deep acceptor?’, the increased carrier concentration after MacEtch may

also contribute to the increased YL peak intensity (Figure 2c).
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Figure 3. (a) Measured (dotted) and FDTD simulated (solid) UV reflectance spectra of planar (green)
and nanoridge (orange) GaN surfaces. Cross-sections of power absorption of (b) planar GaN, (c)

nanoridge GaN with wide tip and (d) nanoridge GaN with narrow tip under 365 nm illumination.

Scale bars in (b), (¢) and (d) are aligned. Inset SEM images in (c) and (d) indicate two actual tip

morphologies of nanoridge structures. Note that the nanoridge structure was formed by MacEtch

via 180 s dewetted Pt network. FDTD simulated reflectance spectrum (orange, solid line) in Figure

3a was obtained from the average of spectra modeled by Figure 3¢ and 3d.

To study AR performance of the nanoridge GaN, UV reflectance spectra of the GaN nanoridge
structure were measured by UV-visible spectrometer (Figure 3a). FDTD simulation results were
obtained with models built based on the actual dimensions of the GaN nanoridges shown in SEM
image of Figure 1d. Reflectance of the GaN nanoridge structure was measured to be ~5 % in a
wavelength range of 240 to 365 nm, while planar GaN had an average reflectance over 20 % in the
same UV range. It indicates a clear AR capability of the GaN nanoridges in UV range. The reduced
reflectance is attributed to the multiple internal reflection, leading to longer light paths within the
GaN nanostructures® 3. It is so because the dimensional parameters of the GaN nanoridge structures
such as height and periodicity are comparable with the UV wavelength used in this study™.

Furthermore, it is important to have a better insight into how enhanced AR performance is realized
by the nanoridge structure. Thus, we performed FDTD simulation to reveal electric field distribution
of GaN nanoridge structure when illuminated by 365 nm plane wave light (Figure S6). Two tip
morphologies formed at the top of nanoridges were built in FDTD simulation. FDTD simulated
reflectance spectra of both nanoridge models with different tip dimensions (Figure 3¢ and 3d) were
given in Figure S7. For the planar GaN, the out-of-plan periodic electric field is due to the
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constructive and destructive interference of the incident and reflective light®, with electric field
inside GaN remaining low intensity (blue/cyan color). For the nanoridge GaN, enhanced electric
field intensity is observed within the nanoridge structure, especially in the tip regions (green/yellow
color). It indicates the strong coupling of incident light within GaN nanoridge’’. Figure 3b, ¢ and d
show the cross-sections of power absorption of planar and nanoridge GaN under 365 nm UV
irradiation. Inset SEM images in Figure 3c and 3d show the corresponding morphologies of the
nanoridge. Owing to the strong coupling of UV light and GaN nanoridge, GaN nanoridge structure
achieves a much stronger absorption intensity compared to that of the planar GaN at 365 nm. Since
GaN barely transmits the UV light with wavelengths shorter than 365 nm*, the reduced reflectance
directly leads to the enhanced light absorption. Reflectance spectra of GaN nanostructures by
MacEtch via dewetting times of 60, 120, and 240 s (Figure S3) are shown in Figure S8a. Although
the difference in reduced reflectance is not significant, the nanostructure by MacEtch via 180 s
dewetted Pt network shows the lowest reflectance in the UV wavelength range, probably due to its
largest nanoridge height as shown in Figure S4a. In addition, since different etching time leads to
different heights of nanostructures (Figure S4b), their corresponding reflectance spectra were shown
in Figure S8b. GaN nanoridge structure by 15 min MacEtch shows the lowest reflectance due to its
largest height. Therefore, since GaN nanoridge structure by 15 min MacEtch using 180 s dewetted
Pt catalyst network has the lowest reflectance, we focus on this structure to study how optimal
optical properties are translated into device performance.
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Figure 4. (a) Schematic illustration of GaN MSM photodiode with top-view optical microscope
image shown at the bottom part. (b) Dark currents (dashed lines) and photocurrents (solid lines) of
GaN photodiodes based on the planar (green) and nanoridge (orange) surfaces under 365 nm UV
illumination with the light intensity fixed at 46 mW/cm?. (c) Responsivity and (d) detectivity of
photodiodes under 365 nm UV light. (¢) Photocurrent of photodiodes as a function of incident light
intensity under 365 nm UV illumination in log scale with 3 V bias. (f) Spectral responsivity of
photodiodes in the wavelength range of 250 to 400 nm.

Metal-semiconductor-metal (MSM) UV photodiodes were fabricated on both planar and nanoridge
GaN surfaces as shown in Figure 4a. Figure 4b shows the dark currents and photocurrents under
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365 nm UV illumination, respectively. Photodiode based on nanoridge GaN shows a slightly lower
dark current compared with planar GaN, which we attribute it to the change of contact interface
between metal electrode and etched GaN. We have also fabricated Schottky diodes on both surfaces
to study the effect of the contact interface on the device performance (Figure S9a). By using two
methods shown in Figure S9, the extracted Schottky barrier height between Ti/Au and nanoridge
GaN shows 0.04 eV higher than that of planar GaN. We attribute the lower dark current and the
higher Schottky barrier height to the surface oxidation layer (Figure 2a and b). A similar effect of
the oxidation layer on n-GaN diodes has been reported, in which an additional barrier from surface
oxidation layer suppressed electron tunneling through field emission and thermionic field emission,
leading to smaller reverse current of Schottky diodes®. Contrary to dark current, nanoridge GaN
photodiode shows a much higher photocurrent under 365 nm illumination than that of planar GaN
photodiode. It indicates that the enhanced light absorption by the nanoridge structure (Figure 3) has
been effectively translated into the enhanced responsivity.

We have extracted key parameters (e.g., responsivity (R), detectivity (D") and external quantum
efficiency (EQF)) of the photodiodes based on the current-voltage characteristics of photodiodes in
Figure 4b using the following equations’®:

R — Iphotop_ S{dark (5)
A

. _ VSR
- v2algark (6)

Rhc
Aq

EQE =

(7

where Lo and L« are photocurrent and dark current respectively, p; is the incident light intensity

(46 mW/cm?) and S is the effective illumination area on the photodiode. g, 4, ¢ and / are elementary

charge, Planck constant, speed of light and wavelength of incident light (365 nm), respectively. The

calculated R, D" and EQE are shown in Figure 4c, 4d and S10, respectively. Distinctly enhanced R,

D" and EQE were achieved with nanoridge GaN surface. Especially, nanoridge GaN photodiode

reaches a R value of 115 A/W, D" of 1.86x10'2 Jones and EQE of 39072% under a bias of 3 V, while

those of planar GaN photodiode are 18 A/W, 2.34x10'" Jones and 5967%, respectively. Therefore,

it leads to an overall 6-8 times enhancement in sensing capability by using the GaN nanoridge

structure. Figure 4e shows the incident power intensity dependent photocurrents fitted by the power

law as the following®, with measured I-V plots shown in Figure S11:

Iphoto = CPAG (8)
where C is a constant and 6 is the empirical coefficient. By a linear fitting as shown in Figure 4e, 6

is extracted to be 1.62 and 0.73 for photodiodes made on nanoridge and planar GaN, respectively.

This indicates the photocurrent gain mechanism in GaN nanoridge photodiode’® %°, which is due to

the barrier height lowering by photogenerated holes trapped at metal-semiconductor interface®’- ©2.
Table 2 shows the benchmarking of our device with other reported GaN based UV photodiodes.
Despite working at relatively low bias and the simple device structure, our device has comparable
and even higher responsivity and detectivity than those of other reports. We have also fabricated 10
photodiodes across the lcm*lcm nanoridge GaN sample surface indicated in Figure S2. The
photoresponse of devices (Iphoto-ldark) Was shown in Figure S12. Despite covering centimeter-scale
sample area, the PDs fabricated in different regions can show good consistency in photoresponse
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performance.

Table 2. Comparison of photodetection performance among nanoridge GaN MSM photodiode (PD)
and previously reported GaN-based PDs.
Photodetector type Working J(nm) R (A/W) D" (Jones) Rise Decay Reference

bias (V) time (s)  time (s)
Nanoridge GaN 3 365 115 1.86x1012 2.1 3.8 This work
MSM PD
Planar GaN MSM 3 365 18 2.34x10! 0.8 18.0 This work
PD
GaN nanocolumn 2 325 24 1.15x10M / / Ramesh, et.
MSM PD al®3
Porous GaN/MoO3 3 370 0.187 4.34x10"? / / Guo, et. al®*
junction PD
GaN p-i-n-i-p PD 5 358 11.7 N/A 0.029 0.038 Jiang, et.al®
Graphene/GaN -10 325 5.83 110" 0.003 0.005 Tian, et. al®
Schottky PD
MoS2/GaN junction 5 365 27.1 1.7x10'0 0.3 3.9 Zhang, et.
PD al®

Apart from photoresponse to 365 nm UV light as discussed above, spectral photoresponse from 250
to 400 nm has also been measured (Figure 4f). Figure S13 shows the current-voltage curves
measured under different wavelengths. The GaN nanoridge structure is able to effectively enhance
the responsivity from 300-400 nm wavelength range, nonetheless such enhancement tends to
degrade in the solar-blind region. We attribute the degradation in the short wavelength to the shallow
absorption length of UV light in GaN. Figure S14 shows the cross-sections of power absorption of
250 nm UV light in planar and nanoridge GaN. The light absorption at 250 nm UV irradiation is
limited to the top surface, causing weaker responsivity via local recombination of photogenerated
carriers as well as surface recombination by surface states*®. The slightly lower responsivity of
nanoridge GaN photodiode at 250 nm than the planar one is also an indicator of surface
recombination since MacEtch has introduced certain surface states as suggested by PL results.

In addition to the responsivity study, time-resolved response of the photodiodes to UV light (365
nm) are also provided in Figure S15. By using the bi-exponential fitting, two time constants (t; and
T2) can be extracted, corresponding to the fast- and slow-response component respectively in each
rise/decay period of photodiode current. Typically, the fast-response component (t1) is an indicator
of rapid change in carrier concentration once light is turned on/off while the slow-response
component (12) indicates carrier trapping/detrapping process governed by defects®®. Therefore,
higher 1, values of nanoridge GaN photodiode than planar one is due to the enhanced photocurrent
gain of the device®. The 1, values of nanoridge GaN photodiode are distinctly larger than planar
GaN, indicating the stronger influence of defects to carrier transport in nanoridge GaN, which is
also consistent with the change of YL peak in PL analysis before and after MacEtch. In addition,
the rise/decay time (defined as time required to increase current from 0 to 1-1/e of the maximum
photocurrent and decrease maximum photocurrent to its 1/e value’®) are given in Table 2. Despite
the relatively slow response time compared with other GaN devices reported, our highly responsive
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GaN UV PD via facile fabrication process still exhibits advantages when responsivity and

detectivity are primary concerns.

4. Conclusions

In summary, we have demonstrated the fabrication of GaN UV photodiodes with highly enhanced
responsivity by nanoridge surface texturing via MacEtch with a thermally dewetted Pt network.
Dimension of nanoridge structure is comparable with wavelength of incident light, therefore the
nanoridge surface texturing is capable of significantly reducing the UV reflection to 5%, which can
be directly translated to enhanced UV light absorption within GaN. Surface oxidation layer on the
textured surface formed during MacEtch is able to suppress the dark current of photodiode. Together
with the significantly enhanced photocurrent from enhanced light absorption, the GaN UV
photodiode fabricated on nanoridge surface exhibits high responsivity of 115 A/W at 365 nm,
compared with 18 A/W on the planar surface. This result suggests that it is feasible to realize highly
responsive GaN UV photodetector by low-cost fabrication process on commercially available GaN
wafers, which sheds light on UV sensing industry.
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