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A B S T R A C T   

Electrochemical etching has been proven to be a highly effective method for the removal of GaN materials. In this 
work, the material removal mechanisms in electrochemical-enhanced polishing process are studied from two 
aspects: carrier behavior and mechanical removal. It is found that the distribution of carriers can be altered along 
the polar plane by the electric field during electrochemical etching and will not recover spontaneously. A layer of 
excess carriers would accumulate on the Ga-face after electrochemical etching and cause severe surface oxidation 
during sample preservation. Additionally, it is revealed that the etched surface morphology can be divided into 
two types: protrusions and pits, depending on the excessive carrier density. Mechanical polishing is conducted on 
the pre-etched and non-etched surface, respectively. The pre-etched surface demonstrates better ductility than 
that of the non-etched surface owing to the formation of porous structure during electrochemical etching. The 
surface quality is also desirable which is confirmed by the photoluminescence (PL) spectra. The electrochemical 
etching-enhanced polishing can be considered as a semi-final processing technique that efficiently removes the 
damaged layer and reduces the surface roughness to sub-nanometer level.   

1. Introduction 

GaN is a promising next-generation semiconductor material due to 
its excellent chemical and electrical properties, such as wide bandgap, 
high electron mobility, and breakdown voltage. These properties make 
GaN devices have a wide range of high-power and high-frequency ap
plications, and the most representative device is the GaN-based High 
Electron Mobility Transistor (HEMT) [1,2]. In AlGaN/GaN HEMTs, the 
strong electronegativity difference between Ga and N atoms creates 
spontaneous polarization in the GaN crystal, resulting in high-density 
two-dimensional electron gas (2DEG), thereby reducing the on- 
resistance values [3,4]. 

The electronegativity difference also makes GaN has a larger pro
portion of ionic bonds, which leads to a more obvious brittleness of GaN 
[5,6]. Wafer processing was carried out before epitaxial growth to cor
rect wafer thickness and reduce surface roughness. Wafer processing 
usually involves a series of material removal processes such as slicing, 
grinding, lapping, mechanical polishing, and finally chemical mechan
ical polishing (CMP) [7–10]. The high brittleness of GaN makes it easier 
to fracture into large pieces by abrasion rather than being plastically 
removed in the conventional mechanical polishing method using 

abrasives [8,11]. Therefore, some deep cracks and a thick subsurface 
damaged (SSD) layer are inevitably formed which would be entirely 
removed by CMP with a very long duration of more than 100 h [12]. 

Many efforts have been conducted to improve the efficiency of GaN 
wafer processing. Dry etching techniques such as inductively coupled 
plasma etching have a high etching rate and can efficiently remove the 
SSD layer induced by grinding or lapping [13]. However, dry etching is 
highly anisotropic, which means that it has less planarization effect. In 
addition, dry etching is prone to form ion-induced damage [14–16]. For 
semiconductor materials such as silicon, wet chemical etching combines 
surface oxidation and dissolution of oxide products and is considered to 
be a low-cost and damage-free etching technique [17]. However, GaN 
has excellent chemical stability due to the strong Ga–N bonding. It is 
hard for the c-plane of GaN to be etched using conventional acid or 
alkaline solvent at room temperature [18,19]. To date, the wet chemical 
etching of GaN using hot H3PO4, a mixture of H3PO4 and H2SO4, and 
molten KOH have been widely studied [20–22]. However, conventional 
chemical wet etching with conventional etchants of GaN always has a 
low etching rate of typically 50 nm/h due to its chemical inertness. 
Besides, etching will occur preferentially at defects, forming etching pits 
and reducing surface integrity [23–25]. 
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Photoelectrochemical etching (PECE) and electrochemical etching 
(ECE) have been employed to enhance the etching process and achieve 
uniform material removal with the aid of an external electric field or 
ultraviolet (UV) illumination. A great deal of previous research into 
PECE has focused on defects investigation, damage removal, relation
ship of etching features and defects [26–30]. In the PECE process, GaN is 
irradiated by a UV source and electron-hole pairs, which reduce the 
interatomic strength and enhance the chemical reaction, are generated 
[31]. Dong et al. developed a novel method called photoelectrochemical 
mechanical polishing (PECMP). PECMP combined photo- 
electrochemical etching to efficiently remove the SSD layer and abra
sive polishing to smooth the surface. The surface roughness Ra 
decreased from 1.04 nm to 0.067 nm in 135 min. The cath
odoluminescence (CL) spectra also demonstrate that the PECMP method 
could remove the scratches and SSDs [32,33]. Electrochemical etching 
has been applied in the fabrication of porous structures for gas sensors 
and solar cells [34]. In the electrochemical etching, the electron-hole 
pairs are generated by the avalanche breakdown or electron tunneling 
under the action of the electric field [35]. The holes are injected into the 
GaN surface and form an oxide layer which is then dissolved in the 
electrolyte, while the excessive electrons are consumed at the cathode. 
In our previous study, it has been demonstrated that electrochemical 
etching can achieve a high material removal rate (MRR) of GaN and the 
etched surface can be efficiently smoothed by CMP process [36]. How
ever, the material removal mechanisms in electrochemical etching and 
abrasive polishing are still not clear. Clarification of these mechanisms is 
beneficial to understand the electrochemical etching-enhanced polish
ing process and better apply this technique effectively on GaN wafer 
processing. 

This research provides some important insights into the mechanisms 
of material removal in the electrochemical etching-enhanced polishing 
process of GaN. The phenomenon of excessive carrier accumulation on 
the Ga-face after electrochemical etching is studied. And the correlation 
between the surface carrier density and the etched surface morphology 
is investigated. Eventually, the mechanical properties of the etched and 
non-etched GaN surfaces are compared. 

2. Experimental details 

Commercially available Si-doped n-type freestanding GaN wafers 
supplied by Suzhou Nanowin Co. Ltd. were used in this study. The size of 
the GaN wafer is 10 × 10.5 mm2 with a thickness of 350 ± 25 μm. The 
dislocation density of the wafer is about 5 × 106 cm− 2. The electrical 
conductivity is slightly lower than 0.05 Ω⋅cm. 

Before the electrochemical etching process, each sample was 
immersed in absolute ethyl alcohol for 5 min to remove the surface 
contamination. Then, the wafer was flushed by deionized water for 30 s 
and dried off by a nitrogen gun. In the electrochemical etching process, 
NaOH solution was selected as the electrolyte based on the results of the 
previous study. The GaN substrate was used as the working electrode 
while a platinum mesh (2 × 2 cm2) was set as the counter electrode. The 
Ga-face (c+ plane) was in contact with the electrolyte while the N-face 
(c− plane) was linked to the anode. A resin mask with a circular hole in 
the center was placed between the sample and the electrolyte. The hole 
was 8 mm in diameter and was set to be concentric with the sample. 
Hence, only a circular region located in the center of the sample was in 
contact with the NaOH solution. The etching only occurred in this cir
cular region and other surface area is covered. After electrochemical 
etching, each sample was flushed by deionized water for 30 s to wash 
down the residual electrolyte and dried off. A DC power (Keithley 2280s- 
60-3) supplied the constant voltage for electrochemical etching. All 
chemical reagents were provided by EMD Millipore Co., Ltd. 

The surface morphology was measured by scanning electron micro
scopy (SEM, Zeiss Merlin). The surface morphology and Sa surface 
roughness were measured using atomic force microscopy (AFM, Bruker 
Dimension Edge), operating in tapping mode with a silicon tip. The 

chemical composition of GaN surface with or without carrier accumu
lation was evaluated by X-ray photoelectron microscopy (XPS, Quantum 
2000, ULVAC-PHI) with AlKα radiation (1486.6 eV). The X- ray source 
was operated at 50 W with a constant pass energy of 69 eV for all 
samples. The surface quality was studied by photoluminescence (PL) 
with a helium‑cadmium (He–Cd) laser excitation source emitting at 
325 nm. The nano-indentation tests were performed by a nanoindenter 
system (Hysitron Ti-950). 

3. Results and discussion 

3.1. Surface carrier accumulation 

One finding of this study was that excessive carriers would be 
accumulated on the surface of GaN after electrochemical etching. As 
introduced previously, wurtzite GaN has excellent chemical stability due 
to the strong bonding of Ga–N. It has been proved that GaN cannot be 
etched at room temperature by many powerful solvents including NaOH 
solution [19]. In previous studies, it has been proved that the etching of 
GaN occurs under the combined action of excessive holes and hydroxyl 
ions. That is to say, once sufficient excessive carriers exist on the surface, 
the etching behaviors could be observed on the surface after rinsed in 
the NaOH solution. In this work, the existence of excessive carriers on 
the surface was examined by the NaOH solution. 

To investigate the formation mechanism and distribution of the 
surface carrier accumulation, five identical as-received GaN samples 
numbered I to V were used in this experiment. Fig. 1 shows the exper
imental steps of verifying surface excessive carrier accumulation. In the 
initial stage, all samples were electrochemically etched in 5 wt% NaOH 
solution with a potential of 60 V for 20 min to form a sufficient number 
of carriers on the surface. After that, the samples were kept for over 24 h 
without any treatment. In the next step, three basic methods, labeled as 
method A, B, and C, were employed to process these five samples. For 
method A, a non-uniform inverse electric field was applied by point 
contact electrode. For method B, a uniform inverse electric field was 
applied by surface contact electrode. For method C, 9 h of CMP was 
carried out on the etched substrate to remove the outermost surface of 
material. Sample I was served as the control group without any further 
treatment. Sample II, III, IV were processed by method A, B, and C, 
respectively. Sample V was processed by method B and subsequently 
method C. Finally, all the samples were immersed in the NaOH solution 
with a weight concentration of 5 wt% for 20 min. The purpose of this 
step is to confirm whether there are carriers on the surface. The samples 
were then rinsed by deionized water and dried off for further surface 
observation. External electric field is supposed to be the main factor in 
the formation of surface carrier accumulation and its effect on the sur
face carrier accumulation also needs to be confirmed. Therefore, the 
sampling area is selected to be about 1 mm away from the circular pre- 
etched area, where only electric field acts on. In addition, the surface 
outside the pre-etched area is flat, and the changes in surface 
morphology can be observed more clearly. 

The details about the treatment methods are listed as follows. When 
applying the inverse electric field, a pair of identical titanium plates was 
used as the electrode. The surfaces of titanium plates were polished to be 
relatively flat to have good contact with the sample. The Ga-face was 
linked to the anode, while the N-face was linked to the cathode. The 
resulting electric field was in the opposite direction to that of electro
chemical etching, namely an inverse electric field is applied. For inverse 
electric field, the applied voltage was 30 V and the duration was 20 min. 
In the CMP process, the polishing pressure was 0.5 kg/cm2 and the 
rotation speed of the spindle was 1000 rpm. CeO2 slurry with an abra
sive size of 0.75 μm was used in the CMP process. 

As shown in Fig. 2(a), the surface of the as-received sample is very 
smooth and no obvious etching can be observed. It is shown that GaN 
cannot be directly etched by NaOH solution at room temperature. Fig. 2 
(b) shows the surface morphology of sample I. After immersed in the 
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NaOH solution, protrusions which can be considered as the etching 
characteristics are generated on the Ga-face of the sampling region. 
These results show that electric field can change the distribution of 
carriers. However, no obvious etching characteristics can be observed on 
the N-face. The results indicate that there are sufficient excessive car
riers on the Ga-face, while very few excessive carriers exist on the N- 
face. The etching characteristics of sample II become less obvious as 
shown in Fig. 2(c). It indicates that the excessive carrier density on the 
Ga-face declines under the action of inverse electric field. For sample III, 
only the scratches are etched, indicating a fairly low surface carrier 
density after applying a uniform inverse electric field as shown in Fig. 2 
(d). It means that a uniform electric field can more efficiently redis
tribute the carriers from surface to substrate. As the surface carrier 
density decreases, the etching characteristics change from protrusions to 

pits, indicating the change of material removal mode. The change of 
material removal mechanisms will be discussed in detail in the following 
section. Fig. 2(e) shows the surface morphology of sample IV which was 
applied by an inverse electric field and subsequent abrasive polishing 
process. The surface is very flat and no obvious etching is observed, only 
shallow scratches induced by abrasives in the slurry can be observed. 
After removing a layer of material containing the overwhelming ma
jority free carriers on the top surface by polishing, no etching occurs on 
the processed surface, which indicates that there are no excessive car
riers exist on the processed surface. Although the mass difference is too 
small to be detected through weighing method, the thickness of material 
removal can be deduced from the MRR of CMP process. As mentioned 
above, the material removal rate is about 100 nm/h in the CMP process 
and the material removal is calculated to be around 1 μm after 9 h of 

Fig. 1. Schematics of experimental steps in the verification of surface excessive carrier accumulation.  

Fig. 2. GaN surface morphology after rinsed in the NaOH solution with different pre-treatment processes of (a) as-received sample and (b–e) sample I to V, 
respectively. 
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CMP. In conclusion, it can be concluded that the carriers are accumu
lated within 1 μm beneath the surface. Fig. 2(f) shows the surface 
morphology of sample V that only CMP was conducted on the surface. 
The scattered hexagonal-shaped etching pits on the surface indicate the 
lower density of excessive carriers. Although CMP has removed the high- 
density carrier accumulation layer just beneath the surface, there will 
always be scattered excessive carriers relatively far from the surface. 
Although applying an inverse electric field can extinguish the scattered 
excessive carrier relatively far from the surface. However, it is difficult 
to completely reduce the excessive carrier density from a high value to 
zero near the surface. That's why the scratches on the surface of sample 
III are slightly etched. The above results reveal the non-uniformity of 
carrier distribution along the vertical direction to the GaN surface. The 
density of carriers decreases from the outermost surface to the bulk 
material. 

Based on the above results, it can be concluded that the carriers 
would be accumulated on the surface and change the surface energy 
after the electrochemical etching process. The change of surface energy 
will increase the chemical reaction activity and further cause severe 

surface oxidation during sample preservation. 
To investigate the carrier accumulation's effect on surface oxidation, 

a comparison was made between an as-received sample and an elec
trochemically etched sample. As mentioned above, the carrier density is 
uniform throughout the bulk as-received sample, and relatively high on 
the surface of electrochemically etched sample. After both samples were 
kept in the atmosphere for over a month to ensure the full progress of the 
surface oxidation, the chemical composition and surface morphology 
and chemical composition of these two surfaces was examined by XPS 
and AFM, respectively. The sampling region of the electrochemically 
etched sample is outside the 8 mm electrochemical etching area. The 
initial surface is very smooth, and can be considered as the carrier- 
accumulated surface. 

The core-level spectra of Ga3d for the as-received surface are shown 
in Fig. 3(a). The Ga 3d spectra can be fitted with four components: 
Ga–N (BE: 19.7 eV), Ga–O (BE: 20.6 eV), metal Ga (BE: 17.7 eV) and 
N2s (BE: 16.0 eV) [37–39]. The intensity ratio of Ga-O/Ga-N was esti
mated to compare the extent of surface oxidation. The Ga-O/Ga-N ratio 
of GaN surface was 0.158. The existence of Ga–O bonds could be 

Fig. 3. (a, b) Core-level Ga3d XPS spectra and O1s spectra (inlet) of (a) as-received surface and (b) carrier-accumulated surface. (c, d) AFM images and surface 
profiles of the GaN surface of (c) an as-received sample kept in the atmosphere and (d) an electrochemically etched sample kept in the atmosphere. 
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attributed to the native oxide or the residual oxide formed by the 
precious CMP process. Fig. 3(b) shows the core-level spectra of Ga3d of 
the carrier-accumulated surface. There is no obvious change in the 
binding energies of above peaks. The Ga-O/Ga-N ratio of GaN surface 
was 0.181, which is larger than that of as-received surface. Meanwhile, 
the intensity of N2s peak deceases. The inlets in Fig. 3(a) and (b) also 
show the O1s spectra of two surfaces, respectively. The O1s intensity of 
the ae-received surface is higher than that of the carrier-accumulated 
surface. The above results indicate a more severe surface oxidation on 
the surface with accumulated carriers. 

Fig. 3(c) shows the AFM image of the surface of the as-received 
surface kept in the atmosphere. This surface is comparatively smooth 
that only some surface contaminations can be observed rather than se
vere surface oxidation. For the as-received sample, the surface carrier 
density is small and evenly distributed. Hence, the surface is oxidized 
mildly by oxygen in the atmosphere and forms an oxide layer with a 
uniform thickness. Fig. 3(d) shows the AFM image of the carrier- 
accumulated surface kept in the atmosphere. Different from the as- 
received surface, many larger protrusions are generated on the surface 
which could be attributed to the severe surface oxidation with. The 
carriers accumulated on the surface would act as catalysts that provide 
surface energy in the oxidation process. Hence, the carrier-accumulated 
surface is more likely to be severely oxidized in the atmosphere. Due to 
the uneven distribution of carriers on the surface, the surface oxides 
generated on the surface also show high nonuniformity which will lead 
to high surface roughness and deteriorate the surface quality. 

For an as-received GaN substrate without any treatment, the number 
of holes and electrons are in dynamic equilibrium since the rates of 
excitation and recombination are equal. The holes are minority carriers 
in the n-type GaN, which results in its low density on the surface. That is 
the reason why GaN cannot be etched just by immersing it in NaOH 
solution at room temperature. After applying an external electric field, 
there are two main modes of carrier movement in the GaN substrate. 
These two modes are the drift under the action of the external electric 
field and the diffusion due to the carrier density gradient [40]. The effect 
of the electric field on the movement of carriers is greater than that of 
spontaneous diffusion, resulting in the accumulation of excessive car
riers on the surface. 

The lifetime of excessive carriers is on the nanosecond scale as 
measured by time-resolved photoluminescence (TR PL) [41]. In theory, 
the excessive holes excited by the electric field will diffuse from the Ga- 
face to the N-face and recombine with the electrons in a very short 
duration. But in real situations, when the electric field is removed, the 
carrier distribution will not return to its original state even after a long 
period of time. A built-in electric field is formed and plays the role of 
attracting the carriers, which inhibits its spontaneous diffusion process 
caused by the density gradient. The formation of this built-in electric 
field may involve many factors, such as the surrounding atmosphere 
(especially oxygen) or the doping atoms. The actual formation principle 
of carrier accumulation still needs further investigation. 

In conclusion, the accumulation of surface carriers has an adverse 
effect on the preservation of samples and should be prohibited. The ef
fect of the relatively severe surface oxidation caused by carrier accu
mulation on the device performance needs further research. The etching 
process involving an electric field acting on the polar facets should be 
carefully considered. Applying an inverse electric field or removing the 
outermost material after electrochemical etching would be helpful for 
the release of the surface carrier accumulation effect. 

3.2. Two etching modes tuned by carrier 

In the previous section, we have revealed that the surface carrier 
density plays an important role in material removal during the elec
trochemical etching process. Also, tuning of the surface carrier density 
by applying an external electric field has been carried out. Additionally, 
we found that as the surface carrier density decreases, the etched surface 

morphology will change from protrusion to pit. In this section, the 
relationship between the carrier density and material removal mode in 
electrochemical etching process is discussed. 

One sample was prepared by electrochemical etching and has a high 
surface carrier density, the other sample was prepared by electro
chemical etching and subsequent inverse electric field to have a lower 
surface carrier density. The conditions of the electrochemical etching 
and application of the inverse electric field were the same as conditions 
in the previous section. 

Fig. 4(a) shows the morphology of a scratched GaN surface with high 
carrier density etched in NaOH solution. After electrochemical etching, 
many protrusions are formed on the etched surface. It is worth noting 
that the scratches on the as-received surface will evolve into a row of 
closely arranged protrusions. In the previous studies, we have demon
strated that the products of electrochemical etching will dissolve in the 
electrolyte [36], which means that higher surface has less material 
removal. It can be concluded that the area where the protrusions are 
located has a lower etching rate in the electrochemical etching. 

Since the width of the scratch induced by CMP process is only 
nanometers, it cannot be detected by PL due to its limited accuracy. 
Hence, a scratch with a width of about 10 μm was intentionally induced 
onto the surface using a diamond cutter as shown in Fig. 4(b). As shown 
in Fig. 4(c), the PL intensity along the scratch is relatively low compared 
to the as-received surface. The PL intensity is proportional to the number 
of photons emitting from the GaN substrate [42]. Hence, the decrease in 
PL intensity at the scratch indicates a decrease in the number of photons 
emitted there. When the surface is scratched by hard abrasives, it will 
leave subsurface damage beneath the scratches, which can be regarded 
as linear recombination center. The recombination center plays the role 
of inhibiting photons from escaping from the surface. During the elec
trochemical etching process, the recombination center will also lead to a 
reduction of local excessive carriers [26]. Therefore, only a few holes 
can get through the recombination centers and reach the GaN surface, so 
the etching rates along the scratches is low, and closely arranged pro
trusions will be formed on the surface. 

Fig. 5(a) shows the AFM image of a scratched GaN surface with low 
carrier density etched in NaOH solution. Dense hexagonal-shaped 
etching pits are formed along the scratches, indicating that the mate
rial is mainly removed by a chemical etching process. Fig. 5(b) shows the 
morphology and cross-sectional profile of an etching pit from the surface 
shown in Fig. 5(a). From the cross-sectional profile, it is revealed that 
the depth of the etching pit is around 40 nm which is shallow compared 
to its 3 μm radial length. A platform is formed in the bottom of the 
etching pit which indicates the etching along the vertical direction is 
uniform. 

The two samples are only affected by the electric field and only react 
with NaOH solution, so the chemical reactions occurring on them are the 
same. The charge carriers in the valence band obtain energy from the 
electric field and leaps into the conduction band and move to the 
outermost surface of GaN under the action of electric field. The carriers 
on the surface are consumed by hydroxyl ions and form an oxide layer. 
After that, the oxide layer is dissolved in the NaOH solution. The 
different etching characteristics are due to the two modes of material 
removal in etching, which depend on the surface excessive carrier 
density. Fig. 6 compares the formation mechanism of etched surface 
morphology under different carrier densities. Under low surface carrier 
density, the etching process is mainly determined by the etchants. The 
surface carriers can be considered as a sense of catalyst which reduces 
the activation energy required for chemical reactions, thus GaN can be 
etched by hydroxyl ions. The hydroxyl ions in the NaOH solution are 
absorbed on Ga dangling bonds somewhere with a relatively high den
sity of carriers, breaking the Ga–N bonds and thus the etching begins 
[43]. The highly reactive region such as dislocations and scratches with 
Ga dangling bonds is preferential to be etched. The formation mecha
nism of hexagonal-shaped etching pits has been studied in detail 
[22,23]. The planar density is considered as the main factor that 
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Fig. 4. (a) SEM image of a scratched GaN surface after electrochemical etching (The intersection angle of the electron beam and the surface was set to 45◦); (b) AFM 
image of the GaN surface with an intentionally induced scratch using diamond cutter (c) PL intensity mapping of the GaN surface with an intentionally induced 
scratch using diamond cutter. 
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Fig. 5. (a) AFM images of GaN surface with a low excessive carrier density etched in the NaOH solution; (b) magnified AFM image and cross-sectional profile of an 
etching pit from (a). 
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influences the etching rate. The planar density of the c-plane is larger 
than that of other facets, which results in the lowest etching rate of the c- 
plane. Hence, the material removal along the vertical direction is min
imum. The planar density of the r-plane is smaller than other facets, 
which leads to a relatively high etching rate of the r-plane [43]. This 
makes the etching pits mainly expand along the direction perpendicular 
to the r-plane. The intersection angle between the r-plane and the sur
face is about 45◦, thus forming the shallow and hexagonal-shaped 
etching pits. 

Under high surface carrier density, the etching process is mainly 
affected by the surface excessive carrier. Abundant carriers are forced to 
the outermost surface under the action of external electric field. 
Although the chemistry is identical, the recombination center inhibits 
the carriers from drifting to the GaN surface and contacting with the OH- 
ions. The dislocations can also be considered as recombination centers. 
Therefore, the region where dislocation exists has a relatively low 
etching rate. As the distance between the carrier and the recombination 
center increases, the trap ability of the recombination center to the 
carrier decreases. Thus, the height of the region where dislocations exist 
becomes larger than that of other areas and form a morphology with 
many hexagonal-shaped protrusions. In the initial stage of etching under 
high carrier density, the etching also starts from a highly reactive point 
and expands into etching pits. For a perfect crystalline GaN substrate 
without recombination centers, the etched surface will be covered with 

the united or overlapped hexagonal-shaped etching pits. 

3.3. Abrasion behavior after electrochemical etching treatment 

In the above sections, the material removal mechanisms in electro
chemical etching have been discussed from the perspective of carrier 
behavior. As previously stated, the surface carrier accumulation layer 
will deteriorate the surface quality. Besides, the surface is rough after 
the electrochemical etching owing to the formation of protrusions. 
Hence, the etched surface should be further processed by abrasion for 
achieve a smooth surface. In this section, the material removal mecha
nism in the subsequent abrasion process is discussed. The as-received 
surface was lapped to be rough using a diamond lapping pad with a 
grain size of about 15 μm (1000 #). After the electrochemical etching 
process, the entire GaN surface was mechanically polished using a dia
mond polishing pad with a grain size of about 5 μm (2500 #). In the 
lapping and mechanical polishing, the rotation speed of the polishing 
head and polishing pad were both 50 rpm, with an applied pressure of 
0.5 kg/cm2. 

Fig. 7(a) shows the surface morphology of the interface between the 
non-etched area and the pre-etched area after mechanical polishing 
using abrasives with grain size of 5 μm. The surface morphologies 
exhibit a large discrepancy that many cracks and pits are formed on the 
non-etched surface, while the pre-etched surface is rather flat and only 
scratches can be observed. The AFM images of the non-etched area and 
pre-etched area after mechanical polishing are also shown in Fig. 7(b) 
and (c). As shown in Fig. 7(b), the non-etched GaN was fractured into 
large pieces due to its high brittleness, forming cracks and pits on the 
surface. The surface roughness of the non-etched surface after me
chanical polishing was measured to be Sa28.5 nm. However, only 
scratches can be observed on the pre-etched surface as shown in Fig. 7 
(c). The surface roughness of the pre-etched surface was measured to be 
Sa2.56 nm. 

To investigate the hardness of the non-etched and pre-etched surface, 
nanoindentation tests were carried out after mechanical polishing. In 
the nanoindentation test, 12 points arranged in an array of 3 rows and 4 
columns on the non-etched and pre-etched surface are tested, respec
tively. The spacing between each point is 10 μm, and the maximum 
indentation load was set to 1.0 mN. Fig. 7(d) shows the hardness values 
and nano-indentation curves of non-etched and pre-etched GaN surface 
after mechanical polishing. The nanoindentation curves show that the 
displacement of the indenter for the pre-etched and non-etched surface 
was only 62 nm and 52 nm, respectively. The hardness values are 
calculated from the nanoindentation curves by the Oliver-Pharr method 
[44]. The results show that the surface hardness of the non-etched sur
face is about 15.4 GPa, while the hardness of the pre-etched surface is 
only 10.9 GPa. 

The surface chemical composition of the non-etched and pre-etched 
areas is the same as confirmed by XPS [36], thus, the decrease in surface 
hardness may be attributed to the change in surface structure. Fig. 7(e) 
shows the magnified SEM image of the pre-etched surface after me
chanical polishing. Many nanoscale pores can be observed on the pre- 
etched area. These nanopores are supposed to be the reason for the 
improvement of ductility of the pre-etched region. We cut off the sample 
and tilt the sample stage to about 45◦ to observe the surface and cross- 
section of the sample simultaneously. A nano-channel layer with a 
thickness of about 500 nm is formed beneath the GaN surface, as shown 
in Fig. 7(f). The nano-channel layer can be considered as the extension of 
nanopores into the bulk material. The formation of the nano-channel 
layer can be attributed to the breakdown on account of electric field 
concentration on the protrusions [36]. From the results of nano- 
indentation test, it can be concluded that the nano-channel layer has a 
smaller hardness and better ductility than that of the original GaN. 
Therefore, the nano-channel layer is easier to be removed during the 
abrasive machining process. In summary, the increased ductility of 
nano-channel layer would make abrasives induce less damage and 

Fig. 6. The formation mechanism of surface morphology in the electrochemical 
etching: (a) under low carrier density; (b) under high carrier density. The red 
ball represents the carriers that have been reacted with NaOH solution. The 
green ball represents the carriers in the substrate that have not been reacted. 
The red line represents the recombination center. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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achieve better surface roughness. 
Two-dimensional PL mapping measurement was conducted to eval

uate the surface quality of the pre-etched and non-etched GaN surface 

after the polishing process [45]. The data was collected from an area 
with a dimension of 100 μm × 100 μm. A total of 225 sampling points 
were examined, with 15 points on the x-axis and 15 points on the y-axis. 

Fig. 7. (a) Surface morphology of the interface between the non-etched area and the pre-etched area after mechanical polishing using abrasives with grain size of 5 
μm. (b, c) AFM images of the (b) non-etched surface (Sa: 28.5 nm) and (c) pre-etched surface (Sa: 2.56 nm) after mechanical polishing using abrasives with grain size 
of 5 μm. (d) load-displacement curves and hardness calculated from the measured data for the non-etched surface and pre-etched surface. (e) Nanopores left on the 
surface after mechanical polishing. (f) nano-channel layer formed in the electrochemical etching. 

Fig. 8. PL intensities of a mechanically polished GaN: (a) non-etched surface and (b) pre-etched surface, (c, d) 25 sets of PL spectra selected from (a) and (b), 
respectively. 
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The distance between each point is about 6.67 μm. Fig. 8(a) shows the PL 
intensities of the non-etched surface after mechanical polishing. The 
values of PL intensity are collected in the wavelength range of from 350 
nm to 375 nm and take the average. The PL intensities of many locations 
on the non-etched surface are close to zero, indicating the existence of 
subsurface damage. The formation of subsurface damage is the result of 
brittle removal using abrasives with large grain size in mechanical 
polishing. Fig. 8(b) shows the PL intensities of the pre-etched surface 
after mechanical polishing. As a whole, the pre-etched surface exhibits a 
much higher PL intensity compared to the non-etched surface. This 
might be due to the high surface area of the porous structure which emits 
more photons under the excitation of the ultraviolet laser [40,42]. It is 
worth noting that the ratio of the maximum value to the minimum value 
is only about twice of magnitude for the pre-etched surface, while is 
about two orders for the non-etched surface. Besides, the PL intensities 
at any point on the surface are not close to zero and better uniformity has 
been demonstrated, which also indicates the desirable surface integrity 
of the pre-etched area after mechanical polishing. The slight in
homogeneity of PL intensity could be attributed to the uneven distri
bution of surface carriers. 

We also compare the peak positions of the above two regions. 25 sets 
of data that are sufficient to distinguish the difference between the two 
regions were randomly selected. Fig. 8(c) shows that the PL peak posi
tions of the non-etched region lack consistency and have a wide range 
from 361.1 nm to 363.3 nm. All PL peak positions show varying degrees 
of red-shift due to the residual stress induced by mechanical polishing 
[46,47]. However, as shown in Fig. 8(d), the PL peak positions of the 
pre-etched surface have a very small shifting range of 0.2 nm, and they 
are all close to 363.8 nm. The good consistency of pre-etched surface PL 
spectra indicates the higher surface integrity. 

In conclusion, the nanochannel layer can be considered as a modified 
layer resulting from electrochemical etching. This layer has good 
ductility that the material is not removed in a brittle mode in abrasion. 
After mechanical polishing, this residual nanochannel layer shows a 
good surface quality and a relatively low surface roughness. The surface 
planarization by mechanical polishing is relatively more efficient, and 
the residual nanochannel layer can be removed by the final CMP process 
in a short duration. Therefore, the electrochemical etching combined 
with mechanical polishing can be considered as a semi-finishing tech
nique. In this process, the electrochemical etching would efficiently 
remove the damaged layer induced by grinding or lapping, and the 
subsequent mechanical polishing would rapidly reduce the surface 
roughness and remove most of the nanochannel layer. 

4. Conclusion 

To reveal the material removal mechanisms in electrochemical 
etching-enhanced polishing of GaN, a series of experiments have been 
conducted and the following conclusions can be drawn from this study:  

1. The electric field could alter the distribution of excessive carriers 
along the polar plane of GaN. After the electrochemical etching, the 
excessive carriers are accumulated on the surface and would not 
return to their original state spontaneously. The accumulation of 
excessive carriers has an adverse effect on sample preservation and 
should be prohibited. 

2. The dislocations and subsurface damage act as recombination cen
ters and trap the free excessive carriers, resulting in a local low 
etching rate. Under higher carrier density, the carriers are abundant 
so the surface morphology is determined by the locations of recom
bination centers. Under low carrier density, the material removal is 
achieved through a chemical etching process. The surface 
morphology is mainly determined by the locations of highly reactive 
dangling bonds on the surface.  

3. A nano-channel layer would be formed along the vertical direction of 
the GaN surface through electrochemical etching. The surface 

hardness of the pre-etched surface with nano-channel layer is rela
tively low compared to the non-etched GaN surface which is easier to 
be removed in the following mechanical polishing process. Electro
chemical etching combined with mechanical polishing can be 
considered as a semi-final processing technique with high removal 
rate and relatively good surface integrity. 
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