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Gallium nitride (GaN) substrates were ground in two different grinding wheel abrasive sizes of 270 and 800-mesh, and the
change in surface morphologies of the substrates and the depth of subsurface damage (SSD) were observed. With the 800-mesh
grinding wheel, the surface roughness (SR) and the depth of SSD of the sample tended to decrease, which was not the case
with the 270-mesh grinding wheel. In the X-ray rocking curve, the sample exhibited some compressive stress with the 270-mesh
grinding wheel, but with the 800-mesh grinding wheel, it demonstrated the occurrence of tensile stresses in the sample and a
decrease in full width at half maximum (FWHM), which confirms an improvement in the crystallinity. In the Raman spectra,
the compressive stress of the 270-mesh grinding wheel and the tensile stress of the 800-mesh grinding wheel were confirmed
through peak shifts. Photoluminescence (PL) spectra confirmed that the intensity ratio of the yellow luminescence increased
at the 800-mesh grinding wheel, and a blue shift occurred further. These results indicate that the SR and the depth of SSD
were proportional to the abrasive grain size of the grinding wheel. At the same time, the increase in PL intensity at specific
peak positions indicates that the stress stemming from the grinding process was concentrated at the crystal surface. The above
mechanism is illustrated in a schematic diagram, which confirms the possibility of improving the grinding efficiency and
subsequent polishing processes in future applications.
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Introduction

Gallium nitride (GaN) has excellent properties such

as a wide bandgap energy of 3.4 eV, high dielectric

breakdown strength of 3.3 MV/cm, and high electron

saturation velocity of 2.4 × 107 cm/s, and high temperature

stability [1, 2]. It is, thus, a fascinating next-generation

material that can be used in optical devices such as

high-brightness light-emitting diodes (LEDs) and laser

diodes (LDs), power devices, and radio-frequency (RF)

devices [2, 3].

In the case of GaN single-crystal substrates, various

defects occur during the growth or wafering processes.

These defects cause electron and light scattering which

causes quality degradation and hinders the application

of these fields [4, 5]. Among the defects of GaN wafers,

subsurface damage (SSD) layers are mainly produced

by the wafering process and must be removed in the

final wafering process [6, 7].

Grinding is a GaN wafering process that flattens the

rough surface of an as-grown or as-sliced GaN single

crystal by utilizing a grinding wheel rotating at high

speed. This process makes the subsequent polishing

process possible but produces a deep SSD [7]. In general,

SSD resulting from the grinding process gradually

undergoes a shortening of depth through subsequent

polishing and is almost completely removed through

chemical-mechanical polishing (CMP) or inductively

coupled plasma-reactive ion etching (ICP-RIE) [7, 8].

However, deeper SSD depth implies that more wafering

time is required for the polishing process, eventually

resulting in additional process costs. This is one of the

causes of the high cost of GaN wafers, making them

difficult to commercialize [9]. There are previous studies

to reduce SSD and stress originated from wafering pro-

cesses by varying diamond abrasive size in mechanical

polishing (MP) [10] or varying the conditions of CMP

method [11], etching [12], or annealing process [13].

In this study, we attempted to compare the changes in

the surface morphologies and SSD of GaN substrates

based on differences in the grain sizes of the diamond

abrasives constituting the grinding wheel. Based on the

results of the analysis of the physical and optical pro-

perties of the surface of the GaN single crystal that

change owing to abrasive size, we attempted to deter-

mine how SSDs are generated from the grinding process

and how they affect the properties of the substrates. We
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applied these results to a grinding process to improve

the efficiency of the GaN wafering process.

Experiment

GaN single crystals (approximately 1.0 mm) were

grown on a c-plane sapphire substrate under the same

conditions using a homemade vertical hydride vapor-

phase epitaxy (HVPE) reactor. A high-speed grinding

machine (Engis, EHG-170AV, Korea) was used for the

grinding process, and 270 and 800-mesh (abrasive grit)

sizes were used. In this study, the average abrasive

sizes of the 270 and 800-mesh diamond grinding wheels

are approximately 53 µm and 18 µm, respectively. The

grinding process was performed with a target depth of

approximately 10 µm. The detailed grinding process

conditions are listed in Table 1.

After grinding, surface morphologies of samples A

and B were measured using a white-light interferometer

(WLI; NanoSystem, NanoView E-Series, Korea) and

scanning electron microscopy (SEM; Jeol, JSM-5900LV,

Japan). The surface of the as-ground GaN single crystal

was polished with a 3 µm diamond abrasive using a

polishing machine (Engis, EK-380I, Korea) to observe

surface changes according to the processing time.

The polished specimens were observed using optical

microscopy (OM; BiMeince, S39CM, Korea).

Samples A and B were sampled using focused ion

beam field-emission SEM (FIB-FESEM; FEI, Scios,

USA) to analyze the SSDs of the GaN single crystals;

SSDs were observed using scanning transmission

electron microscopy (STEM; Jeol, JEM 2100F, Japan).

By measuring the X-ray rocking curve (XRC) of the

high-resolution X-ray diffraction (HR-XRD; Rigaku,

ATX-G, Japan), the peak shift and FWHM of the GaN

single crystal were calculated after each grinding process

and compared with the residual stress and crystallinity

changes according to the SSD. The samples were

measured using a micro-Raman spectrophotometer

(JASCO, NRS-3100, England) at a laser wavelength of

534.0 nm and a power of 2.5 mW to analyze the residual

stress and defects on the surface and subsurface. Photo-

luminescence (PL; Dongwoo Optron, MonoRa750i,

Korea) was used to evaluate the optical properties of

the GaN samples. For PL, the laser power was 2.5 mW

and a He-Cd laser with a wavelength of 325 nm was

used at room temperature.

Result and Discussion

Fig. 1 shows a schematic diagram of the abrasives of

the grinding wheel, along with WLI and SEM images

of the surface and cross-section after the grinding

process. Fig. 1(a) shows an image of the GaN substrates

after grinding with the 270-mesh grinding wheel, and

Fig. 1(b) shows an image of the substrates after grinding

with the 800-mesh grinding wheel. Measuring the GaN

surface with WLI, the maximum and minimum surface

roughness (SR) values were found to be 8.5 m (Fig.

1(a)) and 4.8 µm (Fig. 1(b)), respectively. When a

grinding wheel with a larger mesh size was used, the

SR value of the as-ground GaN decreased [14]. This

can be observed in greater detail in the cross-sectional

SEM images. From the SEM cross-sectional images, it

can be seen that the smaller abrasive grit size of the

grinding wheel results in lesser SR of the ground GaN.

This is because the smaller abrasive grit size of the

grinding wheel under the same conditions results in a

smaller grinding depth into GaN.

Fig. 2 shows an OM image of the polished GaN

surface under the same conditions after grinding with

wheels of different mesh sizes. Fig. 2(a) and (b) show

OM images after grinding with the 270 and 800-mesh

grinding wheels, respectively. In the polishing process,

sample B took 120 min, which is shorter than the time

required for sample A to remove ground surface defects

such as scratches and micro-cracks. This indicates that

the low SR value of sample B resulted in a shorter

polishing time under the same conditions. These results

confirm that the time required for the polishing process,

which is the subsequent grinding process, was subject

to the difference in the diamond abrasive size.

To analyze the internal defects caused by grinding,

STEM was performed on the cross-sectional plane of

the GaN substrates after each grinding process (Fig. 3).

Fig. 3(a) and (b) show STEM images of the cross-

sectional planes of GaN ground with the 270 and 800-

mesh sizes, respectively. STEM measurements of the

bright-field (BF) type were performed and based on the

characteristics of the BF-STEM, the central electron

beam and a small collection angle were measured. The

measurement was done such that the area that was not

scattered was measured brightly, and the area where

phonon scattering occurred was measured darkly [15].

The damage layer produced during the grinding process

acts as a defect and causes phonon scattering in the

Table 1. The condition of 270 and 800-mesh grinding of the GaN sample.

Sample

Type of grinding wheel Rotational
velocity of wheel

(rpm)

Rotational
velocity of wafer

(rpm)

Type of
grinder oil

Feed rate
of wheel
(m/s)

Abrasive size
(mesh)

Wheel abrasive 
type

Concentration degree
(VH)

A 270
Diamond abrasive 125 800 300

Water-soluble
grinding oil

0.2
B 800
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electron beam [15]. In the STEM image, a GaN single-

crystal region in which only a few defects exist is

relatively bright, and black regions unevenly distributed

in the ground GaN surface region can also be seen.

Fig. 3(a) and (b) show the damage layer from the

surface to a certain depth. In the first figure, the

damage layer was formed up to 1.050 μm thick in the

grinding process using the 270-mesh grinding wheel,

but the other using the 800-mesh grinding wheel had a

0.494 μm thick damage layer. Based on these results, it

can be observed that the depth of the SSD decreases

further when a finer grit size is used in the process, and

the grain size of the grinding wheel affects not only the

SR but also the depth of the SSD.

Fig. 4 shows the XRC measurements for the GaN

substrates after the 270 and 800-mesh grinding processes

with ω values of the (0002) peak angles appearing at

17.2911o and 17.2412o, respectively. Compared with the

theoretical bulk GaN (0002) peak angle of 17.2833o,

sample A of the 270-mesh grinding wheel shifted to

the right, which means that the interplanar distance of

the (0002) plane decreased according to Bragg's law,

unlike the theoretical bulk GaN, and this can be

interpreted as due to the presence of compressive stress

within [16]. However, as the 800-mesh grinding shifts

to the left based on the bulk GaN, it is judged that

tensile stress exists inside. In theory, if the SSD

generated by the grinding process is present within the

Fig. 1. Schematic representation of grinding wheel and the WLI, SEM images of GaN after grinding by (a) 270-mesh and (b) 800-mesh
grinding wheels.

Fig. 2. OM images according to GaN polishing time until 120 min after grinding with abrasive grit sizes of (a) 270-mesh and (b) 800-mesh.
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material, compressive stress is induced owing to the

strong lattice distortion [17]. Bulk GaN single crystals

grown on sapphire are subjected to stress after cooling

because of the difference between the lattice constant

and thermal expansion coefficient with the heterogeneous

substrate [18, 19]. In XRC, the penetration depth of the

X-ray is between 5 and 6 µm. In other words, in the case

of sample B, the area analyzed was mainly undamaged

[20]. In addition, as a result of measuring the FWHM

of (0002) XRC to evaluate the crystallinity of GaN

after each grinding process, the 270 and 800-mesh

samples represented 404.8 and 317.3 arcsec, respectively.

These results show that the crystallinity of bulk GaN is

relatively better when 800-mesh grinding is performed

than when 270-mesh grinding is performed. These

results can be interpreted as having higher crystallinity

because they include more results for areas where

processing damage is free when grinding in a relatively

high mesh.

Fig. 5 compares the Raman measurements for GaN

after the 270 and 800-mesh grinding. Of the Raman

modes, the E2 (high) mode, a horizontal vibration

mode, was used to gauge the residual stress in the GaN

crystal [21, 22]. For stress-free bulk GaN, the Raman

shift of the E2 (high) peak is located at approximately

567.2 cm1. Based on this, the material with compressive

or tensile stress shows a higher or lower peak position,

respectively [23-25]. Using the 270-mesh grinding

wheel, sample A exhibited a 567.5 cm1 shift position,

a position higher than the theoretical value, indicating

that the compressive stress was subject to the sample.

At the 800-mesh grinding, the sample has a value of

565.8 cm1, and the E2 (high) peak is shifted to the left,

meaning that tensile stress exists in the material. This

result is in good agreement with the results shown in

Fig. 4.

Fig. 6 is a graph comparing PL measurements for

GaN after the 270 and 800-mesh grinding. In the

normalized PL data on the main peak of 365 nm, it can

be seen that the intensity of the peak in the yellow

luminescence (YL) region of the 800-mesh is higher

than that of 270-mesh. GaN theoretically absorbs UV

rays in the 325 nm region and mainly emits light in the

365 nm UV region corresponding to the 3.4 eV

bandgap. However, when defects such as impurities

Fig. 5. Raman spectra for GaN sample after 270 and 800-mesh
grinding.

Fig. 3. STEM images of GaN cross-sectional plane by grinding
with abrasive grit sizes of (a) 270-mesh and (b) 800-mesh.

Fig. 4. XRC spectra for GaN sample after 270 and 800-mesh
grinding.
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and vacancies exist within the material, trap levels in

the bandgap are formed, and the YL phenomenon,

which means that light in the visible ray region emits,

occurs [26-28]. The YL intensity ratio value of the

800-mesh sample is higher than that of the 270-mesh

because the number of trap states in the bandgap

increases as a result of the increase in defects inside the

GaN [29]. The increase in the YL intensity ratio of

sample B with a thin SSD layer suggested that the

inhibition of the exciton recombination mechanism was

affected not only by the depth of the SSD but also by

the density of the SSD. In addition, the main peak (365

nm) shifted to the lower wavelength—361.5 nm and

358.2 nm at samples A and B, respectively—which is

called the blue shift. The blue shift indicates an increase

in the bandgap energy. Considering that the bandgap

energy was inversely proportional to the interatomic

distance, it was demonstrated that compressive stress

Fig. 7. Schematic diagram of (a) GaN internal defect distribution and (b) XRC and Raman, (c) PL application according to grinding wheel
mesh.

Fig. 6. Normalized PL spectra for GaN sample after 270 and 800-
mesh grinding at room temperature. 
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existed in the samples and in particular, greater com-

pressive stress was applied to sample B [30]. It can be

observed that the results of the above PL are contrary

to the previous XRC and Raman results. This was

considered to be related to the range of measurement of

the specimen according to each analysis device.

Fig. 7 shows a schematic diagram of the analysis

range of the SSD generated after grinding and the

analysis devices used. Fig. 7(a) is a cross-sectional

schematic diagram of the ground GaN single crystal,

and Fig. 7(b) and (c) illustrate the mechanisms of

measuring the XRC, Raman, and PL data. For brittle

materials such as GaN, plastic deformation occurs in a

certain area between the abrasive grit and the GaN

substrate because a strong force is applied by the

abrasive of the grinding wheel [31]. The area over

which this stress is directly applied is called the plastic

zone, and median and lateral cracks in the vertical and

horizontal directions to the GaN, respectively, occur

around the plastic zone, causing potential chipping [32,

33]. When these lateral and median cracks accumulate,

SR and SSD are formed correspondingly, and it can be

seen that the depth of both SR and SSD decreases at a

larger mesh size according to previous results [33, 34].

For the finer grit grinding wheel, the contact area

between the GaN surface and the grinding wheel

abrasives becomes relatively larger than that of the

coarser grit grinding wheel because of the smaller

abrasive size of the grinding wheel. Owing to these

mechanisms, the density of damage per unit area of

GaN increased with finer grinding wheels [35]. In the

case of XRC and Raman, it is judged that tensile stress

is predominantly observed because light penetrates

deeper areas than PL. After all, it can penetrate up to 5-

6 µm and includes information on the undamaged areas

of the deep area [20, 36]. However, PL has a low

penetration depth of 100-200 nm in GaN and reflects

only the properties near the surface. Therefore, the data

for sample B indicated that the compressive stress was

intensified, the number of defects increased, and the

luminous properties were reduced [37]. In other words,

it can be interpreted that the coarse grinding wheel

causes an increase in the SR and the depth of SSD;

however, the fine grinding wheel causes the depth of

SSD to decrease while the defect density increases. Too

coarse grinding wheels induce deep SR and SSD,

which must be removed during polishing. In contrast,

for an extremely fine grinding wheel, the material cannot

accept the whole yield stress and plastic deformation

owing to the excessive increase in the density of the

SSD, and the probability of forming macro-cracks in

the wafer increases [38, 39]. Accordingly, it is necessary

to select an appropriate grinding wheel for GaN in

consideration of the mechanism according to the

abrasive size of the grinding wheel, and it is believed

that the appropriate selection of the abrasive size of the

grinding wheel will act as a key factor to improve the

GaN wafer manufacturing yield.

Conclusion

The bulk GaN single crystal grown by the HVPE

method was ground with a diamond grinding wheel of

270 and 800-mesh sizes, and the optical properties

were analyzed to control the defects caused by grinding.

By measuring the morphology and SR   of the ground

GaN using WLI and SEM, it was found that high-mesh

grinding had a lower SR. The polishing time was reduced

with a finer grit size of the grinding wheel during the

mechanical polishing process. Through STEM, it was

possible to measure the distribution of the SSD inside

GaN, and it was found that deeper damage was left at a

lower-mesh grinding wheel. It could be seen that the

XRC showed compressive stress in the smaller mesh,

tensile stress in the larger mesh, and crystallinity was

higher in the larger mesh. The Raman spectra also

showed compressive stress in a low mesh and tensile

stress in a high mesh, similar to the XRC results. In the

PL data normalized to the 365 nm main peak, however,

it was found that the YL characteristics were higher at

the high mesh, and many defects were concentrated

near the surface through the blue shift. Based on the

above results, because the measurement range was

different depending on the analytical equipment, it was

inferred that XRC and Raman measured a deeper area,

and PL measured a shallower area. It could be inferred

that the lower the mesh of the grinding wheel, the

deeper the SR and SSD generated, but the higher the

mesh, the higher the density of SSD near the surface. It

is possible to control the depth and density of the SR

and SSD using the appropriate grit size of the grinding

wheel. Therefore, when planarization is performed

through appropriate mesh grinding in the future, the

depth and density of the SSD for GaN can be appro-

priately adjusted to affect the control of the subsequent

polishing process so that defects caused by grinding

can be effectively controlled. It is believed that an

efficient improvement of the GaN wafering process can

be achieved. Therefore, a continuous grinding process

according to the combination of the grinding wheels of

the smaller or larger mesh is considered necessary.
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