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In this paper, we present a systematic approach to the gallium nitride (GaN) chemical mechanical planarization (CMP) process
through evaluating the effect of crystallographic orientation, slurry chemistry and process variables on the removal rate and surface
quality responses. A new CMP process and a complementary tool set-up are introduced to enhance GaN material removal rates. The
key process variables are studied to set them at an optimal level, while a new slurry feed methodology is introduced in addition to a
new tool set up to enable high material removal rates and acceptable surface quality through close control of the process chemistry.
It is shown that the optimized settings can significantly improve the material removal rates as compared to the literature findings
while simultaneously enabling a more sustainable process and potential removal selectivity against silica.
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GaN is defined as the silicon of the future based on its adaptability
to a wide range of devices including microelectronics and photonics.1

It is used for the high power, high temperature and high frequency
microelectronics device manufacturing due to its wide bandgap en-
ergy and high electron mobility including heterojunction field effect
transistors (HFETs) and its derivatives (Metal Oxide Semiconductor
HFETs-MOSHFET and Metal Oxide Semiconductor Double HFETs-
MOSDHFETs) as a barrier layer,2 high electron mobility transistors
(HEMTs) for power switching with AlGaN/GaN stacking as a buffer
layer3 as well as for the applications for heterojunction bipolar tran-
sistors (HBTs) and bipolar junction transistors (BJTs).4 In addition,
GaN is suitable for photonics device manufacturing based on its direct
bandgap. It is designed into the light emitting diodes (LEDs) and ultra-
violet LED (UVLED) manufacturing as an active region.5,6 These ap-
plications require the polishing and optimal planarization of the GaN
layers where CMP is the method of choice due to enabling nano-scale
smoothness on the wafer surfaces in addition to enabling material and
topographic selectivity through advanced slurry formulations.7 Yet,
the main problem in integration of GaN is related to the challenges in
its defect free deposition and its hard and brittle nature, which makes it
difficult to polish and planarize in an integration scheme without cre-
ating surface defectivity, which can be defined as the elevated surface
roughness, scratches, local pitting and protrusions, slurry particles and
particles from the surroundings that might be left on the wafer surface.

The growth of thick and crystalline GaN films is very challenging
due to the formation of the threading dislocations between the se-
lected substrate and the GaN interface that can act as the short-circuit
leakage paths.1 Furthermore, it is also known that GaN films tend to
crack above a critical thickness, which can even lead to the film and
the substrate to fracture into separate pieces.8 Many conventional de-
position techniques fail to satisfy the defect free deposition of GaN on
conventional substrates such as silicon. Therefore, substrates such as
ZnO and SiC are experimented which have the same crystal structure
as GaN (wurtzite).9,10 The Ga-rich face of GaN [0001], tends to grow
on Zn and C on the ZnO and SiC substrates, respectively.10 Whereas,
the N-rich face [0001̄] grows on the O and Si faces. Between these,
SiC is a more suitable substrate for the commercial applications. The
crystallographic polarity of the GaN affects the device properties as
well as the chemical and mechanical response of the GaN surface
in addition to the proper growth of the desired film.11 It is further
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reported that the N face GaN tends to be rougher as compared to the
Ga-face due to the nucleation mechanism driven by low adatom mo-
bility on the N-face as compared to the Ga-face during the deposition.
The utilization of plasma assisted molecular beam epitaxy (PAMBE)
deposition was investigated to optimize the surface smoothness of
the N-face by implementing additional control parameters.10 Yet, it
is clear that any investigation of the GaN surface treatment, such as
CMP, has to take into consideration the polarity of the GaN substrates
as well as the proneness of the GaN to fracturing under the applied
forces.

Implementation of CMP on GaN planarization has long been stud-
ied with much better success as compared to the purely mechanical
polishing methods.12,13 Since the pure chemical dissolution rate of
GaN is negligible, the mechanical removal provided by the submi-
cron size abrasive particles was noted to be very critical for GaN re-
moval after a chemically modified layer is formed on the surface.12–15

The preliminary investigations held by using silica based slurries and
KOH or NaOH based pH adjustment have shown improved polishing
rates as well as surface quality post material removal. A removal rate
of 17 nm/h (2.83 Å/min) was reached with 0.1 nm of average sur-
face roughness (Ra) after 40 hours of polishing.16 It was noted that
the main challenge in reducing surface defectivity is driven by the
initial poor surface quality of the substrate as the substrate surface
quality strongly depended on the growth conditions. Furthermore, the
polarity of the bulk and epitaxial GaN films was also outlined as
the difference in driving the variability in the surface roughness post
CMP. The Ga face of GaN is altered to form Ga2O3 on the surface,
which is removed by the relatively harder slurry abrasive particles.13

By using acidic slurry (pH 2) and adjusting the slurry solids loading,
0.65 nm roughness (Ra) and 165 nm/h (27.5 Å/min) removal rates
were obtained on the Ga-side. The removal mechanism on the N-side
GaN is also very well described as formation of nitrogen terminated
layer with one negatively charged dangling bond on each nitrogen
atom, adsorption of hydroxide ions, formation of oxides and dissolu-
tion and removal of the oxides.14,15 Again by using silica-based slurry,
the material removal rates were reported to vary from 400 to 1100
nm/h (66.7 to 183.3 Å/min) and the surface roughness values within
0.4–1.1 nm range (RMS-root mean square) were reached.14 Alumina
based slurries in the presence of sodium hypochloride (NaOCl) on
the other hand, resulted in residual particles to be left on the surface
and required a buff step for post CMP cleaning while removal rates of
50 nm/min (8.3 Å/min) were obtained.17 More recent study comparing
the alumina versus silica slurries in the acidic pH range in the presence
of potassium permanganate (KMNO4) as an oxidizer concluded that
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39 nm/hr (6.5 Å/min) and 85 nm/hr (14.17 Å/min) removal rates were
obtained with silica and alumina slurries, respectively. The root mean
square (RMS) roughness values were reported to be 0.13 nm.18 By
adjusting the slurry flow rate, the authors were able to improve the
removal rates to 228–687 nm/hr (380–114.5 Å/min) with a 1 nm RMS
roughness obtained.19 The use of metal (Fe+2) catalyst,20 as well as
conducting GaN CMP under UV light by using photocatalytic titania
(TiO2) nanoparticles as abrasives21 have been observed to increase the
GaN removal rates on the Ga-face of the material.

In our earlier work, we have compared the material removal rates
(MRR) and the surface quality responses of the Ga-face, N-face GaN
coupons as well as a 2” GaN wafer deposited on silicon substrate.22

The evaluations based on slurry pH and polishing pad type were
observed to improve the material removal rates when the chemical
component of the CMP process is enhanced through use of softer
pads and high pH where the GaN dissolution reaction can be driven
toward the products side.14 In this study, we evaluate the impact of
CMP variables on bulk GaN coupons as a function of pH, slurry solids
loading and flow rate and downforce by using baseline silica slurry. In
addition to these standard CMP variables, slurry temperature and the
relative surface energy changes were evaluated as a function of the
surface polarity of the GaN coupons. In order to control the surface
defectivity (by means of surface roughness evaluation), slurry stability
as well as the GaN surface electrical charge values were measured as
a function of pH. We also introduced new slurry feeding strategy and
polisher set-up, which promotes the GaN polishing rates significantly.

Materials and Methods

Materials.—CMP evaluations were performed on bulk GaN
coupons with 10 × 10 mm dimension and 1 mm thickness. Bulk
GaN coupons with (0001) orientation were selected on purpose to
prevent any defectivity driven by the dislocation threads originated
from the GaN/substrate interface. Both Ga-face and the N-face were
available on the bulk substrates. A baseline silica slurry with uniform
particle size distribution and 0.1 μm mean particle size provided by
BASF SE, Germany was used for the CMP experiments. Slurry pH
was stable at pH 6.42 and it was adjusted by adding HCl and NH3

as needed. Slurry stability was checked through particles size mea-
surements by using static light scattering technique with Coulter LS
13 320 Instrument Universal Liquid Module. Background DI water
pH and temperature were adjusted as needed to maintain the slurry
conditions during the particle size measurements and evaluate the sta-
bility precisely. IC 1000/Suba IV stacked pads were used after aging
for 100 hours to accomplish a soft pad/wafer interface and promote
removal rates as per our observation in the earlier studies.22

Methods.—Chemical mechanical polishing experimental.—CMP
experiments were conducted on a tabletop Struers Tegrapol-31 pol-
isher. Figure 1a illustrates the polisher set up with the modifications
made to form a slurry pool (which is utilized as a part of the new
slurry feeding methodology) and the single wafer holder. Figures 1b
and 1c show the standard polishing platen with 3M conditioner and the
multi-wafer coupon holder to adjust the applied pressure by changing
the number of wafers placed during the polishing experiments. CMP
tests were conducted at 30 N downforce, which is equivalent to ∼43
psi pressure on 10 × 10 mm sample size. To adjust the pressure to
lower values, the multi-wafer holder was utilized and 3.3, 6.2, 8.7,
14.5psi polishing performances were also evaluated. GaN samples
were polished for 5 minutes and the material removal rates were re-
ported as Å/min through weighing the samples pre and post polish by
Swiss Made ES125SM model precise scientific balance (five digits
after the decimal point, 0.01 mg accuracy). All samples were cleaned
in ultrasonic bath with pH-adjusted water at pH 9 for 5 minutes and
dried with nitrogen gas before they were characterized. Slurry pH was
evaluate at pH 3, 6 and 9, solids loading was tested at 5,10, 15, 20
and 25 wt%, and the flow rate values of 20, 50 and 100 ml/min were
experimented to optimize the material removal rates.

a

b

c

Figure 1. Desktop Struers Tegrapol-31 polisher (a) with the standard single
wafer holder and slurry pool adopted (b) platen and the conditioning disk
for the standard CMP testing and (c) multi-wafer holder designed to reduce
pressure by adjusting the downforce through changing the number of wafers
held during the polishing experiments.

Surface characterization experimental.—GaN wafers were char-
acterized on both Ga and N-faces thoroughly in order to evaluate their
CMP performances in terms of material removal rates as well as the
post polishing surface quality. Both crystallographic faces were tested
for wettability, surface energy and work of adhesion in addition to the
FTIR/ATR surface scans and surface charge values which were corre-
lated to their CMP behavior as a function of slurry pH as a preliminary
evaluation.
Wettability characterization.—Surface wettability analyses were per-
formed by using a KSV ATTENSION Theta Lite Optic Contact An-
gle Goniometer using the sessile drop method. Contact angles of five
drops of DI water were measured on each sample and the averages
were reported with the standard deviation values. The drop images
were stored by a camera and an image analysis system calculated the
contact angle (�) from the shape of the drops. Surface free energy
(SFE) and the work of adhesion (Wa) were calculated by using acid-
base method after measuring contact angles with liquids of different
polarity as given in the literature (ethylene glycol, formamide, glyc-
erol and DI-water).23 The surface free energy and the Wa are helpful in
determining the propensity of particle adhesion on the wafer surfaces
as well as the material removal potential based on surface chemical
modification.
Surface topography and roughness characterization.—The surface
topographies of the GaN coupons were examined by Nanomagnet-
ics Atomic Force Microscope (AFM) using contact mode. Surface
roughness values were recorded on 5 × 5 μm scan area consistently
and reported as an average of minimum three measurements taken
on the samples. In order to determine the root mean square (RMS)
surface roughness values properly, the line scans were also performed
by excluding the major surface defectivity such as particles stacked
on the surface or deep scratches when needed. Yet, the full AFM
scans are presented since the surface slurry particles left on the wafers
are related to the insufficient surface charge, which is also studied as
delineated in the following section.
Surface charge analyses.—Surface charge and zeta potentials of GaN
samples for both Ga and N faces were measured by using streaming
current measurement technique with SurPASS Instrument by Anton
Paar. For the analysis of the zeta potential, 1mM KCL solution was
used as an electrolyte while 0.05 M HCl was used for the pH titration.
The 10 mm2 GaN samples were mounted to the adjustable gap cell
by orienting two coupons with the same crystalline orientation to face
each other within the required gap for the flow conditions.



S3086 ECS Journal of Solid State Science and Technology, 6 (11) S3084-S3092 (2017)

Figure 2. Surface FTIR analyses of (a) N Face and (b) Ga Face, based on crystallographic orientation.

Surface chemical composition analyses.—The crystalline nature of
the GaN surfaces was studied through FTIR analyses by using an
ATR crystal to be able to focus onto the top surface film. A Bruker
Tensor 27 FTIR was used to detect the GaN related peaks on both
the Ga-face and the N-face of the bulk coupons. Furthermore, pre
and post CMP FTIR analyses were conducted as a function of pH to
determine the relative changes in the chemical bond intensities and
the impact of polishing on the chemically modified top film during
the CMP operations.

Results and Discussion

The preliminary experimental evaluations were conducted on the
bulk GaN coupons by analyzing the effect of crystallographic orien-
tation of GaN to the surface wettability, electrical charge and surface
energy properties. Following these analyses, CMP optimization was
performed by testing the slurry pH, solids loading, flow rate, temper-

ature and applied downforce by means of improved material removal
rates and the surface quality. Based on the optimal settings, a new
CMP process and tool set-up is suggested which brings the synergy in
reducing slurry consumption for polishing of bulk layer of GaN films
while effectively enhancing material removal rates and protecting the
surface quality by adjusting the tool and process configurations.

Characterization of the crystallographic faces of the GaN and
related surface properties.—In order to understand the effect of crys-
tallographic orientation of bulk GaN coupons on CMP performance,
initially the FTIR spectra were taken on both sides of the 〈0001〉
crystallographic orientation to identify the Ga-rich face [0001], and
the N-rich face [0001̄] of the bulk coupons.11 Figure 2 shows the
FTIR spectra of the N-face and Ga-face GaN with the primary
peaks identifying the atomic vibrations related to the specific crys-
talline orientation. It can be seen in Figure 2a that the main peaks
of G-N vibration are detected at 530 and 508 cm−1 wavelengths
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Figure 3. Surface characterization of the N-face and Ga-face of the GaN
coupons through (a) contact angle measurement showing the DI-water droplets
on the surfaces and (b) contact angle, work of adhesion and surface free
energy values calculated by measuring the contact angle with liquids of varying
polarity.

corresponding to the N-face,24 whereas the Ga-face shows the intense
H-Ga-Ga peak at 732cm-1 wavelength that is missing in the N-face
spectra.24 The additional Ga-N stretching is also seen on the Ga-face
at 535, 497 and 475 cm−1 wavelengths in agreement with the literature
findings.24–26

Once the Ga-rich and N-rich surfaces were identified, wettability,
surface energy and work of adhesion values were evaluated as can be
seen in Figure 3. The image of the water droplet illustrated in Figure
3a shows a higher contact angle with the Ga-face, which is 107◦ and
10◦ higher than the N-face GaN. This statistically significant differ-
ence between the contact angles of the two faces was found to be a
useful tool in verifying the crystallographic orientations when needed.
Although there is a difference between the wettability of the different
sides, it is clear that the GaN shows a contact angle of 90◦ and higher
that is an indicator of its hydrophobic nature. Furthermore, the work
of adhesion (Wa) and surface free energies (SFE) were also measured
(as per the procedure given by Bargir and co-workers23) for both the
orientations and reported in Figure 3b. The Wa values are beneficial
in estimating the propensity of the surface to adhere other species and
can be utilized in predicting the post CMP cleaning efficiency of the
selected crystallographic orientations. In this case, the Ga-face had a
lower Wa value (52.83 J/m2) as compared to the N-face (69.62 J/m2)
indicating that the N-face is more prone to the attachment of parti-
cles post CMP. This characteristic was further verified by the surface
charge measurement results as reported in Figure 4. The iso-electric
point (IEP) of Ga-face was measured to be at pH 3.24, whereas the
N-face was detected to be at pH 4.30. Hence at the given slurry pH
of 6.4 the Ga-face is more negatively charged (−46 mV) as compared
to the N-face (−23 mV). Consequently, the higher negative charge
on the Ga-face results in more repulsive forces with the negatively
charged silica particles (IEP of 2.2) and can be cleaned more easily.
Furthermore, the surface energy values of 10.28 and 15.73 J/m2 cal-
culated on Ga-face and N-face, respectively indicate that the Ga-face
is more stable as compared to the N-face, which is in agreement with
the literature10,11 indicating that the N-face decomposes more easily
as compared to the Ga-face during the GaN growth. This observation
is also consistent with the high standard deviations observed on the
surface charge measurements of the N-face GaN as compared to the
Ga-face.

CMP performance evaluations.—CMP performance as a func-
tion of pH on Ga-rich and N-rich faces of GaN.—In order to evaluate
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Figure 4. Surface charge measurements on the Ga-face and N-face of the GaN
bulk coupons.

the CMP performances of the Ga-rich and N-rich faces, preliminary
polishing analyses were performed as a function of pH. Table I sum-
marizes the material removal rate (MRR) results on the N-face and
Ga-face of GaN coupons at 30 N downforce and 10 ml/min slurry flow
rate at pH 3, 6 and 9 without using a conditioner. It can be seen that
the increase in pH results in increasing MRR values on both sides of
GaN. However, the Ga-rich side has removal rates that are at least an
order of magnitude higher as compared to the N-rich side. This can be
attributed to the nature of material removal on the Ga-rich face, which
occurs through formation of Ga2O3 on the wafer and its removal by
the relatively harder slurry abrasive particles.13 On the other hand,
the N-side GaN requires the formation of a nitrogen terminated layer
with one negatively charged dangling bond on each nitrogen atom fol-
lowed by the adsorption of hydroxide ions leading to the formation of
oxides and dissolution and removal of the oxides.14,15 Therefore, the
CMP performance optimization studies were focused on the N-rich
face where the MRR is limited and needs to be improved mainly for
the applications in LEDs.

Figure 5 summarizes the material removal rates and the surface
roughness values of the N-face GaN at pH 3, 6 and 9. It can be seen
that the increasing pH promoted the MRR values as it helps providing
additional hydroxide ions required for activating the material removal
on the N-face. The MRR values increased from 47 Å /min at pH 3 to
110 and 142 Å/min at pH 6 and pH 9, respectively. As the material
removal is enabled by increased pH, the surface roughness was also
observed to decrease as can be seen in Figure 5b. The increase in the
chemical activity resulting in GaN removal was further verified with
the FTIR spectra collected pre and post CMP as a function of pH as
it can be seen in Figure 6. While the FTIR spectra exactly overlapped
for the GaN coupons pre and post CMP polished at pH 3 (Figure
6a), the Ga-N vibration peaks at 530 and 508 cm−1 wavelengths were
observed to decrease post CMP at pH 6 and pH 9 indicating removal
of GaN.

In terms of surface quality performance, the decrease in the sur-
face roughness with the increasing pH can be explained based on
two phenomena. First of all, the decrease in the slurry pH results
in agglomeration due to the reduction of the surface charge of the
silica particles (IEP of pH 2.2). Indeed the % volume based particle

Table I. Material removal rate results on the N-face and Ga-face
of GaN coupons at 30 N downforce and 10 ml/min slurry flow rate
as a function of pH.

Slurry pH Value N-Face MRR [Å/min] Ga-Face MRR [Å/min]

3 47.2 1313.9
6 110.1 1887.6
9 141.6 2269.6
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Figure 5. CMP performance of N-face GaN as a function of pH (a) material
removal rate and (b) surface roughness with 10 wt% silica slurry at 30 N
downforce.

size analyses conducted on the slurries prepared for CMP at pH 3, 6
and 9 measured a mean particle size of 106, 105 and 74 nm, respec-
tively. These results confirm the formation of soft agglomerates (due
to coagulation) in the slurry, based on larger mean particle size of
the slurries at lower pH, which tends to mechanically abrade the sur-
face and generate higher levels of defectivity.27 Furthermore, Figure
7 compares the surface free energy and the work of adhesion values
pre and post CMP conducted at pH 3, 6 and 9. It is clearly seen that,
polishing in general increases both the surface free energy and work
of adhesion due to the opening of fresh surface layers. Yet, the work
of adhesion is the highest when the CMP is conducted at pH 3 mean-
ing that the propensity of the slurry particles to adhere on the surface
increases. The particles remaining on the surface can be seen in the
bottom left corner of the AFM micrograph corresponding to the CMP
performed with the slurry at pH 3 in Figure 6b. Therefore, both the
slurry agglomeration and the increase in the work of adhesion result
in higher surface roughness in the case of CMP conducted with the
slurry adjusted to pH 3.

CMP performance optimization as a function of mechanical com-
ponents of the process.—In order to improve the material removal rates
on the N-face GaN, the mechanical components of the CMP process
were evaluated at the optimized slurry pH value of 9 and using a 3M
pad conditioner in-situ. As the mechanical forces are transferred to the
wafer surface as a function of pressure per particle, the slurry solids
loading, flow rate and the applied downforce were varied to change
the pressure applied on the abrasives during the polishing operation.

The slurry solids loading was experimented at 5, 10, 15, 20 and
25 wt% as illustrated in Figure 8a. It was observed that the highest
removal rate was achieved at 10 wt% slurry solids loading, which
was 220 Å/min at 30 N downforce. The use of pad conditioner also
increased the MRR value significantly from 141.6 Å/min (Figure 5a)
up to 220 Å/min. Beyond 10 wt%, the MRR values tend to decrease,

which can be attributed to the surface saturation of particles result-
ing in the rolling action of the abrasive particles on the surface and
hence decreasing the efficacy of the mechanical abrasion, known as
the contact area based material removal mechanism promoting chem-
ical activity and demoting mechanical abrasion.7 Following the slurry
solids loading optimization, the slurry flow rate impact was evaluated
at 20, 50 and 100 ml/min as seen in Figure 8b. It was also observed
that beyond 20 ml/min, the excessive slurry flow rate did not affect the
material removal rate and even decreased the MRR at 100 ml/min of
slurry flow. This trend can also be explained based on the contact area
based material removal to become more pronounced as observed in the
effect of slurry solids loading. Finally, Figure 8c illustrates the impact
of downforce which was experimented by using10 wt% slurry solids
loading at 20 ml/min slurry flow rate by using the multiple-wafer
sample holder illustrated in Figure 1c. In this case, it was observed
that the highest removal rate (346 Å/min) was obtained at 10N down-
force, which corresponded to 14.5psi pressure. The effect of pressure
on the removal rate response can be explained in two ways; (i) the
higher the pressure, the load per particle increases which promotes
the mechanical action of the abrasives on the surface and expected to
promote the removal rates, and (ii) the higher the pressure it becomes
more difficult for the abrasive particles (slurry) to be fed in between
the sample and the polishing pad, reducing the chemical activity and
the total surface area of particles in contact with surface, demoting
the removal rates. Hence, the high pressure tends to result in more
mechanically driven removal mechanism reducing the number of par-
ticles engaged in polishing by reducing the total contact area. In this
case, 10 N downforce seems to be the optimal to promote both the
chemical and the mechanical actions and increase the removal rates.
Based on the mechanical force adjustments, the optimal level of abra-
sion was obtained at 10 N downforce with 20 ml/min slurry flow rate
and 10 wt% solids concentration.

CMP performance optimization as a function of chemical com-
ponents of the process.—The chemical reaction that defines the GaN
dissolution for the N-rich surface is given in Equation 1 as described
by Weyner and co-workers.12 Based on this reaction, the chemical
decomposition of GaN results in formation of ammonia (NH3) in the
products. Although the high pH values obtained by adjusting slurry
pH to 9 by NH3 addition helps increasing the material removal rates
by promoting the hydroxyl ion formation, the resulting NH3 in the
products tend to push the reaction backwards resulting in a decrease
in the material removal rates. Therefore, a series of experiments were
conducted intending the neutralization of the ammonia in the reaction
products.

GaN + OH− + 3 H2O → Ga (OH)−4 + NH3 [1]

Figure 9a illustrates the material removal rate response for the
slurry adjusted to pH 9 by NH3 addition as compared to the in-
situ neutralization of NH3 on the pad surface by adding 0.1 M HCl
through the secondary slurry flow line (20 ml/min slurry flow at 30
N downforce without conditioner). It can be seen that the MRR value
of 157 Å/min increased to 189 Å/min by in-situ neutralization of the
NH3 in the products pushing the dissolution reaction forward. Any
ammonium chloride (NH4 Cl), which may be forming out of this
reaction may slightly increase the ionic strength as a salt that is highly
soluble in water. In order to prove the concept, the same experiment
was conducted by using a HCl adjusted acidic slurry at pH 3 and
adding NH3 through the secondary slurry flow line as can be seen
in Figure 9b. However, the MRR values further decreased when the
neutralization was performed by using a base in the acidic slurry.
Hence, it can be concluded that the initial impact of NH3 is necessary
to form the hydroxyl ions on the surface as a reactant in Equation
1, whereas, the addition of HCl on the pad surface can neutralize
the excessive NH3 and further help pushing the reaction forward.
Furthermore, the same CMP tests were also conducted on the silica
wafers yet resulted in no material removal rate indicating that this
chemical promotion is specific to the GaN polishing. However, this
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Figure 6. FTIR spectra of pre and post CMP application as a function of pH (a) pH 3 (b) pH 6 and (c) pH 9.
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Figure 8. Material removal rate evaluations as a function of (a) slurry solids
loading (b) slurry flow rate and (c) applied downforce (pressure) at pH 9.

is an indicator that GaN can be selectively removed against silica by
using this specific process.

As an additional chemical modification, the effect of temperature
was also evaluated on the material removal rate responses. Table II
compares the material removal rates of the wafers polished with CMP
slurry at pH 9 with and without the addition of 0.1 M HCl to the pad
surface at 4◦C and 20◦C (ambient). It can be seen that the lowered
temperatures helped increasing the material removal rates by 2 to 3
times. As the GaN CMP generates heat as a reaction product, the

Table II. Effect of temperature on material removal rates (Å/min).

Material Removal Rate (Å/min)

Slurry Chemistry 4◦C 20◦C

pH 9 475.0 158.5
pH 9 + 0.1 M HCl 503.2 188.7
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Figure 9. Material removal rate evaluations as a function of slurry chemistry
by pushing the chemical reaction forward through (a) neutralizing the basic
slurry with an acid and (b) neutralizing the acidic slurry with a base.

cooling of the platen surface also helps promoting the removal rates
by pushing the reaction forward. Consequently, MRR values of ∼500
Å/min were achieved on the N-face GaN coupons by using a slurry
at 4◦C in combination with the HCl neutralization in-situ. However,
the particle size analyses conducted with Coulter LS 13 320 (by using
volume% distribution) to detect any agglomeration have shown that
slurry neutralization with HCl increased the mean particle size. This
is suspected to be due to agglomeration of the particles with the
decreased pH. A further increase through more severe agglomeration
was observed at 4◦C slurry temperature as can be seen in Figure 10.
Therefore, the surfaces were found to be more defective when lower
temperature slurry was used for the processing as illustrated in Figure
11, although the removal rates were improved significantly. Hence,
the trade-off between improving the removal rates and maintaining
the surface quality still remains with configurations in process set-up
required.

Optimized CMP tool set-up and process configurations.—Based
on the improvement of the material removal rates of the N-face GaN
with the in-situ addition of HCl, a new tool configuration was also
experimented by adopting a slurry collector pool around the polishing
platen as can be seen in Figure 1a. In this configuration, the pool
was filled with the slurry (200 ml) and the CMP was performed with
and without flowing 0.1M HCl solution at 20 ml/min flow rate. By
using the slurry pool configuration, it was observed that the removal
rate without the HCl addition was 94.35 Å/min as the generated NH3

forced the dissolution reaction to go backwards. However, when the
HCl flow was on, MRR value of 157.22 Å/min was reached which was
equivalent to the polishing with just the pH 9 slurry by continuously
flowing the slurry at 20 ml/min flow rate and at 30N downforce. This
configuration may help conserve slurry for the bulk GaN polishing,
which can be followed by a buff process by using fresh slurry.

In order to finalize the optimization, the best processing conditions
including the mechanical and the chemical improvements were tested
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Figure 10. Particle size distribution analyses by volume% for the silica slurry at pH 9, silica slurry after addition of 0.1 M HCl into a pH 9 slury (changing the
pH to 2.2) and HCl added slurry at 4◦C.

Figure 11. Surface quality analyses through AFM images for the GaN N-face
coupons polished with slurry at pH 9 with 0.1 M HCl addition at (a) 20◦C and
(b) 4◦C.

on the N-face GaN coupons. By using 10 wt% slurry solids loading
at pH 9 and 4◦C temperature and 20 ml/min flow rate with 0.1M
HCl flown through the secondary slurry feeder at 10N downforce and
in-situ conditioning CMP experiments were conducted. The tests re-
sulted in 880 ± 110 Å/min MRR and 0.8 ± 0.4 nm surface roughness
value.

Conclusions

In this study we introduced a systematic optimization of CMP
process for GaN as a function of the crystallographic orientation by
considering both the chemical and the mechanical factors affecting
the process performance. The N-face GaN was studied more in detail
due to its limited removal rate response. Beyond determining the opti-
mal slurry flow rate, solids loading and applied downforce, chemical
promotion of GaN removal by in-situ neutralization of the ammo-
nia generated as a reaction product and adjusting slurry temperature
were analyzed. Consequently, a new CMP process set-up as well as
a tool design was suggested which are synergistically promoting the
material removal and controlling the surface quality while conserving
slurry for bulk removal of GaN.

In conclusion, the new process and tool configuration can be imple-
mented for GaN CMP based on the desired outcome of the particular
process set-up and the process integration requirements. The basic
optimization approaches detailed in this study can be further investi-
gated for high volume manufacturing with a significant advantage in
enhancing the material removal rates of GaN. This study also sheds
light into why there is a inconsistency in the literature findings on
the CMP performance of the GaN. As detailed throughout the paper,
GaN surface crystallographic orientation as well as the surface na-
ture (in terms of surface free energy, wettability and charge), slurry
and operational variables tend to play a critical role on CMP perfor-
mance. Therefore, unless all these factors are kept equivalent, it is not
justifiable to compare the different CMP process results.

Acknowledgments

The authors acknowledge BASF SE, Germany for providing the
silica CMP slurry and the bulk GaN coupons.



S3092 ECS Journal of Solid State Science and Technology, 6 (11) S3084-S3092 (2017)

References

1. M. Shur and R. F. Davis, GaN-based Materials And Devices: Growth, Fabrication,
Characterization And Performance, 33rd Ed., World Scientific Publishing Company,
River Edge, N.J. (2004).

2. G. Simin, M. A. Khan, M. S. Shur, and R. Gaska, “Insulated Gate III-N Het-
erostructure Field Effect Transistors,” Int. J. High Speed Electron., 14(1), 197
(2004).

3. L. S. McCarty, N-Q Zhang, H. Xing, B. Moran, S. DenBaars, and U. K. Mishra, “High
Voltage AlGaN/GaN Heterojunction Transistors,” Int. J. High Speed Electron., 14(1),
225 (2004).

4. S. J. Pearton, F. Ren, A. P. Zhang, and K. P. Lee, “Fabrication and performance of
GaN electronic devices,” Mater. Sci. Eng. R-Rep., 30(3–6), 55 (2000).

5. C. H. Wang, D. W. Lin, C. Y. Lee, M. A. Tsai, G. L. Chen, H. T. Kuo, W. H. Hsu,
H. C. Kuo, T. C. Lu, S. C. Wang, and G. C. Chi, “Efficiency and Droop Improvement
in GaN-Based High-Voltage Light-Emitting Diodes,” IEEE Electron Device Letters,
32(8), 1098 (2011).

6. S. Nakamura and M. R. Krames, “History of Gallium–Nitride-Based Light-
Emitting Diodes for Illumination,” Proceedings of the IEEE, 101(10), 2211
(2013).

7. G. B. Basim, Engineered Particulate Systems for Chemical Mechanical Planariza-
tion, Lambert Academic Publishing, ISBN 978-3-8433-6346-4 (2011).

8. E. V. Etzkorn and D. R. Clarke, “Cracking of GaN Films,” J. Appl. Phys., 89(2), 1025
(2001).

9. E. S. Hellman, D. N. E. Buchanan, D. Wiesmann, and I. Brener, “Growth of Ga-
face and N-face GaN films using ZnO Substrates,” MRS Internet Journal of Nitride
Semiconductor Research, 1, e16 (1996).

10. S. To and T. Matsuoka, “Substrate-polarity dependence of metal-organic vapor-phase
epitaxy-grown GaN on SiC,” Journal of Applied Physics, 64(9), 4531 (1988).

11. E. S. Hellman, “The polarity of GaN: a critical review,” MRS Internet Journal of
Nitride Semiconductor Research, 3, e11 (1998).

12. J. L. Weyher, S. Müller, I. Grzegory, and S. Porowski, “Chemical polishing of bulk
and epitaxial GaN,” Journal of Crystal Growth, 182(1–2), 17 (1997).

13. H. Gong, G. Pan, C. Zou, and Y. Liu, “Investigation of CMP on GaN substrate for
led manufacturing,” In Planarization/CMP Technology (ICPT), 2015 International
Conference on, pp. 1. IEEE (2015).

14. P. R. Tavernier, T. Margalith, L. A. Coldren, S. P. DenBaars, and D. R. Clarke,
“Chemical Mechanical Polishing of Gallium Nitride,” Electrochem. Solid-State Lett.,
5(8), G61 (2002).

15. S. L. Peczonczyk, J. Mukherjee, A. I. Carim, and S. Maldonado, “Wet Chemical
Functionalization of III−V Semiconductor Surfaces: Alkylation of Gallium Arsenide
and Gallium Nitride by a Grignard Reaction Sequence,” Langmuir, 28(10), 4672
(2012).

16. A. Hideo, H. Takeda, K. Koyama, H. Katakura, K. Sunakawa, and T. Doi, “Chem-
ical mechanical polishing of gallium nitride with colloidal silica,” Journal of The
Electrochemical Society, 158(12), H1206 (2011).

17. S. Hayashi, T. Koga, and M. S. Goorsky, “Chemical mechanical polishing of GaN,”
Journal of The Electrochemical Society, 155(2), H113 (2008).

18. A. Khushnuma, M. Qasim, and D. Das, “Effect of polishing parameters on chemical
mechanical planarization of C-plane (0001) gallium nitride surface using SiO2 and
Al2O3 abrasives,” ECS Journal of Solid State Science and Technology, 3(8), 277
(2014).

19. P. Parthiban and D. Das, “Influence of Slurry Flow Rate on Material Removal Rate
on Material Removal Rate and Topography of Chemical Mechanically Planarizaed
c-Plane (0001) GaN Surface,” ECS Journal of Solid State Science and Technology,
6(4), 113 (2017).

20. C. Zou, P. Guoshun, G. Hua, X. Li, Z. Yan, and L. Yuhong, “A study of surface
defects of GaN during CMP process,” In Planarization/CMP Technology (ICPT),
2015 International Conference, IEEE, Page 1 (2015).

21. W. Jie, T. Wang, G. Pan, and X. Lu, “Effect of photocatalytic oxidation technology
on GaN CMP,” Applied Surface Science, 361, 18 (2016).

22. A. Karagoz, G. B. Basim, M. Siebert, and L. A. H. Leunissen, “Chemical mechanical
planarization studies on gallium nitride for improved performance,” In Planariza-
tion/CMP Technology (ICPT), 2015 International Conference, IEEE, Page 1 (2015).

23. S. Bargir, S. Dunn, B. Jefferson, J. Macadam, and S. Parson, “The use of contact
angle measurements to estimate the adhesion propensity of calcium carbonate to solid
substrates in water,”. Applied Surface Science, 255(9), 4873 (2009).

24. R. Umesh, B. S. Swain, and B. P. Swain, “Synthesis and Characterization of Gal-
lium nitride (GaN) thin films deposited by Low pressure chemical vapor deposition
(LPCVD) technique,” Proceedings of Manipal Research Colloquium, TS (2015).

25. V. Ganesh, S. Suresh, M. Balaji, and K. Baskar, “ Syntheis and Characterization
of nanicrystalline gallium nitride by nitridation of Ga-EDTA complex,”. Journal of
Alloys and Compounds, 498, 52 (2010).

26. X. Wei, R. Zhao, M. Shao, X. Xu, and J. Huang, “Fabrication and properties of
ZnO/GaN heterostructure nanocolumnar thin film on Si (111) substrate,”. Nanoscale
Research Letters, 8 (1), 112 (2013).

27. G. B. Basim and B. M. Moudgil, “Effect of Soft Agglomerates on CMP Slurry
Performance,” Journal of Colloid and Interface Science, 256 (1), 137 (2002).

http://dx.doi.org/10.1142/S0129156404002302
http://dx.doi.org/10.1142/S0129156404002314
http://dx.doi.org/10.1016/S0927-796X(00)00028-0
http://dx.doi.org/10.1109/LED.2011.2153176
http://dx.doi.org/10.1109/JPROC.2013.2274929
http://dx.doi.org/10.1063/1.1330243
http://dx.doi.org/10.1557/S1092578300001885
http://dx.doi.org/10.1557/S1092578300001885
http://dx.doi.org/10.1063/1.341281
http://dx.doi.org/10.1557/S1092578300000831
http://dx.doi.org/10.1557/S1092578300000831
http://dx.doi.org/10.1016/S0022-0248(97)00320-5
http://dx.doi.org/10.1149/1.1485807
http://dx.doi.org/10.1021/la204698a
http://dx.doi.org/10.1149/2.024112jes
http://dx.doi.org/10.1149/2.024112jes
http://dx.doi.org/10.1149/1.2818776
http://dx.doi.org/10.1149/2.0181407jss
http://dx.doi.org/10.1149/2.0061704jss
http://dx.doi.org/10.1016/j.apsusc.2015.11.062
http://dx.doi.org/10.1016/j.apsusc.2008.12.017
http://dx.doi.org/10.1016/j.jallcom.2010.03.068
http://dx.doi.org/10.1016/j.jallcom.2010.03.068
http://dx.doi.org/10.1186/1556-276X-8-112
http://dx.doi.org/10.1186/1556-276X-8-112
http://dx.doi.org/10.1006/jcis.2002.8352

