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A B S T R A C T   

Using atomic force microcopy, mechanochemical removal behaviors of GaAs surface slid by Al2O3, SiO2, and 
CeO2 micro-spherical tips were investigated in ambient environment. High-resolution transmission electron 
microscope characterization demonstrates that defect-free material removal was achieved on GaAs surface under 
the contact pressures much below the yield limit of plastic deformation, which can be ascribed to water- 
participated mechanochemical reactions. Further analysis indicates that the interfacial mechanochemical re-
actions are strongly affected by the counter-surface chemistry. Nano abrasive with low chemical activity inhibits 
the mechanochemical reaction via increasing the activation energy of the formation of interfacial bonding 
bridges, but there is no obvious difference in the mechanically weakening process of the activation energy for the 
rupture of Ga− As bond on the substrate.   

1. Introduction 

Gallium arsenide (GaAs) received lots of attention in quantum and 
5G communication devices manufacturing as a promising III-V com-
pound semiconductor material because of its direct wide bandgap, high 
saturated electron velocity and high electron mobility [1–6]. The surface 
finishing of the GaAs substrate is crucial to the performance of GaAs 
based devices [7,8] and currently chemical mechanical polishing (CMP) 
is implemented to achieve an ultra-smooth surface finishing [9,10]. 
Along with the synergistic among mechanical forces and chemical re-
action (mechanochemical or tribochemical removal), CMP is qualified 
to produce ultra-smooth GaAs surfaces with subnanometer roughness 
and low (or no) subsurface damage. Many factors will contribute to the 
mechanochemical remove behavior of GaAs during CMP and therefore 
affect the final performance of surface finishing, such as abrasive 
properties (e.g., mechanical properties, surface chemistry, etc.), loading 
parameters (e.g., normal load/contact pressure, speed, etc.), environ-
mental conditions (e.g., relative humidity (RH), vapor, etc.) [11–17]. 
These tribological parameters need to be regulated systematically and it 
requires further study on individuals. Previous studies demonstrated 
that the abrasive particles are involved as a reactant in the 

mechanochemical reactions at tribological interfaces in CMP process. 
The types of abrasive particles commonly used for CMP process contains 
primarily silica (SiO2), alumina (Al2O3), and ceria (CeO2). Zhu et al. 
[18] showed that abrasives with hardness equal to or less than sapphire 
(such as α-Al2O3 and γ-Al2O3) led to higher material removal rates than 
softer abrasives (such as SiO2 and CeO2) during CMP on sapphire sub-
strates. Merricks et al. [19] found that Al2O3 abrasive achieved a higher 
material removal rate when polishing sapphire wafers with two kinds of 
abrasives (SiO2 abrasive and Al2O3 abrasive). They also pointed out that 
a hydration layer tended to form at the interface between Al2O3 abrasive 
and sapphire, which facilitates material removal continuously. Xiao 
et al. [20] used SiO2 and Al2O3 microspheres respectively to study ma-
terial remove of silicon surface at nano/microscale and suggested that 
the low chemical activity of Al2O3 attributed to its feeble interfacial 
mechanochemical reactions and thus lower material removal rate 
compared with SiO2. The mechanochemical reactions between abrasive 
particles and substrates in CMP requires further studies as it is not an 
inherent characteristic of counter-surface materials but strongly de-
pends on the chemical activity of the two materials interacting at the 
tribological interface. The previous studies on abrasives over sapphire 
and substrate chemical activities are not sufficient to elucidate the 
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mechanochemical removal behavior of GaAs based devices. 
Mechanochemical material removal experiments based on atomic 

force microscopy (AFM) have been used to simulate the singe asperity 
contact between polishing abrasive and wafer surface during the CMP 
process [21–24]. The mechanochemical removal process on GaAs sur-
face is mainly attributed to the formation of a chemical bonding bridge 
between substrate and abrasive particles (e.g., GaAs− O− Si) with the 
help of water molecules at the reaction interface. By precisely control-
ling the sliding environment and relative motion, relative humidity and 
sliding velocity have been shown to influence mechanochemical re-
actions by affecting the dynamic formation of bonding bridges and the 
rupture rate of substrate bonds [14,17]. The nanowear experiments 
conducted by Gao et al. [25] revealed that the external mechanical can 
lower the activation energy barrier of mechanochemical reactions, thus 
making Ga− As more prone to fracture. Since the external mechanical 
energy is introduced through the bonding bridge connected with abra-
sive particles, it is urgent to understand the role of counter-surface 
chemistry in mechanochemical removal of GaAs to quantify the mate-
rial removal behavior and enrich the mechanochemical removal theory. 

In this study, the mechanochemical removal of GaAs was examined 
by AFM with SiO2, Al2O3, and CeO2 tips respectively. The relationship 
between the chemical activity of friction pair and the mechanochemical 
removal rate of GaAs was established. The nanoscale material removal 
by these three tips were verified to be dominated by mechanochemical 
reactions, by observing the atomic structure of cross-section of the wear 
zones produced on GaAs surface using high-resolution transmission 
electron microscope (HRTEM). The findings of this study enrich the 
mechanochemical removal theory and furnish theoretical guidance for 
high-quality processing of material removal in CMP of GaAs. 

2. Materials and method 

In nanowear test, Si-doped N-typed GaAs (100) wafers (Hefei Kejing 
Materials Technology Co., Ltd., China) were characterized by AFM 
(SPI3800N, Seiko, Japan) with RMS roughness less than 0.5 nm, in a 2 
µm × 2 µm area. Before the nanowear tests, GaAs samples were first 
immersed in hydrochloric acid (~5 wt% HCl in aqueous solution) and 
etched for at least 5 min to remove the oxide layer [25]. To further 
remove the surface contamination, all GaAs samples were ultrasonicated 
in acetone, ethanol, and deionized (DI) water in sequence. All the 
nanowear tests for mechanochemical removal of GaAs samples (Fig. 1) 
using different abrasives were carried out on AFM. SiO2, Al2O3, and 
CeO2 tips were selected for nanowear tests, with diameters of around 2 
µm, 2 µm, and 1 µm, respectively, and the nominal spring constant (k) of 
the cantilever was 16 N/m. The normal load Fn applied to the micro-
sphere tip was set between 1 and 4 μN, the speed v was set at 2 µm/s, the 
relative sliding amplitude L was 2 µm, and the number of scratching 
cycle N was 200. After the wear tests, an in-situ AFM scanning would be 

performed in a vacuum environment using the silicon nitride tip (R ≈ 20 
nm, MSCT, Bruker, USA). 

To reveal the mechanism of mechanochemical removal on GaAs 
surface, SiO2, Al2O3, and CeO2 tips were used to produce wear marks on 
GaAs surface in humid air. After spraying a protective layer (usually 
depositing the polymer) on the manufactured GaAs surface, the sample 
was cut and prepared using a focused ion beam (FIB, Nanolab Helios 
400S, FEI, USA). The cross-section of the material removal region was 
also characterized by a HRTEM. 

3. Results and discussion 

3.1. Effect of different tips on the mechanochemical removal of GaAs in 
humid air 

In order to study the mechanochemical removal behaviors of GaAs 
surface, SiO2, Al2O3, and CeO2 microspheres were employed to be 
attached on AFM cantilevers to conduct nanowear tests in humid air, 
respectively. Fig. 2 shows the AFM images and the corresponding 
average cross-sectional profiles of the removal tracks on GaAs surface 
under the conditions of N = 200, RH = 50 %, and Fn = 1–4 µN. During 
the experiments, the maximum contact pressure is around ~2.9 GPa, 
which is lower than the plastic deformation contact pressure (~4.9 GPa) 
of GaAs surface [17]. Such material removal in purely elastic contact 
region can be explained that mechanochemistry plays a critical role 
during material removal on the GaAs surface, which is similar to the 
results of material removal on the silicon surface [20,26]. 

Fig. 3 shows the removal depth of the nanowear tracks produced by 
different microspheres, and their removal volumes were plotted as a 
function of applied normal loads. The results showed that friction pair 
CeO2/GaAs experienced the severest material removal with the deepest 
wear track followed by SiO2/GaAs and Al2O3/GaAs. As the applied 
normal load Fn increased from 1 μN to 4 μN, the wear depth d of CeO2/ 
GaAs, SiO2/GaAs, and Al2O3/GaAs raised from 5.3 nm to 11.2 nm, 4.4 
nm to 9.2 nm, and 2.9 nm to 8.9 nm, respectively; the removal volumes 
V raised from 1.0 × 106 nm3 to 2.5 × 106 nm3, 0.6 × 106 nm3 to 
2.1 × 106 nm3, and 0.5 × 106 nm3 to 1.8 × 106 nm3 correspondingly.  
Fig. 4 shows the friction forces during the rubbing process at different 
tribological interfaces, and the average friction force of all the three 
pairs increased with normal load. No significant difference was observed 
in the average friction force between GaAs/Al2O3 and GaAs/CeO2 in-
terfaces within the systematic error. Under the same load, the average 
friction force of GaAs/SiO2 interfaces is the smallest. By analyzing the 
results on Figs. 3 and 4, the trend of friction (SiO2 < Al2O3 ~ CeO2) 
appeared to be inconsistent with the trend of removal volume (Al2O3 <

SiO2 < CeO2). This indicated that the friction force in the process of 
mechanochemical micro-removal was less affected by the friction pair 
than the change of normal load. 

3.2. Mechanical removal of GaAs in humid air 

The material removal of GaAs by the three friction pairs above 
occurring in purely elastic contact. However, material removal in the 
purely elastic contact state is dominated by the synergistic effect of 
mechanical and chemical reactions. To further verify the difference in 
material removal caused by mechanical reactions and mechanochemical 
reactions, a diamond tip was employed to remove material from GaAs 
surface, where the corresponding maximum contact pressure will reach 
the plastic yield strength of GaAs. Fig. 5 shows the average cross- 
sectional profiles and the variations in removal depth and volume of 
the wear tracks under different Fn. As Fn increased from 3.5 μN to 28 μN, 
the wear track depth and removal volume raised from 3.8 nm to 30.3 nm 
and from 0.2 × 106 nm3 to 3.7 × 106 nm3, respectively. 

Fig. 1. Nanowear tests of GaAs/Al2O3, GaAs/SiO2, and GaAs/CeO2 interfaces 
under atomic force microscopy. 

J. Gao et al.                                                                                                                                                                                                                                      



Tribology International 176 (2022) 107928

3

3.3. HRTEM detection 

Since no material removal occurs in the pure elastic region by dia-
mond tip sliding, it can be reasonably inferred that the 

mechanochemistry plays a critical role in the removal of GaAs surface 
material. To further understand the interfacial mechanochemical 
removal behavior of the friction pair, the cross-sectional atomic struc-
ture of the wear zones on the GaAs surface was observed by HRTEM.  
Fig. 6 shows the HRTEM images at GaAs material removal region under 
a load of 3 μN. No defects (e.g., crystal lattice distortion and dislocation) 
were observed in HRTEM on the subsurface of GaAs. This indicates that 
surface crystal lattice and atomic arrangement would not be damaged by 
Al2O3, SiO2, and CeO2 tips. The mechanochemical interaction at the 
interface of GaAs/Al2O3, GaAs/SiO2, and GaAs/CeO2 had a significant 
effect on the material removal process of GaAs. Besides, the mechano-
chemical reaction might only involve the outermost layer of the inter-
facial contact and surface atoms were removed under compressive stress 
and shear stress, while the deeper atoms remained almost unaffected 
and also the crystal lattice maintained its integral perfectly. 

The above-mentioned studies showed that the material of friction 
pair had a significant impact on the surface wear behavior of GaAs. The 
experimental results show that material removal occurs on GaAs surface 
while the contact between the tip and the substrate is still in the elastic 
region. Combined with the TEM results, the removal process is mainly 
dominated by mechanochemical reactions. With the assistance of 
interfacial mechanochemistry, microscopic removal of GaAs surfaces 
can happen under extremely low contact pressures and auxiliary en-
ergies. The input of mechanical energy usually affects the tribological 
behavior of the material at the friction interface. To further investigate 
the difference between mechanochemical and mechanical removal at 

Fig. 2. Comparison of the mechanochemical removal behaviors of GaAs under different friction pairs in humid air. (a) AFM images and (b) average cross-sectional 
profiles of wear marks on GaAs surfaces produced by Al2O3, SiO2, and CeO2 tips under various normal loads. 

Fig. 3. Comparison of removal volume V (a) and wear depth d (b) on GaAs surfaces rubbed by Al2O3, SiO2, and CeO2 tips under various normal loads.  

Fig. 4. Effect of normal load on the friction force of scratching rubbed by 
Al2O3, SiO2, and CeO2 tips. 
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the interface, pure mechanical removal was performed on the GaAs 
surface. It can be seen through TEM that plastic deformation occurs 
clearly on the sub surface of the wear area marked by the diamond 
probe, as shown in Fig. 7. During the plastic deformation phase, external 
mechanical energy through the diamond tip will cause amorphization 
and lattice distortion on the substrate material (Fig. 7a-d) on sliding 
contact interface. Moreover, due to frictional shear, many dislocations 
are found in the near-contact interface region (Fig. 7b). Therefore, it can 

be proved that the material removal of GaAs surface by Al2O3 and CeO2 
microsphere tips is dominated by mechanochemical reaction. 

3.4. Mechanism of friction pair chemical activity on interfacial 
mechanochemical reaction 

Activation energy (Ea) is the energy difference between the initial 
and the activated states of a chemical reaction. With reasonable 

Fig. 5. Mechanical removal on GaAs surface slid against the diamond tip under the conditions of Fn = 3.5–28 μN, N = 10, D = 2 µm, and v = 2 µm/s. (a) AFM images 
and profiles of the wear tracks. (b) Wear depth and (c) removal volume of wear tracks under varied loads. 

Fig. 6. HRTEM image of the cross-section microstructure of a groove on GaAs created by (a) CeO2 and (b) Al2O3 tips, respectively, at Fn = 3 μN, RH = 50 %, 
N = 400, and v = 2 µm/s. (a) and (b) Cross-sectional TEM images of the wear scars. (a1, b1) displayed the images of the wear area in the corresponding (a, b). 
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assumption, the frictional heat in the contact area can be negligible at 
low speeds. Thus, only external mechanical energy can activate mech-
anochemical reactions, but not thermal reactions [20]. If external me-
chanical energy plays a role in reducing chemical reaction barrier, the 
dependence of the mechanochemical reaction on mechanical stress can 
be elucidated by plotting a function of the reaction rate k and the applied 
shear stress σ. The GaAs/CeO2, GaAs/SiO2, and GaAs/Al2O3 interfacial 
mechanochemical reaction processes can also be described by the 
following relationship [27–31]: 

ln(k) =
(

lnA −
Ea

kbT

)

+
ΔV∗

kbT
σ. (1) 

In the formula above, A is reaction constant, Ea represents the acti-
vation energy of chemical reaction without any external mechanical 
shear stress, T is the temperature at the contact interface, and kb is the 
Boltzmann constant (1.38 × 10− 23 J/K) [32,33]. Shear stress 
σ = σ0 + αP, where P is the contact pressure, σ0 is determined by 
interfacial adhesion, and α can be replaced by interfacial friction coef-
ficient [34]. The slope and intercept can be obtained by linear fit 

Fig. 7. HRTEM images from the cross-section of the wear track on GaAs created by diamond tip with a radius of ~20 nm at Fn = 15 μN, RH = 50 %, N = 20, and v 
= 20 µm/s. (a) TEM images showing the cross-section of the wear track. (b-d) HRTEM images showing the worn areas taken from the blue frames in (a). (b1) and (d2) 
the corresponding IFFT images of (111) fringes of (b) and (d), respectively. 

Fig. 8. (a) The mechanochemical removal at the interface between Al2O3, CeO2, and SiO2 microspheres and GaAs was fitted by Arrhenius formula. (b) Schematic 
diagram of the energy change of Ga− As bond breakage in the mechanochemical reaction between GaAs/Al2O3, GaAs/CeO2, and GaAs/SiO2 interfaces under me-
chanical action. 
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between ln(k) and shear stress, as shown in Fig. 8a. According to Eq. (1), 
the critical activation volume, ΔV* , can be calculated from slope, which 
is commonly used to describe the difference in chemical bond geometry 
between equilibrium and activated states in mechanochemical reactions 
[35]. 

Based on the experiment results shown in Fig. 8a, energy diagrams of 
the mechanochemical reactions at the GaAs/Al2O3, GaAs/SiO2, and 
GaAs/CeO2 interfaces were plotted in Fig. 8b. Despite the complicated 
chemical reaction at the interface, the process from the initial state to 
the activated state can be simply simulated as the formation of “Ga(As)−
O− Si” (“Ga(As)− O− Al”, “Ga(As)− O− Ce”) bond bridges, and then rea-
ches the final state, when Ga− As backbonds on GaAs substrate are 
broken. From the reaction perspective, the mechanical stress applied 
during the process will result in the reduction of the required energy 
difference (activation energy) from the initial state to the activated state, 
and the difference is represented by Em. The actual effective activation 
energy required for the mechanochemical reaction is Eeff, which can be 
expressed by Eq. (2) [20,36], 

Ea = Eeff +Em. (2)  

Where Em can be calculated by σΔV* , and fitting calculation shows that 
Em(Al2O3) is approximately equal to Em(SiO2), and both are greater than 
Em(CeO2). The results show that during the removal of microscopic 
material on GaAs surface by Al2O3, the activation energy reduction 
caused by the Ga-As bond rupture originated from external mechanical 
energy does not have significant difference from the condition when the 
SiO2 material is the counter abrasive substrate. In contrast, during the 
same process between the GaAs surface and CeO2, the corresponding 
reduction of the activation energy of Ga− As bond breaking is higher 
than that of SiO2 material. Even though the exact values of σ0 and A in 
Eq. (1) and further the specific value of Ea in the reaction process cannot 
be determined, a qualitative comparison can indicate that Ea(Al2O3) 
> Ea(SiO2) > Ea(CeO2) through the fitting intercept (Fig. 8b). The above 
analysis reveals that SiO2/GaAs and Al2O3/GaAs interfaces, in absence 
of mechanical interaction, share similar mechanochemical reaction 
driving force, and the difference in reaction rates mainly comes from the 
distinct in the activation energy of the formation of bonding bridges 
which is significantly affected by surface chemical activity of interfacial 
surfaces. 

The mechanochemical reaction process at GaAs/SiO2 interface is 
used as an example for the following discussions. Both SiO2 tip and GaAs 
surface could be chemically modified by hydroxylation with the 
participation of the adsorbed water film, resulting in hydroxy termina-
tion on the contacting surfaces [37–39]. That is, Ga(As)− OH groups are 
formed on the GaAs surface, while Si− OH dangling groups are formed 
on the SiO2 tip. The dehydration and condensation reaction occurs be-
tween the Ga(As)− OH and Si− OH groups at the sliding GaAs/SiO2 
interface, forming the “Ga(As)− O− Si” bonding bridges [40,41]. The 
specific reaction process could be given by Eq. (3) (taking As atoms as an 
example).  

− Ga− As− OH + HO− Si− O− Si− → − Ga− As− O− Si− O− Si− + H2O (3) 

Next, Ga(As)− O− Si bonding bridges are stretched by frictional shear 
and undergo hydrolysis reactions through the weakening effect of 
adsorbed water, which eventually leads to material removal, as shown in 
Eq. (4).  

− Ga− As− O− Si− O− Si− + H2O → − Ga− OH + HO− As− O− Si− O− Si−
(4) 

In summary, the mechanochemical reactions at GaAs/SiO2 interface 
can be summarized as three steps: (1) hydroxylation of the friction pair 
surfaces; (2) formation of bonding bridges at the tribological interface; 
and (3) removal of the GaAs substrate due to the external mechanical 
action, as shown in Fig. 9. 

It is clear that the above reactions cannot proceed without the 

hydroxylation of the interface, which is strongly influenced by the 
chemical activity of counter-surface. In order to qualitatively analyze 
the chemical activity of counter-surfaces, surface energies of SiO2, 
Al2O3, and CeO2 surfaces were estimated by the water contact angle 
measurements using a Drop Analysis System (DSA100, Krüss, Germany), 
where the data points were taken from the average values of five indi-
vidual point measurements. The water contact angles of SiO2, Al2O3, and 
CeO2 surfaces are about 41◦, 85◦, and 31◦, respectively, as shown in 
Fig. S1. Surface wettability is known to be closely related to the termi-
nated groups, so it is speculated that the CeO2 surface is more prone to 
form hydrophilic hydroxyl groups (Ce− OH groups) than the other two 
surfaces [42]. In the process of mechanochemical reactions, CeO2 with 
high chemical activity can form more Ce− OH groups on the surface, 
thus further forming more “Ga(As)− O− Ce” bond bridges, which accel-
erates the first and second steps of the reactions, and ultimately pro-
motes the breakage of “Ga− As” bonds and increases the material 
removal rate of GaAs [43]. 

Under the same mechanical action, the SiO2/GaAs interface can 
rapidly hydroxylate and form more “Ga(As)− O− Si” bonding bridges 
than the Al2O3/GaAs interface, namely higher removal efficiency. 
Compared with Em(Al2O3) and Em(SiO2), the smallest value of Em(CeO2) 
means the smallest ΔV* , which reflects that the mechanochemical re-
action at this interface is less promoted by external mechanical energy 
than the other two. Nevertheless, during the mechanochemical reaction, 
the high chemical activity of CeO2 not only can rapidly hydroxylate the 
surface and form more “Ga(As)− O− Ce” bonding bridges, but also its 
high chemical activity will transfer energy to the substrate through the 
formed “Ga(As)− O− Ce” bonding bridges and weaken the energy 
required for the “Ga− As” backbond to break, thus accelerating the 
material removal of GaAs. Moreover, Ga− As is most likely to break 
when the mechanochemical reaction occurs, as the bond energies 
required for the breakage of Si− O (454 kJ/mol), Al− O (511 kJ/mol), 
and Ce− O (790 kJ/mol) are all greater than the energy required for 
breaking Ga− As bond (203 kJ/mol) [14,20,44]. In short, the external 
frictional shear force through the “Ga(As)− O− Si” (“Ga(As)− O− Al”, “Ga 
(As)− O− Ce”) bonding bridge can induce Ga− As breakage and lead to a 
mechanochemical reaction. In summary, during the mechanochemical 
removal on GaAs surface, the chemical activity of the frictional pair 
affects the whole mechanochemical reaction process, by transferring 

Fig. 9. Illustration showing the mechanochemical reaction process. (I) hy-
droxylation of the friction pair surfaces, (II) formation of bonding bridges at the 
tribological interface, and (III) removal of the GaAs substrate due to the 
external mechanical action. 

J. Gao et al.                                                                                                                                                                                                                                      



Tribology International 176 (2022) 107928

7

energy through the bonding bridge and therefore weakening the energy 
required for the breakage of the “Ga− As” backbond. This accelerates the 
breakage of the “Ga− As” bond. In addition, the external mechanical 
energy mainly affects the third step of the mechanochemical reaction. 

4. Conclusions 

Using AFM, the mechanochemical removal of GaAs by Al2O3, SiO2, 
and CeO2 micro-spherical sliding tips was investigated in atmospheric 
environment. The chemical activity of the friction pair changes the 
surface mechanochemical removal efficiency of GaAs by affecting the 
interfacial mechanochemical reaction rate. The main conclusions can be 
summarized as below.  

(1) Both low chemically active Al2O3 and highly chemically active 
CeO2 counters can remove microscopic material from GaAs sur-
faces when the contact pressure is well below the yield limit of 
GaAs material, and the amount of material removal increases 
with the increasing contact pressure.  

(2) The region after material removal was observed by HRTEM, and 
the complete lattice structure remained intact below the wear 
area. It was verified that the CeO2/GaAs and Al2O3/GaAs in-
terfaces were mechanochemically removed, similar to SiO2/GaAs 
interfaces.  

(3) The chemical activity of the friction pair has a significant effect 
on the mechanochemical material removal behavior of the GaAs 
surface. The high chemical activity of the friction pair will 
facilitate the interfacial mechanochemical reactions, by lowering 
the activation energy of the generated interfacial bond bridges. 
However, after the formation of bond bridges at the interface, the 
process of “Ga− As” bond breaking is hardly affected by the 
friction pair chemical activity. Therefore, the difference of 
removal rate from Al2O3, SiO2 to CeO2 can be attribute to the 
formation of energy assisted bonding bridges. 
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