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ABSTRACT 

In this study, the temperature evolution of the fracture toughness in single-crystal gallium arsenide 

(GaAs) was investigated on the (001) plane using Vickers indentation. The highest temperature 

considered was 95 °C, corresponding to the typical maximum operating temperature of common 

GaAs semiconductor devices. Experimental results showed a decrease in hardness and an increase 

in toughness between 25 and 95 °C. GaAs cleavage planes were mostly composed of {110} and 

{100}, and predominantly aligned with the indenter’s diagonal. Measured crack lengths were used 

to calculate the fracture toughness. Interestingly, the size of the primary cracks on {110} was found 

to be unaffected by temperature, while higher temperatures led to an increased formation of 

secondary {001} cracks and 〈110〉 slip. An Arrhenius-type model was found to describe the 

observed temperature dependence of the fracture toughness. This improved understanding of the 

mechanism underlying the mechanical properties of GaAs during fracture is particularly useful for 

the failure analysis of GaAs semiconductor devices, and highlights the importance of selecting 

appropriate crystallographic orientations if failure in GaAs devices is to be avoided. 
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1. Introduction

Gallium arsenide (GaAs) based components are increasingly employed in high-performance 

semiconductor applications, including in the telecommunication, biomedical, and aerospace 

industries. GaAs single-crystals are widely used in microchips that operate at temperatures of 

around 20-75 °C [1]–[3]. Unfortunately, elevated operating temperatures result in large internal 

stresses that, in the worst case, result in catastrophic failure of the device [4]. Integrating GaAs 

components therefore often requires expensive cooling systems to reduce the risk of failure [5]. 

Despite GaAs’s extensive utilization, the fracture behavior of GaAs remains poorly understood, 

particularly at typical operating temperatures, thereby complicating failure analysis. The limited 

literature available on the topic describes either the material’s behavior at temperatures well-above 

customary application [6]–[8], or at room-temperature [9]–[13]. 

For brittle solids, indentation and hardness measurements are considered to be some of the simplest 

methods to studying the fracture behavior, as it does not require extensive testing and a large 

number of samples. In particular, Vickers indentation has been used to generate cracks in brittle 

materials that extend radially from the indentation. The fracture toughness of sapphire and spinel 

single crystals has been reported to correlate with the indentation crack length and with the diagonal 

impression of Vickers indenters [14]–[16]. Using dimensional analysis arguments, in the past, the 

isotropic K1c has been correlated to the ratio between the maximum contact pressure and the total 

crack length [14], [17]–[20].  

Brookes et al. pointed out the anisotropy in the hardness of single crystals such as magnesium 

oxide, aluminium oxide, lithium fluoride, and calcium fluoride [21]. They proposed an analysis of 

the indentation process to correlate stress with the hardness, but the study was limited to the Knoop 

indenter. Lawn et al. proposed a model to describe the fracture toughness in long median/half penny 

cracks assuming quasi-static crack-growth in isotropic media (the “LEM model”) [16], [18]–[20]. 

Although the LEM model allows the estimation of the fracture toughness of isotropic materials, it 

imprecisely describes the contact stresses when applied to single crystals. Anstis et al. refined the 

LEM model by explicitly incorporating a residual stress intensity term into the strength 

formulation[19]. They noted that the ratio 𝑃 𝑐3 2⁄⁄  remained approximatively invariant for both
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sapphire and silicon single crystals where P was the maximum contact pressure and c the total 

median crack length. Unfortunately, the study did not provide a comprehensive description of the 

crack shape during the process of indentation, leading to large scatter in the predicted fracture 

toughness [14]. Niihara et al. extended the “Anstis-LEM” model to low crack-to-indent ratios and 

described the fracture toughness in the case of half-penny cracks (i.e. for 𝑏 𝑎 > 2⁄ . 5) with shape 

factor 𝜁 = 0.129 [22]–[25]. For this scenario, Niihara et al. proposed: 

 𝐾1𝑐 =
1

𝜙
∙ 𝜁 𝐻√𝑎 ∙ (

𝐸𝜙

𝐻
)

2
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𝑏

𝑎
)

−
3
2
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In Eq. (1.1), 𝜙 = 𝐻 𝜎𝑦⁄ ≅ 3, with 𝜙 the plastic factor defined by the hardness 𝐻normalized by the 

yield strength 𝜎𝑦, 𝑏 and 𝑎 are the total median crack length and the half diagonal length of the 

indenter impression, assuming half-penny cracks perpendicular to the plane of indentation and co-

linear to the diagonal axis of the indenter, and 𝐸 is the Young’s modulus. Regretfully, the material 

anisotropy inherent in single crystals is ignored in this formulation. 

 

The elastic components are typically harmonized in the literature, and often no crystallographic 

reference is given with respect to the specimen/crystal orientation apart from the recent quantitative 

studies on GaAs [13]. The harmonization of GaAs’s mechanical properties combined with the 

plethora of the methods/models developed to estimate the fracture toughness from indentations 

have led to considerable scatter in the reported magnitudes of K1c [9], [26]–[28]. Moreover, the 

addition of temperature further complicates the estimation of fracture strength in single crystal 

GaAs [8], [29], [30].  

 

The goal of this study is therefore to advance our understanding of the fracture behavior in single 

crystal GaAs in the temperature range between 25 to 95 °C while considering crystal anisotropy. 

Specifically, this work focuses on the evaluation of the fracture toughness using a directional elastic 

modulus orthogonal to the crack propagation direction and it is based on a generalization of Niihara 

et al.’s model described by Eq. (1.1) and already applied to similar class of single crystals. 

Following this methodology, the fracture toughness was investigated with respect to the dominant 

fracture direction [110]. Finally, an Arrhenius-type equation was fitted to the fracture toughness of 

GaAs at various temperatures to estimate the activation energy required for crack propagation. 
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2. Methodology 

The maximum temperature considered in the study (95 °C) was selected based on the operating 

temperature of common GaAs semiconductor devices [1]–[3]. 

 

2.1. Anisotropy of GaAs Single Crystals 

In this work, the effect of the anisotropic elastic modulus on strain field induced during crack 

propagation was considered through Niihara et al.’s formulation (Eq. (1.1)). For any 〈𝑢𝑣𝑤〉 

crystallographic zone axis inside {001}, 𝐾1𝑐 in Eq. (1.1) was adjusted by replacing the isotropic 𝐸 

by the corresponding 𝐸 {001}
〈𝑢𝑣𝑤〉

 according to GaAs crystal/specimen orientation [31], [32]. The 

directional elastic modulus was obtained from the equation:  

 1 𝐸 {ℎ𝑘𝑙}
〈𝑢𝑣𝑤〉⁄ = 𝑆11  −  2 (𝑆11 − 𝑆12 −

1

2
𝑆44)(𝑚2𝑛2 + 𝑚2𝑝2 + 𝑛2𝑝2) (2.1) 

where 𝑚, 𝑛 and 𝑝 are the direction cosines of the angle lying between the crystallographic direction 

[ℎ𝑘𝑙] and the following crystal axis X (100), Y (010) and Z (001) according to the specimen 

orientation. Combining Eq. (1.1) and (2.1), the (001) GaAs fracture toughness was estimated in 

terms of the indentation parameters and the directional elastic component: 

 𝐾1𝑐{001}
〈110〉

= 𝜁 𝐻
3
5 (
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where 𝑆𝑖𝑗  are the elastic coefficients from the reduced cubic compliance matrix in Voigt form [33], 

[34]. In GaAs, S11, S12 and S44 are respectively 11.7 ∙ 10−12 𝑃𝑎−1, −3.7 ∙ 10−12 𝑃𝑎−1 and 16.8 ∙

10−12 𝑃𝑎−1. The hardness-to-yield stress ratio, 𝜙 ≅ 3 has been used in various cubic crystals [23]–

[25], [35] and was therefore also used for the study of GaAs. Optical measurements of the crack 

lengths were performed for each median cracks C1, C3, C5 and C7 after the sample had cooled to 

room temperature. The fracture toughness was estimated by averaging the results obtained for each 

indentation. 

 

In this work, it was assumed that no phase transition in GaAs occurred and that the effects of 

diffusion were negligible in the temperature range studied. An Arrhenius formulation was used to 
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correlate the fracture toughness 𝐾1𝑐{001}
〈110〉

 to the temperature [9]–[11], [36] as a function of the 

activation energy 𝐸𝑎〈110〉 needed to propagate 〈110〉 cracks: 

 𝐾1𝑐{001}
〈110〉

𝜅{001}
〈110〉

⁄ = 𝑒
−

𝐸𝑎〈110〉

𝑘𝐵𝑇  (2.3) 

with 𝜅{001}
〈110〉

 a constant to be determined, 𝑘𝐵 ≈ 1.38 × 10−23 𝐽 ∙ 𝐾−1 the Boltzmann constant, and 

𝑇 the temperature in Kelvin. 

 

2.2. Materials and Testing Apparatus 

An automated microhardness Clemex tester with a Vickers indenter was used by adapting the 

Standard Test Method for Vickers Indentation Hardness of Advanced Ceramics (2019) [37] as well 

as the Standard Test Method for Micro-indentation Hardness of Materials (2017) [38]. In this work, 

a custom Peltier thermoelectric heater with a PID controller was adapted directly onto the Clemex 

system to control the temperature during indentation. The temperature was measured at ±1 ⁰ C via 

a thermocouple contacting the sample and relatively constant once the Peltier cell was calibrated. 

 

Undoped (001) GaAs wafers 625 ± 20 µm thick with one side mirror polished were used for the 

indentation testing. The crystal specimens were aligned to 〈110〉 with the Vickers indenter, as 

shown in Figure 2–1. A dwell time of 10 seconds per indent was used and both indentation and 

crack lengths were recorded using a 3D laser confocal microscope OLS4100 (Olympus) with 405 

nm incident wavelength radiation. The lateral resolution of the confocal microscope was 120 nm 

with a height resolution of 10 nm. Only large median cracks C1, C3, C5 and C7 (Figure 2–1) were 

considered in the fracture toughness model (i.e. 𝑏/𝑎 >  2.5). 
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Figure 2–1 Representation of the GaAs indentation in the 

(001) plane with schematic view of (a) an elastic sharp 

contact pressure, P_max, and (b) top view of the indentation 

with the Vickers indenter aligned with 〈110〉 showing the 
crack nomenclature (C1 through C8) 

 

Preliminary tests were carried out between 50 gf (~0.490 N) and 2 kgf (~19.6 N) to identify the 

load required to optimize the cracking and indentation quality. A load of 300 gf (~2.94 N) was 

found to lead to the best outcome in terms of crack size and number, as well as good surface quality 

without the formation of dust or fracture particles. A minimum distance of at least 4 times the 

averaged crack length was used between indentations. The automated microhardness tester 

operated four lines of seven indents for a total of 28 points per temperature. Indentations were 

carried out only with the sample’s 〈110〉 aligned with the diagonal of the indenter. 

 

3. Results And Discussion 

For the range of temperature 25-95 ºC, the total median crack length and b/a remained relatively 

constant at 55.3 ± 0.8 µm and 3.63 ± 0.14, respectively, with b/a decreasing from 3.87 ± 0.05 to 

3.34 ± 0.10 between 25-95 ºC. The fracture toughness ranged from 0.49 (for C1-C5) and up to 0.58 

MPa√m (for C3-C7), in very good agreement with recent study supported by both experimental 

and simulations results [39] that found fracture toughness ranging from 0.50 ± 0.05 to 0.54 ± 0.04 

MPa√m. GaAs hardness decreased by 23%. Figure 3–1 shows representative examples of Vickers 

indentations at 25 °C, 55 °C, and 95 °C.  
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Figure 3–1 Vickers impression on GaAs at (a) 25 °C, (b) 55 °C, and (c) 95 °C at 

300 gf. Note slip lines parallel to [110] present at higher temperatures. 

 

The higher temperature indentations shown in Figure 3–1 (b) and (c) show the formation of slip 

lines (orange arrows) aligned along [110]. The activation of slip at higher temperature may occur 

due to dislocation migration, although further study is necessary to why they  preferentially align 

with [110]. Moreover, around 55 to 65 °C, a decrease of the secondary (lateral C2-C4-C6-C8) 

cracks was observed. 
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The fracture toughness for the four dominant cracks C1, C3, C5, and C7 was estimated using Eq. 

(2.2) at various temperatures. The results are presented in Figure 3–2 with cracks identified 

according to Figure 2–1. The primary cracks C1 and C5 (aligned with the indenter diagonal) are 

comparable in length, with no significant change between 25-95 ºC. This contrasts with the cracks 

C3 and C7 running along [110] that exhibited a more marked temperature dependency. This is 

consistent with the appearance of slip lines along [110], suggesting that this direction dominates 

the toughening mechanism in GaAs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3–2 Evaluation of [110] fracture toughness of cracks C1, 

C3, C5, and C7 in GaAs as a function of temperature. 

 

An overall “average” fracture toughness was calculated by averaging the fracture toughnesses 

across the observed cracks. The averaged fracture toughness increased from 25 ºC with 𝐾
1𝑐{001}
[110]̅̅ ̅̅ ̅̅ ̅̅ ̅̅

= 

0.51 ± 0.02 MPa√m up to 𝐾
1𝑐{001}
[110]̅̅ ̅̅ ̅̅ ̅̅ ̅̅

= 0.55 ± 0.03 MPa√m at 95 ºC, as shown in Figure 3–3. 

Simultaneously, the measured hardness of GaAs decreases from H25ºC = 674 ± 24 HV to H95ºC = 

524 ± 9.8 HV; this corresponds to an approximate expected GaAs yield stress range of σY(25℃) = 

2.2 ± 0.1 GPa to σY(95℃) 1.7 ± 0.1 GPa.   

Temperature (⁰C) 



9 
 

 

 

 

 

 

 

 

 

 

 

Figure 3–3 Evolution of GaAs Vickers hardness (black line, right axis) and 

fracture toughness K1c (orange line, left axis) for 25-95ºC 

 

Figure 3–4 shows the average fracture toughness versus temperature and the fit to an Arrhenius 

model provided by Equation (2.3). The fit allowed us to extract the toughness parameter 𝜅{001}
〈110〉

 = 

0.81 ± 0.08 MPa√m and the activation energy 𝐸𝑎 = 2.1∙± 0.4∙10-21 J, consistent with dislocation 

movement as the primary toughening mechanism. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3–4 Arrhenius model fitted to experimental 

GaAs fracture toughness  
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4. Conclusions 

This study investigated the fracture toughness of (001) GaAs single crystals in the temperature 

range 25-95 °C. The appearance of slip lines along 〈110〉 occurred at higher temperatures, 

suggesting this as a likely toughening mechanism. A 23% decrease in Vickers hardness between 

25-95 °C with H(001) ranging from H25ºC = 674 ± 24 HV to H95ºC = 524 ± 9.8 HV correlated with an 

increase in toughness ranging from 0.49 (for C1-C5) and up to 0.58 MPa√m (for C3-C7). The 

generalized toughness model presented in this work addressed the anisotropy of GaAs and 

toughness obtained was in very good agreement with recent literature. Moreover, the toughness 

formulation helped develop a simplified Arrhenius model to describe the effect of temperature. An 

activation energy of 𝐸𝑎=2.1∙± 0.4∙10-21 J was found for crack propagation. The proposed model 

displayed a nearly linear relationship between temperature and toughness in the temperature range 

25-95 °C. Although the assumptions made along with the model proposed in this work do not apply 

to very high temperatures, i.e., where diffusion becomes significant and/or phase transformations 

occur, they were valid for the temperature range considered and the proposed model described the 

toughness behavior of GaAs adequately. This improved understanding of the mechanical behavior 

of this important semiconductor material is useful for analyzing failed GaAs devices that 

commonly operate in this temperature range. The results also provide a framework for aligning 

semiconductor device architecture with the appropriate crystallographic directions to ensure 

improved resistance to mechanical failure. In addition, the Vickers indentation approach used to 

understand the temperature-dependent toughness of GaAs could be further generalized to help 

improve our understanding of other technologically important crystals at elevated temperatures. 
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