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a b s t r a c t 

High-pressure has been widely utilized to improve material performances such as thermal conductiv- 

ity κ and interfacial thermal conductance G . Gallium arsenide (GaAs) as a functional semiconductor has 

attracted extensive attention in high-pressure studies for its technological importance and complex struc- 

ture transitions. Thermal properties of GaAs under high pressure are urgent needs in physics but remain 

elusive. Herein, we systematically investigate κGaAs and G Al/GaAs of multi-structure up to ∼23 GPa. We 

conclude that: (1) in pressurization, phonon group velocity, lattice defects, and electrons play a central 

role in κGaAs in elastic, plastic, and metallization regions, respectively. The increased phonon density of 

states (PDOS) overlap, group velocity, and interfacial bonding enhances G Al/GaAs . (2) In depressurization, 

electrons remain the dominant factor on κGaAs from 23 to 13.5 GPa. G Al/GaAs increases dramatically at ∼12 

GPa due to the larger PDOS overlap. With decompressing to ambient, lattice defects including grain size 

reduction, arsenic vacancies, and partial amorphization reduce κGaAs to a glass-like value. Remarkably, 

the released G Al/GaAs is 2.6 times higher than that of the initial. Thus our findings open a new dimension 

in synergistically realizing glass-like κ and enhancing G , which can facilitate thermoelectric performance 

and its potential engineering applications. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Moving from condensed-matter to dense-matter physics, the 

xtensive properties of materials change and unexpected physi- 

al phenomena occur. Utilizing high pressure, therefore, is an ef- 

cient and powerful method to modulate the structure and phys- 

cal properties of materials in a wide range, such as the synthe- 

is of new compounds [1] , semiconductor-metal transitions [ 2 , 3 ], 

lectron-phonon coupling factors [4] , thermoelectric performances 

5] , and thermal properties [6] . Among them, applying high pres- 

ure to realize the modulation of thermal properties has received 

 great deal of attention for its important applications in energy 

onversions [ 5 , 7 , 8 ], geophysics [9] , and high-temperature super-

onductors [10] . The knowledge of thermal transport behaviors 

n amorphous [11] and crystalline [12–14] materials under high- 

ressure assists in building a basis for extrapolation to more ex- 

reme pressure-temperature conditions. 

Among III–V binary semiconductors, gallium arsenide (GaAs), 

idely used in optoelectronics and microelectronics [ 15 , 16 ], has at- 

racted extensive attention in high-pressure studies. This interest 
∗ Corresponding authors. 
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as arisen owing to the technological importance of GaAs, coupled 

ith the fact that GaAs exhibits a multiple and complex phase 

hange under high pressure. In the pressurization process, early 

xperimental work suggested that GaAs existed a high-pressure 

etallic phase namely an orthorhombic distortion of β-Sn [17] , 

owever, ab initio calculations supported the views that the first- 

rder phase transition from zinc blende ( ZB ) should be to a dis- 

orted tetrahedral structure SC16 [18] . More accurate x-ray diffrac- 

ion experiments identified the β-Sn was in fact a Cmcm structure 

hat appeared at 15–17 GPa [19] . Regarding to the depressuriza- 

ion process, several experimental [20] and theoretical [21] stud- 

es have proved that a Cinnabar phase appeared at ∼12 GPa on 

ressure decrease from the Cmcm structure. With the Cmcm -GaAs 

eated to above ∼400 K at ∼14 GPa, the SC16 phase was observed 

nd was found to be stable at room temperature [22] . More re- 

ently, a Wurtzite phase was first identified existing in GaAs after 

ressure decreased from high-pressure SC16 phase to the ambi- 

nt [23] . Besson and his colleagues [24] have also investigated the 

igh-pressure phase transition and diagram of GaAs, finding that 

ts structure is not reversible in the cycle of compression and de- 

ompression, accompanied by lattice defects, variation in atomic 

oordination number, and local amorphization. Therefore, high- 

ressure behaviors of GaAs are complex and are of great impor- 
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ance for crystalline phase engineering. Its performance changes, 

uch as thermal transport, corresponding to the complex structural 

ransitions is an interesting and challenging issue. 

Prior experimental and theoretical studies demonstrated that 

ressure can increase phonon group velocity and simultaneously 

educe the relaxation time. And it can also introduce lattice de- 

ects and induce semiconductor-metal transitions. Therefore, the 

ressure-dependent thermal measurement of GaAs offers an op- 

ortunity to experimentally explore the relationship between heat 

arriers (phonons, defects, and electrons) and thermal transport 

ehaviors. Nevertheless, it has been pointed out that pressure- 

ependent thermal properties are urgent needs in physics but re- 

ain a significant challenge due to the difficulty in measurements 

25] . 

Recently, some effort s have been made to investigate the pres- 

ure effect on the thermal conductivity ( κ) and interfacial thermal 

onductance ( G ) of materials. The first-principles calculations have 

een used to study the κ of crystals under high pressure and tem- 

erature such as MgO [ 9 , 12 ], BaP [26] , and GaAs [27] . Neverthe-

ess, the calculation results are inconsistent and need to be further 

dentified by proper experiments. Hsieh and his co-workers [ 11 , 28 ]

ade a great contribution to the measurement of κ at high pres- 

ure. They combined the time domain thermoreflectance (TDTR) 

echnique with a diamond anvil cell (DAC) and measured the κ
f amorphous polymers [11] up to 12 GPa and layered muscovite 

rystals [28] up to 24 GPa. Subsequently, TDTR integrated with the 

AC was also employed to investigate semiconductor-metal phase 

ransitions in bulk Si and Si 0.991 Ge 0.009 [13] and MoS 2 [14] . More- 

ver, utilizing pressure to tune G of metal/dielectric has also at- 

racted much attention. Generally, the interface acts as a low-pass 

lter, reflecting high-frequency modes while transmitting those 

ow-frequency modes. However, at the pressure in the tens of GPa, 

omparable to the bulk modulus of many materials, the phonon 

ensity of states (PDOS) of both sides of materials extends to sig- 

ificantly higher frequencies, making interfacial thermal transport 

ore complex. It has been proved that pressure can enhance the 

 of weak interfaces to a high-value characteristic by increasing 

he stiffness of interfacial bonds [29–31] . Therefore, it is important 

o explore the thermal transport of materials under high pressure, 

nd TDTR integrated with the DAC is the most proper method. 

Nevertheless, experimental investigations on pressure- 

ependent thermal properties of GaAs, especially the contribution 

f phonons, defects, and electrons at different high-pressure 

tructures, have never been reported. Herein, we conducted sys- 

ematically experimental studies on the κGaAs and G Al/GaAs during 

ressurization and depressurization processes. Firstly, the GaAs 

amples for TDTR and high-pressure Raman tests were prepared 

nd loaded into the DAC. Then, TDTR integrated with the DAC 

as employed to characterize the pressure-dependent κGaAs and 

 Al/GaAs . High-pressure Raman spectroscopy was also applied to 

tudy structure transitions in GaAs. Finally, combined with first- 

rinciples calculations and molecular dynamics (MD) simulation, 

he competing relationship of phonons, defects, and electrons 

n different pressure zones, which made the κGaAs and G Al/GaAs 

xhibit an anomalous pressure-dependent behavior, was fully 

iscussed. 

. Experiment details 

.1. Sample preparations 

The single crystal GaAs were supplied by Hefei kejing mate- 

ials technology co., Ltd. To ensure the samples loaded into the 

AC smoothly, we thinned it to ∼20 μm in thickness. For a stan- 

ard TDTR experiment, the thinned GaAs was coated with a layer 

f aluminum (Al) film by dc magnetron sputtering and the ambi- 
90
nt thickness of the Al film was in-situ measured by picosecond 

coustics [32] as ∼ 96 nm. The Al film thermal conductivity was 

pproximately 130 W m 

–1 K 

–1 , which was determined by a four- 

robe method and the Wiedemann-Franz law. Briefly, in the high- 

ressure experiment, a symmetrical DAC with a 300 μm culet size 

as used to generate high pressure. A stainless-steel gasket was 

re-indented to ∼50 μm in thickness and then was drilled a circle 

ole of 150 μm in diameter as a sample chamber. Subsequently, 

he GaAs, silicone oil, and ruby balls were loaded into the sam- 

le chamber. The silicone oil acted as the pressure-transmitting 

edium for improving the hydrostatic condition and the ruby balls 

ere pressure calibrators [33] . The schematic diagram of the DAC 

nd sample as well as the optical micrograph of the sample cham- 

er are shown in Fig. 1 (a–c), respectively. The ruby spectra at the 

elected pressure of pressurization (pink lines) and depressuriza- 

ion (blue lines) were shown in Fig. 1 (d). The standard deviation of 

easured pressure is within 1 GPa. 

.2. Time domain thermoreflectance measurements 

TDTR, a powerful and noncontact technique, was employed to 

nvestigate the thermal properties of GaAs during both pressur- 

zation and depressurization processes. The experimental details 

f TDTR have been explained thoroughly elsewhere [34–36] . but, 

riefly, a mode-locked Ti:sapphire laser with 785 nm in wave- 

ength, 280 fs in pulse width, and 80 MHz in repetition rates, 

s split into a pump beam and a probe beam. The pump beam 

s modulated at 9.8 MHz and creates a temperature rise at the 

urface of the metal film. The probe beam, which is mechani- 

ally chopped at 200 Hz to remove background noise [37] , sub- 

equently monitors the change in reflectivity induced by tempera- 

ure evolution. A mechanical delay stage advances the arrival time 

f the pump beam relative to the probe beam. The reflected probe 

eam is collected by a photodiode detector and the small voltage 

s picked up by a lock-in amplifier. The ratio of in-phase ( V in ) sig-

als and out-of-phase ( V out ) signals is compared with a bidirec- 

ional heat transport model [38] to obtain unknown thermal prop- 

rties, such as κ and G . The incident power is 20 mW for the 

ump beam and 10 mW for the probe beam, respectively, and the 

wo beams have almost equal spot size, which is ∼12 μm of 1/e 2 

adius. 

.3. High-pressure Raman spectroscopy 

In this work, high-pressure Raman scattering was employed to 

nvestigate the structure and phonon behaviors of GaAs up to ∼23 

Pa. Raman scattering was performed at room temperature using 

 laser confocal Raman spectroscopy (LabRAM HR Evolution), with 

 532 nm excitation line and an 1800 grooves mm 

–1 grating. For 

he excitation, the laser power was 100 mW and the spot size was 

5 μm. All spectra were collected with a backscattering geometry 

y an achromatic doublet lens and a CCD cooled by liquid nitrogen. 

he accumulated time was 50 ms and we repeated three times to 

emove fake peaks. 

.4. Phonon density of states calculations 

To elucidate the underlying mechanism of thermal transport 

cross interfaces between Al and GaAs, we calculate the PDOS. 

he first-principles density functional theory is employed to calcu- 

ate the PDOS of crystalline Al and GaAs. For the accurate predic- 

ion of the PDOS, we need the input of second-order interatomic 

orce constants, which are calculated by density functional pertur- 

ation theory on 4 × 4 × 4 q-mesh. All first-principles calculations 

re performed using the plane-wave-based QUANTUM ESPRESSO 
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Fig. 1. Structure schematic diagrams of the DAC (a) and the sample (b). (c) The micrograph of the sample chamber. Ruby balls and the sample are labeled with arrows. (d) 

The selected ruby spectra of pressurization (pink lines) and depressurization (light blue lines). 
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ackage [39] based on the norm-conserving pseudopotentials con- 

tructed by the Perdew-Burke-Ernzerhof (PBE) generalized gradient 

ensity functional [40] . The kinetic-energy cut-off of the plane- 

ave basis is set to be 80 Ry. A well-converged 12 × 12 × 12 

-mesh is adopted to sample the first Brillouin zone. Both lattice 

onstants and atomic coordinates are fully relaxed at each pres- 

ure, and the pressure is exerted uniformly in all directions. The 

onvergence tolerance for the atomic force and the pressure are 

0–6 Ry/Bohr and 0.5 kbar, respectively. 

For amorphous GaAs, we resort to classical molecular dynam- 

cs with the LAMMPS package [41] . An analytic bond-order poten- 

ial [42] is used to describe the interactions of the GaAs system. 

he model system is constructed from an 8 × 8 × 8-unit cell of 

aAs, which consists of 4096 atoms. To generate the amorphous 

tructure, the entire system is firstly heated from 300 to 30 0 0 K in

00 ps with NPT ensemble and time interval of 0.5 fs. After that, 

he system is equilibrated at 30 0 0 K for 10 0 ps. Then, we slowly

uench the structure to 300 K at a rate of 1012 K s –1 . The system is

urther relaxed at 30 0 K for 10 0 ps. Finally, the fully relaxed struc-

ure is switched to the NVE ensemble for 100 ps and the atomic 

elocities are outputted every 10 steps. The PDOS of amorphous 

aAs is calculated by taking the Fourier transform of the atomic 

elocity autocorrelation function. Besides, the PDOS overlap factor 

s defined as the integral of the overlap regions over the integral 

f the PDOS of Al. 

. Results and discussion 

.1. Structural transitions and vibrational properties of GaAs under 

igh-pressure 

High-pressure Raman spectroscopy enables us to reveal the 

echanism of pressure effect on structural transitions and vibra- 

ional properties of GaAs. Selection rules in Raman spectroscopy, 

hich predict certain vibrational modes to have zero intensities, 

ive evidence of the symmetry or asymmetry of crystals. The shift 

f the characteristic frequency contains microcrystal size informa- 

ion [24] . 

As shown in Fig. 2 (a), with the increase of pressure, the two 

haracteristic modes (TO and LO) shift to the high wavenumber. 
91 
hen pressure is above ∼16 GPa, they are gradually forbidden, 

emonstrating that the ZB -GaAs (semiconductor) transforms to the 

mcm -GaAs (metal). The critical point of phase transition obtained 

n this work matches well with the literature [20] . It should be 

oted here that the ZB -GaAs not completely transforms into Cmcm - 

aAs, namely the two-phase coexistence, which can be proved by 

he sample’s optical micrographs and the Raman scattering results. 

s shown in Fig. 2 (b), the morphology of GaAs appears obvious 

etallic-luster when pressure is above ∼16 GPa and the propor- 

ion of metallic phases increases monotonously with pressure. The 

aman analysis on “dark” ( ZB -GaAs) and “light” ( Cmcm -GaAs) re- 

ions at ∼17 GPa shown in Fig. 2 (c) also gives direct evidence that 

aAs exhibits a mixed phase in the range of 16–24 GPa. Besides, 

e also notice that the intensities of TO and LO modes have a res- 

nant value at ∼9 GPa ( Fig. 2 (d)), which implies that the energy

f incident light (2.33 eV) almost equals to the band gap of GaAs 

o that strong interband transitions occur. A noteworthy feature 

s that the ratio of LO to TO intensities is asymmetrical with re- 

pect to the resonance, which means that the crystal is perturbed 

hrough local structural defects and crystallites’ disorientation [24] . 

he Grüneisen parameter γ = 

K 
ω 

d ω 
d p 

, a direct assessment of the an- 

armonicity of the bonds, is likewise calculated for TO and LO 

ines. As shown in Fig. 2 (e), the γ has a negative correlation with 

ressure, indicating that pressure benefits the harmonicity of opti- 

al phonons [43] . 

The structural and vibrational information of GaAs during the 

epressurization process is also investigated. Fig. 3 (a) shows the 

aman spectra of decompression. We find that the TO and LO 

odes do not reappear until at ∼6.4 GPa. This consists of the 

bservation from the micrographs shown in Fig. 3 (b). It suggests 

hat while the GaAs is released from higher pressure, spectral 

haracteristics of Raman spectroscopy exhibit a relaxation fea- 

ure called hysteresis, which is in agreement with the literature 

44] . In Fig. 3 (c), the pressure dependence of the two modes can 

e fitted as ω TO = 267 . 51 + 4 . 28 p − 0 . 026 p 2 and ω LO = 289 . 84 +
 . 53 p − 0 . 064 p 2 , where ω is in cm 

–1 and p in GPa. Both TO and

O modes of released GaAs shift towards lower frequency. Besides, 

e also note that there are two new features named A and B in 

ig. 3 (a). Furthermore, we compare the Raman spectra of the ini- 

ial sample with the released sample in Fig. 3 (d). Although the 

dell
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Fig. 2. Raman analysis of GaAs in the pressurization process. (a) The Raman spectra of GaAs in the pressurization process. TO is transverse optical phonons and LO is 

longitudinal optical phonons. (b) The morphology evolution of GaAs. (c) The Raman spectra of “light” and “dark” regions in GaAs under 17.3 GPa. The measurement area is 

labeled with blue circles. (d) The intensities of TO and LO modes as functions of pressure. (e) The Grüneisen parameter of TO and LO modes as functions of pressure. 

Fig. 3. Raman analysis of GaAs in the depressurization process. (a) The Raman spectra of GaAs in the depressurization process. A and B represent two new features, which 

indicate that the selection rules are perturbed. (b) The morphology evolution of GaAs during depressurization. (c) The pressure-dependence of TO and LO frequencies. Filled 

circles represent pressurization and open circles represent depressurization. (d) The Raman spectra of the initial GaAs and released GaAs at ambient conditions. 
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eleased GaAs has clear lattice vibration peaks, the intensities of 

O and LO are asymmetric and the full width at half maximum 

FWHM) of the LO peak is broadened from 4.2 to 9.3 cm 

–1 . The

ed shift, emergence of new features and broadened FWHM signify 

hat the selection rules are perturbed enough for the reduction of 

rain size [24] . Quantitatively, an ∼8 cm 

–1 red shift in frequency 

nd a ∼5 cm 

–1 augment in FWHM for LO modes correspond to 

rystallizes 5 to 6 nm in size [45] , a 90% reduction compared with

nitial GaAs ( ∼50 nm). Besides, after annealing [24] , the LO fre- 

uency and FWHM of released GaAs are reversible which means 

he arsenic vacancies [45] . And, X-ray absorption also attests that 

t is partial amorphization [24] . Thus we can conclude that the lat- 

ice defects in released GaAs mainly include grain size reduction, 

rsenic vacancies, and partial amorphization. 

According to the Raman analysis, we recognize that GaAs 

resents diverse structure transitions and vibrational properties at 
h

92
igh pressure. To further explore their effect on κ and clarify the 

elationship between structure and performance, we performed 

igh-pressure TDTR experiments. 

.2. Pressure-induced anomalous thermal conductivity of GaAs 

Previous calculations on κGaAs [27] indicate that pressure in- 

uces the increase in phonon group velocity coupled with the de- 

rease in relaxation time. These two factors’ competing leads to 

he nonlinear increase in κZB -GaAs . Regarding to Cmcm phase, the 

hree-phonon processes are more easily so that the phonon relax- 

tion time is much lower than that of the ZB phase, resulting in ul- 

ralow lattice thermal conductivity. Nevertheless, according to our 

aman analysis, the GaAs undergoes multi-level transformations in 

xperiments, such as the plastic deformation, ZB to Cmcm phase, 

ysteresis from Cmcm to ZB , reduction of grain size, arsenic va- 
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Fig. 4. Thermal conductivity of GaAs at high-pressure. (a) The sensitivity of key parameters to –V in / V out signals at 1.4 GPa. κ , G, C , and h denote thermal conductivity, 

interfacial thermal conductance, volumetric heat capacity, and thickness, respectively. (b) The ratio signals at the selected pressure (circles for pressurization and triangles for 

depressurization) compared with the bidirectional heat transport model as a function of the delay time. The measured pressure-dependence in κGaAs during (c) pressurization 

and (d) depressurization processes. The calculated lattice κGaAs is taken from Ref. [24] (purple squares). 
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ancies, and partial amorphization. It is far beyond the power of 

heoretical calculations to study these complex transitions, and the 

xperiment is necessary. 

In the experiment, analyzing TDTR signals requires the adjust- 

ent of unknown parameters to minimize the differences between 

he experimental data and the heat transport model. Bidirectional 

eat flows into both samples and silicone oil are considered in the 

odel [38] . Besides the κGaAs and G Al/GaAs are to be fitted, other 

arameters are determined carefully, including κ of silicone-oil and 

l, volumetric heat capacity C of silicone-oil, Al, and GaAs (Fig. S1 

n the Supplemental Material), and thickness h of Al (Fig. S2). 

For the multi-parameters coupled case, sensitivity analysis 

46] is a useful tool to directly observe the interaction between 

arious parameters and examine whether interesting parameters 

an be measured with good accuracy. The sensitivity analysis is 

hown in Fig. 4 (a) and we find that κGaAs and G Al/GaAs have high 

nd separable sensitivities to TDTR signals and thus can be mea- 

ured accurately and simultaneously. Fig. 4 (b) illustrates the ratio 

ignals at the selected pressure fitted with the bidirectional heat 

ransport model as a function of delay time. The ratio signals have 

 sine-like oscillation within 300 ps owing to the Brillouin scat- 

ering of silicone oil, and the Brillouin frequency is 17 GHz at ∼1.4 
93 
Pa and 37 GHz at ∼23 GPa (Fig. S3), which matches well with the 

iterature values [31] . It reflects that the silicone oil still surrounds 

he sample under such high pressure, avoiding the damage to the 

ample caused by direct contact with anvils. 

The pressure-dependent κGaAs is shown in Fig. 4 (c, d). In the 

ressurization process, the κGaAs shows a sine-like trend and can 

e divided into three stages. (i) The κGaAs has a positive correlation 

ith pressure in the range of 0–6.4 GPa and the increment is about 

8%. This stage consists of elastic deformation regions shown in 

ig. S2(a). Our experimental results match well with the previous 

alculation results [27] , which experimentally proves that phonon 

roup velocity and relaxation time compete with each other, and 

he former plays a dominant role. (ii) Contrary to the results of 

he first-principles calculations, the κGaAs begins to decrease un- 

il ∼16 GPa, where the phase transition from ZB to Cmcm occurs. 

he κGaAs is 13 ± 1.5 W m 

–1 K 

–1 at ∼16 GPa, a 76% reduction 

rom the highest value. This stage agrees well with the plastic de- 

ormation regions (Fig. S2(a)). The plastic deformation can induce 

he emergence of various lattice defects such as dislocations and 

win crystals, which enhance lattice anharmonicity and strongly 

uppress the phonon relaxation time. Therefore, lattice defects play 

 central role in the decrease of κGaAs in this stage. (iii) With fur- 
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her increased pressure, the κGaAs rises monotonously again. We 

mphasize that for the pressure above ∼16 GPa, the partial ZB - 

aAs is converted into Cmcm -GaAs (metal phase), which is evi- 

enced by the Raman analysis ( Fig. 2 (c)). For the two-phase coex- 

stence case, two factors, lattice thermal conductivity κ l and elec- 

ron thermal conductivity κe , contribute to the κGaAs . The κ l in- 

ludes lattice thermal conductivity of ZB - and Cmcm -GaAs and κe 

s for Cmcm -GaAs. Similar to the second stage, the lattice defects 

ontinue to increase and the proportion of ZB phase is smaller and 

maller, thus the κ l of ZB will decrease. Besides, prior calculations 

how that three-phonon processes are more easily, reducing κ l of 

mcm . Another factor is metallization, which allows free electrons 

o act as carriers for thermal transport. Recent work by Giri et al. 

47] proposed that at high pressure, the reduction in the electron- 

honon coupling factor leads to considerable increases in electron 

hermal conductivity. Therefore, the κe makes a dominant contri- 

ution to the increase of κGaAs in this stage. 

Comparing experimental and theoretical results in the pressur- 

zation process, we can conclude that phonon group velocity and 

elaxation time compete with each other, making the nonlinear in- 

rease of κGaAs in elastic regions; lattice defects induced by plastic 

eformation dominate the decrease κGaAs in plastic regions; after 

he metallization, weakened electron-phonon coupling increases 

he κe in Cmcm -GaAs, which plays a dominant role in the increase 

f κGaAs . 

Our Raman analysis suggests that GaAs is irreversible and there 

s a large hysteresis from Cmcm to ZB , however, these features 

annot be captured by theoretical calculations. Therefore, we also 

easured the pressure-dependent κGaAs during the depressuriza- 

ion process, as presented in Fig. 4 (d). We find that: (i) the κGaAs is

eversible from 23 to 13.5 GPa, indicating that the structure is not 

urther perturbed and that electrons still dominate the change in 

GaAs . The Raman analysis also illustrates that there are indeed no 

hase transitions. (ii) When the pressure is lower than ∼13.5 GPa, 

he κGaAs reduces dramatically. With the continued decompressing 

o ∼6.4 GPa, the TO and LO modes reappear, indicating the tran- 

ition from Cmcm to ZB phase with large hysteresis. The released 

aAs shows a glass-like κ as 1.8 ± 0.2 W m 

–1 K 

–1 , a 96% reduction

ompared to the initial GaAs. Because it is still a metallic phase at 

13.5 GPa, we cannot directly obtain more structural information 

rom the Raman signal except for that there is no phase transition 

r no new phase is created. Fortunately, we found that the released 

aAs undergoes a reduction in grain size, arsenic vacancies, and 

artial amorphization by Raman spectrum. We also noticed that 

he G Al/GaAs has an abrupt increase at such pressure for the amor- 

hization of GaAs. Hence, we can infer that the abrupt decrease 

n κGaAs at ∼13.5 GPa is mainly due to the onset of amorphization. 

erhaps because of these defects, we do not observe that the Cmcm 

hase transforms to a Cinnabar phase [20] from the Raman scat- 

ering results. We also note that Cmcm to ZB phase hardly affects 

GaAs , and therefore, grains reduction, arsenic vacancies, and par- 

ial amorphization are the major factors in the decreasing of κGaAs . 

rior work has proved that the electrical conductivity of released 

aAs has been improved by seven orders of magnitude [44] , indi- 

ating that it is a promising candidate for thermoelectric materials. 

e also emphasize that since the GaAs is pure before dealing with 

t, it generates defects without introducing host atoms compared 

ith the ways through electron or neutron bombardments, which 

ill damage the mechanical strength [48] . 

.3. Pressure enhancing interfacial thermal conductance between Al 

nd GaAs 

Utilizing pressure to modulate G also attracted great interest. 

s shown in Fig. 5 (a), G Al/GaAs is enhanced and gradually becomes 
94 
aturated with compression, and similar behaviors are also found 

n previous works [ 13 , 31 ]. With pressure increased to ∼23 GPa, 

 Al/GaAs increases from 70 to 160 MW m 

–2 K 

–1 , a nearly 130% aug- 

ent. During the depressurization ( Fig. 5 (b)), the G Al/GaAs is con- 

idered to be reversible from ∼23 to ∼12 GPa, paralleling the be- 

avior of κGaAs . Nevertheless, the G has a dramatic increase when 

he pressure is below 12 GPa. This phenomenon is also consistent 

ith the pressure regions where κGaAs reduces dramatically (see 

ection 3.2 ). Therefore, it is natural to see that the lattice struc- 

ure of GaAs has a synchronized effect on G and κ under high 

ressure. It is more complicated for revealing physical relationships 

etween G and lattice structure, since G is not only a function of 

he materials comprising the interface (intrinsic), but also has a 

trong dependency on the atomic conditions around the interface 

extrinsic). 

The intrinsic part of G usually includes the transmission co- 

fficient, group velocity, and PDOS. When thermal carriers are 

honons, G is often assumed to be [49] : 

 = 

1 

4 

∑ 

i 

∫ t ω v ω ̄h ωD ω 
∂n ω 

∂T 
d ω i , (1) 

here t ω is the transmission coefficient, v ω is the group velocity, 

 ω is the density of states, and n ω is the Bose-Einstein distribu- 

ion function. The PDOS of crystalline Al (c-Al) and GaAs (c-GaAs) 

re from the first-principles calculations. As shown in Fig. 5 (c), 

ith the pressure increased, the PDOS of c-Al and c-GaAs is broad- 

ned and characteristic phonon frequencies shift towards higher 

requencies, increasing the overlap of the PDOS as well as the 

umber of phonons involved in interfacial thermal transport. Con- 

idering v ω of both c-Al and c-GaAs also positively correlate with 

ressure [ 27 , 47 ], the intrinsic G should increase with pressure. On 

he other hand, the extrinsic part of G usually includes roughness, 

isorder, dislocations, and bonding conditions [30] . Note that the 

urface of GaAs usually has a natural oxide layer ( ∼2 nm with low 

coustic impedance), which acts as an acoustically soft layer be- 

ween Al and GaAs. The bonding or stiffness of this “weak” in- 

erface will be enhanced with the pressurization, resulting in in- 

reasing G of the extrinsic part [ 29 , 50 ]. Therefore, from the above

nalysis, both intrinsic and extrinsic factors have positive contribu- 

ions to the G from ambient to ∼16 GPa, which is consistent with 

he experimental results. Besides, the measured G Al/GaAs with some 

eviation after the metallization ( > 16 GPa) can be attributed to a 

ore complex scattering of phonons, defects, and electrons across 

he interface [13] . 

During the depressurization, according to the Raman results 

nd measured κGaAs , we believe the structure of GaAs is closer 

o amorphous while the pressure is lower than ∼12 GPa. Here, 

e used the MD simulation to calculate the PDOS of amorphous 

aAs (a-GaAs), and we also calculated the PDOS overlap factor 

hich was defined as the integral of the overlap regions over the 

ntegral of the PDOS of c-Al. According to the PDOS overlap fac- 

or shown in Fig. 5 (d), we find that the PDOS overlap between a- 

aAs and c-Al is much larger than that between c-GaAs and c-Al, 

hich means that Al phonons can participate much more in in- 

erfacial thermal transport across the Al/a-GaAs interface. In addi- 

ion, from recent experimental [51] and theoretical [52] studies, it 

an be inferred that the diffusive vibrational modes across Al/a- 

aAs interfaces may have a higher transmission coefficient than 

hat of Al/c-GaAs interfaces [53] . Therefore, according to Eq. (1) , 

e can conclude that the increased D ω and t ω make the G Al/GaAs 

ncrease dramatically. Besides, the PDOS overlap at 0 and 10 GPa 

s almost the same and the transmission coefficient is considered 

ressure-independent [54] . When continuing depressurization to 0 

Pa, the measured G Al/GaAs gradually drops from 300 to 180 MW 

 

–2 K 

–1 . Because the PDOS overlap factor has no obvious pressure 

dell
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Fig. 5. Interfacial thermal conductance between Al and GaAs at high pressure The measured pressure-dependence in G Al/GaAs during (a) pressurization and (b) depressuriza- 

tion processes. (c) PDOS of GaAs and Al at 0 and 10 GPa. a and c represent amorphous and crystalline, respectively. Crystalline PDOS is calculated by the first principles and 

amorphous PDOS is calculated by MD simulation. The PDOS of other pressure is shown in Fig. S4. (d) PDOS overlap factor of c-Al/c-GaAs and c-Al/a-GaAs as a function of 

pressure. 
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initial. 
ependence, it can be attributed to the reduction of group veloc- 

ty and interfacial stiffness. As the pressure is completely released, 

he G Al/GaAs has not recovered to the initial value, but remains 2.6 

imes higher. 

.4. Correlations among lattice structure, thermal conductivity and 

nterfacial thermal conductance in pressure cycles 

During the pressure cycle, the lattice structure of GaAs un- 

ergoes diverse transitions, which is tracked by the Raman scat- 

ering and morphology evolution. Further experimental measure- 

ents and theoretical calculations on κ and G confirmed that 

hermal transport properties under high pressure are closely re- 

ated to these structural transitions and can support each other. 

o make the structure-performance relationship clearer, we present 

ll structure transitions and corresponding dominant factors shown 

n Fig. 6 . 

In the pressurization process, pressure-induced increase in GaAs 

honon group velocity and decrease in relaxation time makes 

increase monotonously in structural elastic deformation re- 
GaAs 

95 
ions (0–6 GPa); dislocation and twin crystals induced by plastic 

eformation reduce the κGaAs greatly in 6–16 GPa; after metal- 

ization, the electron in Cmcm -GaAs dominates the re-increasing 

f κGaAs . Besides, the increase in intrinsic (PDOS overlap and 

roup velocity) and extrinsic (interfacial bonding strength) fac- 

ors have positive contributions to the G Al/GaAs with pressure 

ncrease. 

For the depressurization process, the κGaAs is reversible from 

3 to 13.5 GPa and electrons remain the dominant factor. G Al/GaAs 

as a parallel behavior with κGaAs in this pressure region. With 

ontinuing decompression, there is a significant reduction in κGaAs 

ut a dramatic increment in G Al/GaAs . The lattice defects include 

rain size reduction, arsenic vacancies, and partial amorphization 

educe the κGaAs and make released GaAs exhibit glass-like κ . 

he dramatic increase in G Al/GaAs is due to the larger PDOS over- 

ap and transmission coefficient between a-GaAs and c-Al. Besides, 

roup velocity dominates the reduction in G Al/GaAs from 300 to 180 

W m 

–2 K 

–1 with decompressing to ambient. As the pressure is 

ompletely released, G Al/GaAs is 2.6 times higher than that of the 
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Fig. 6. The schematic diagram of all structure transitions in GaAs and its relationship with thermal transport properties in the pressure cycle. 
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. Conclusions 

In summary, we systematically investigated the κGaAs and 

 Al/GaAs of all possible GaAs structures in pressure cycles using 

DTR coupled with the DAC and Raman spectroscopy. During the 

ressurization process, phonon group velocity, lattice defects (dis- 

ocations and twin crystals), and electrons play a central role in 

GaAs in elastic, plastic, and metallization regions, respectively. The 

ncreased PDOS overlap, group velocity, and interfacial bonding 

trength enhance G Al/GaAs . In the depressurization process, both 

GaAs and G Al/GaAs are reversible from 23 to 13.5 GPa. Electrons re- 

ain the dominant factor on κGaAs . G Al/GaAs increase dramatically 

t ∼12 GPa due to the larger PDOS overlap and transmission co- 

fficient. With decompressing to ambient, lattice defects including 

rain size reduction, arsenic vacancies, and partial amorphization 

educe the κGaAs and make the released GaAs exhibit glass-like 

. Besides, the group velocity is responsible for the reduction in 

 Al/GaAs . The completely released G Al/GaAs is 2.6 times higher than 

hat of the initial. Thus our findings open a new dimension in syn- 

rgistically realizing glass-like thermal conductivity and enhancing 

nterfacial thermal conductance, which can facilitate thermoelectric 

erformance and its potential engineering applications. 
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