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a b s t r a c t 

High-entropy ceramics are new single-phase materials with at least four cation or anion types. 

Their large configurational entropy is believed to enhance the simultaneous solubility of many 

components, which can be used to optimize certain properties. In this work, a high-entropy ox- 

ide, Li(Gd 0.2 Ho 0.2 Er 0.2 Yb 0.2 Lu 0.2 )GeO 4 (LRG) was explored as a microwave dielectric ceramic for low- 

temperature cofired ceramic technologies. The LRG high-entropy ceramic with an olivine structure formed 

in the sintering temperature range of 1020–1100 °C. The minimal distortion (5 × 10 -4 ) of the [RO 6 ] octa- 

hedron led to a stable temperature coefficient of resonant frequency ( τ f ) of –5.3 to –2.9 ppm/ °C. Optimal 

microwave dielectric properties were achieved in the high-entropy ceramics at 1080 °C for 4 h with a 

relative density of 94.9%, a relative permittivity ( εr ) of 7.2, and a quality factor ( Q ×f ) of 290 0 0 GHz (at 

15.3 GHz). For low-temperature cofired ceramic technology applications, the sintering temperature of the 

LRG high-entropy ceramic was reduced to 900 °C by the addition of 3 wt% H 3 BO 3 , which exhibited out- 

standing microwave dielectric properties ( εr = 7.6, Q ×f = 11700 GHz, and τ f = –7.4 ppm/ °C) and a good 

chemical compatibility with silver. 

© 2021 Published by Elsevier Ltd on behalf of Chinese Society for Metals. 
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. Introduction 

The new generation of wireless systems (5 G and 6 G) offer 

 faster and more reliable broadband access, with a greater ca- 

acity and a shorter latency. These properties require microwave 

ielectric materials with a low sintering temperature ( < 960 °C), 

ow dielectric loss (i.e., high quality factor Q ×f , tan δ = 1/ Q <

.001), low permittivity ( εr < 15), and a near-zero and stable tem- 

erature coefficient of resonance frequency (–10 ppm/ °C ≤ τ f ≤
 10 ppm/ °C) to ensure high-quality component fabrication [1-3] . 

ew microwave dielectric ceramics meet the above performance 

equirements. Significant progress has been made in the develop- 

ent of new microwave dielectric ceramics with a low permittivity 

nd high quality factor, but the major limiting factor remains the 

nstable temperature coefficient of resonance frequency. Olivine- 
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tructured microwave dielectric ceramics have been studied exten- 

ively as a representative material, and include A 2 B O 4 ( A = Ca, Mg;

 = Si, Ge), Li 2 M GeO 4 ( M = Zn, Mg), LiYGeO 4 , and LiInSiO 4 [4-

1] . A low relative permittivity is the main feature of the olivine 

icrowave dielectric ceramics, which makes them potential can- 

idates for the new generation of communication devices. How- 

ver, the high sintering temperature and large negative τ f of the 

livine-structured ceramics are impractical in applications that de- 

and low-temperature cofired ceramic (LTCC) technology [ 12 , 13 ]. 

As an emerging concept in the field of metallic alloys, high- 

ntropy metal alloys (HEAs) have aroused extensive research in- 

erest. Since the invention of HEAs in 2004, intensive research on 

EAs has produced interesting results, such as an enhanced hard- 

ess and strength [14-16] . High-entropy ceramics, by analogy to 

EAs, are an emerging class of solid–solutions that are composed 

f a large number of species. High-entropy ceramics are single- 

hase ceramics with at least four types of cations or anions. Be- 

ause the minimization of Gibbs free energy ( G = H –TS , where H

s enthalpy, S is entropy, and T is temperature) controls the ther- 

https://doi.org/10.1016/j.jmst.2021.03.057
http://www.ScienceDirect.com
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odynamic stability of the material, high-entropy materials with a 

arge S can be more stable at high temperatures [17-19] . A high 

ntropy produces attractive qualities, including a preference for 

ingle-phase solid–solutions with simple crystal structures, slug- 

ish kinetics, lattice distortions, and a collection of properties that 

xceeds those of the constituent materials [ 20 , 21 ]. High-entropy 

trategies have been applied in various fields, including thermo- 

lectricity, catalysis, and superionic conductors. However, limited 

esearch on high-entropy ceramics has been reported in the field of 

icrowave dielectrics. Recent works have indicated that the crystal 

tructure stability in microwave dielectric ceramics has an impor- 

ant correlation with τ f , which provides a structural basis to intro- 

uce the high-entropy concept into microwave dielectric ceramics. 

The crystal structures of the major phases of LiREGeO 4 

RE = La–Lu) can be classified into three groups: hexagonal 

apatite-type), tetragonal, and orthorhombic (olivine-type) [22] , 

hich provides a basis for the design of high-entropy ceram- 

cs. Orthorhombic olivine possesses a small unit cell volume 

nd an oxygen octahedron structure, which is more favorable to 

egulate the microwave dielectric properties. Therefore, we pre- 

ared a Li(Gd 0.2 Ho 0.2 Er 0.2 Yb 0.2 Lu 0.2 )GeO 4 (LRG) high-entropy ce- 

amic through a solid-state reaction route and investigated the re- 

ationship between its structure and its microwave dielectric prop- 

rties. It is hoped that these high-entropy research strategies and 

esults can provide important theoretical and practical guidance for 

he high-performance design of microwave dielectric ceramics. 

. Experimental 

High-entropy oxide ceramic LRG was synthesized by a solid- 

tate reaction process, using high-purity ( > 99%) raw powders 

f Li 2 CO 3 , Gd 2 O 3 , Ho 2 O 3 , Er 2 O 3 , Yb 2 O 3 , Lu 2 O 3 , and GeO 2 , where

d 2 O 3 :Ho 2 O 3 :Er 2 O 3 :Yb 2 O 3 :Lu 2 O 3 = 1:1:1:1:1 with an equimolar

omposition. The powders were placed in a zirconia ceramic jar 

nd milled in a high-energy planetary ball mill (PM100, Retsch, 

ermany) with ethanol and zirconia balls for 6 h at 300 rpm. The 

all-milled slurry was dried in an oven at 120 °C for 24 h, where-

fter the powder was ground in an agate mortar, placed in an alu- 

ina crucible and calcined at 950 °C for 6 h at 5 °C/min. The cal-

ined powder was ball-milled a second time, 5 wt% polyvinyl alco- 

ol aqueous solution (PVA) was added as a binder, and the pow- 

er was pressed into 5-mm-high cylinders with a 10-mm diame- 

er. The LRG green samples were annealed at 600 °C for 10 h at 1

C/min to remove the PVA binder, and sintered at 1020–1100 °C for 

 h to measure the microwave dielectric properties. To reduce the 

intering temperature and cofire with Ag, the calcined LRG pow- 

ers were ball-milled with 3 wt.% H 3 BO 3 for 6 h. The H 3 BO 3 -doped

RG samples were sintered at 860 −920 °C for 4 h. 

X-ray diffraction (XRD) analysis was performed on the prepared 

eramics using a D8 Advance diffractometer (Bruker AXS, WI, USA) 

ith a Cu–K α line as radiation source. The resulting diffraction 

atterns were refined using FULLPROF software [23] . The ceramic 

icrostructures were examined by scanning electron microscopy 

SEM, SU-70, Hitachi, Japan). The Archimedes method was used to 

easure the apparent density. Hakki and Coleman’s method was 

sed to measure the εr and Q ×f values with a vector network an- 

lyzer (10 MHz-20 GHz, ZVB20, Rohde & Schwarz, Germany) in 

E 011 mode [24] . The τ f values in the range of 25–85 °C were 

alculated from τ f = ( f 85 - f 25 )/[ f 25 ( T 85 - T 25 )] (where f 25 and f 85 denote

he resonant frequencies at 25 °C and 85 °C). 

. Results and discussion 

Fig. 1 (a) shows the XRD patterns of the high-entropy LRG pow- 

er compared with the LiGdGeO 4 and LiHoGeO 4 . The crystal struc- 

ures of the major phase of LiGdGeO and LiHoGeO were clas- 
4 4 

29 
ified into two groups: tetragonal for LiGdGeO 4 , and orthorhom- 

ic (olivine type) for LiHoGeO 4 . LRG high-entropy ceramics have 

he same structure (space group: Pnma , 62) as LiHoGeO 4 . After an- 

ealing at 1020 to 1100 °C for 4 h in air, the XRD patterns showed

o evidence of phase decomposition or transformation, which indi- 

ates that the high-entropy phase Li(Gd 0.2 Ho 0.2 Er 0.2 Yb 0.2 Lu 0.2 )GeO 4 

s thermally stable up to 1100 °C. Rietveld refinement of XRD data 

or the LRG high-entropy ceramic that was sintered at 1060 °C for 

 h was conducted by using FULLPROF software ( Fig. 1 (b)). Good 

greement resulted between the calculated and measured patterns 

ith low values of R exp = 6.15% and R wp = 4.01% ( Fig. 1 (b)).

he calculated lattice parameters are a = 11.0481 Å, b = 6.3174 
˚ , and c = 5.2062 Å for LRG. The lattice parameters and struc- 

ures of the Li R GeO 4 ( R = Gd, Ho, Er, Yb, Lu) system are sum-

arized in Table 1 . The LRG high-entropy ceramic exhibits a 

igher unit cell volume than other ceramics with an orthorhom- 

ic olivine structure, and five component elements (Gd, Ho, Er, 

b, and Lu) occupy the R sites evenly and randomly ( Fig. 1 (c)).

he [LiO 6 ] and [ R O 6 ] octahedra and [GeO 4 ] tetrahedron compose

he crystal structure cell of the LRG high-entropy ceramic. In the 

i(Gd 0.2 Ho 0.2 Er 0.2 Yb 0.2 Lu 0.2 )GeO 4 structure, the [ R O 6 ] octahedra are

inked by corner-sharing, and the [GeO 4 ] tetrahedra are isolated 

rom each other. Each [ R O 6 ] octahedron is connected with two ad- 

acent [GeO 4 ] tetrahedra in the form of edge- and corner-sharing, 

nd each Li atom is surrounded by six O atoms. 

Grain growth is one of the most important factors for densifi- 

ation during sintering. Fig. 2 shows the densities and SEM images 

f the LRG high-entropy ceramic as a function of sintering temper- 

ture. The relative density increased with sintering temperature to 

080 °C, then decreased slightly because of overheating, which cor- 

esponded to the SEM image in the inset of Fig. 2 . According to the

alculated density (5.399 g/cm 

3 ), the maximum relative density of 

RG reaches 94.9%. LRG high-entropy ceramic densification was re- 

ated positively to the sintering temperature. Some pores were vis- 

ble at 1040 °C, and when the sintering temperature increased to 

080 °C, the LRG high-entropy ceramic exhibited a relatively dense 

icrostructure with few visible pores. 

Fig. 3 (a) shows the change in εr of the LRG high-entropy ce- 

amic as a function of sintering temperature. The εr of the LRG 

igh-entropy ceramic increased gradually from 6.1 to 7.2 and then 

ecreased to 7.1 with an increase in sintering temperature. The 

rend in εr of the LRG high-entropy ceramic was like that of 

he relative density, which indicates that density is important 

n the permittivity. According to the Bosman–Havinga equation 

 ε corr. = ε r (1 + 1.5 p )) [ 25 , 26 ], the porosity in the sintered ceram-

cs influences the εr . p and εcorr. are the fractional porosity and 

he corrected permittivity, respectively. The εcorr. is 7.74 for the 

RG high-entropy ceramic sintered at 1080 °C. In the microwave 

egion, the permittivity is affected by ionic polarizability. Shannon 

roposed that the molecular polarizability ( α) of the compounds 

ay be estimated by summing α of the constituent ions [27] . For 

i(Gd 0.2 Ho 0.2 Er 0.2 Yb 0.2 Lu 0.2 )GeO 4 : 

LRG = αLi 
+ + 0 . 2 ×

(
αGd 

3+ + αHo 
3+ + αEr 

3+ + αYb 
3+ + αLu 

3+ )

+ 4 αO 
2 − = 14 . 74 Å

3 
(1) 

here the ionic polarizabilities of Li + , Gd 

3 + , Ho 3 + , Er 3 + , Yb 3 + ,
u 

3 + , and O 

2- are 1.20 Å 

3 , 4.37 Å 

3 , 3.97 Å 

3 , 3.81 Å 

3 , 3.58 Å 

3 , 3.64
˚
 

3 , and 2.01 Å 

3 , respectively [27] . Based on the Clausius–Mosotti 

C–M) equation, the calculated theoretical permittivity ( εth. ) is [ 28 , 

9 ]: 

 th . = 

3 V + 8 πα

3 V − 4 πα
(2) 

here V is the cell volume (363.3681/4 = 90.84 Å 

3 ). The calculated 

ermittivity is 7.37, which is close to the measured value (~7.2). 
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Fig. 1. (a) XRD patterns of LRG high-entropy ceramic at different sintering temperatures. (b) Rietveld refinement of LRG high-entropy ceramic sintered at 1060 °C for 4 h. 

(c) Schematic of crystal structure of LRG high-entropy ceramic. 

Table 1 

Lattice parameters, cell volumes, and structures of Li R GeO 4 ( R = Gd, Ho, Er, Yb, Lu). 

Material a ( ̊A) b ( ̊A) c ( ̊A) V ( ̊A 3 ) Structure Refs. 

LiGdGeO 4 7.30 7.30 9.61 512 Tetragonal [22] 

LiHoGeO 4 11.10 6.31 5.07 353 Orthorhombic [22] 

LiErGeO 4 11.10 6.33 5.04 352 Orthorhombic [22] 

LiYbGeO 4 10.94 6.25 5.02 343 Orthorhombic [22] 

LiLuGeO 4 11.1401 6.3333 5.0656 357.4190 Orthorhombic This work 

Li(Gd 0.2 Ho 0.2 Er 0.2 Yb 0.2 Lu 0.2 )GeO 4 11.0481 6.3174 5.2062 363.3681 Orthorhombic This work 

Fig. 2. Variation of bulk density and relative density as a function of sintering tem- 

perature, and SEM images of LRG high-entropy ceramic sintered at different tem- 

peratures. 
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he good agreement between the calculated and measured permit- 

ivity means that the C–M equation may be useful to predict the 

ermittivity of novel high-entropy ceramics whose permittivity has 

ot been measured. 
30 
Fig. 3 (b) shows the Q ×f values of the LRG high-entropy ceramic 

hat was sintered at various temperatures. Like the dependence of 

elative density and permittivity on sintering temperature, the Q ×f 

f the LRG high-entropy ceramic increased to a maximum of 290 0 0 

Hz at 15.3 GHz after sintering at 1080 °C for 4 h, and then de-

reased. The increase in Q ×f value is attributed to the decrease in 

orosity. A further increase in sintering temperature to 1100 °C led 

o abnormal grain growth and the re-emergence of pores, which 

educed the Q ×f value. 

As shown in Fig. 3 (c), the dependence of the τ f on the sinter- 

ng temperature is less sensitive than that of other microwave di- 

lectric parameters. The τ f values of the LRG high-entropy ceramic 

hanged from –5.3 to –2.9 ppm/ °C when the sintering tempera- 

ure increased from 1020 °C to 1100 °C, which indicates that the 

emperature stability of the LRG high-entropy ceramic system was 

utstanding. The τ f of most microwave dielectric ceramics is af- 

ected by the ceramic structure, and especially by the distortion 

f the oxygen octahedron [30-34] . For LRG high-entropy ceramics, 

he five Gd 

3 + , Ho 3 + , Er 3 + , Yb 3 + , and Lu 

3 + cations jointly occupy

he position of the [RO 6 ] octahedron, which affects the oxygen oc- 

ahedron distortion. The calculated octahedral distortion ( �octa. ) is 

35] : 

ocata . = 

1 

6 

∑ 

(
R i −o − R av . 

R . 

)2 

(3) 

av 
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Fig. 3. Variation in (a) εr , (b) Q ×f , and (d) τ f of LRG high-entropy ceramic as a function of sintering temperature. (d) Schematic of change in oxygen octahedron of LRG and 

LiLuGeO 4 . 

Table 2 

The τ f and oxygen octahedron information of Li-containing olivine microwave dielectric ceramics. 

Ceramics Crystal structure oxygen octahedron Type of bonds Bond length ( ̊A) Octahedral distortion ( �octa. ) τ f (ppm/ °C) Refs. 

LiRGeO 4 Olivine [ R O] 6 
octahedron 

R-O1 2.2173 5 ×10 -4 - 

2.9 

This 

work R-O2 2.1768 

R-O3 × 2 2.3127 

R-O3 × 2 2.2251 

LiLuGeO 4 Olivine [LuO] 6 
octahedron 

Lu-O1 2.2455 2.2 ×10 -3 - 

17.9 

This 

work Lu-O2 2.5577 

Lu-O3 × 2 2.4299 

Lu-O3 × 2 2.2772 

LiYGeO 4 Olivine [YO] 6 octahedron / / / -27.7 [10] 

LiYbSiO 4 Olivine [YbO] 6 octahedron / / 7.5 ×10 -4 + 4.52 [39] 

Li 2 ZnGeO 4 Olivine / / / / -60.6 [9] 

Li 2 MgGeO 4 Olivine / / / / -70.4 [9] 
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here R i-O is the bond length of atom i and O, and R av. is the av-

rage bond length. The oxygen octahedral information of the LRG 

igh-entropy ceramic is shown in Fig. 3 (d) and Table 2 . To ex-

lain the effect of oxygen octahedral distortion on τ f , we inves- 

igated the LiLuGeO 4 ceramic structure and properties (Fig. S1 and 

able S1, Supporting Information). The small distortion of the oxy- 

en octahedron indicates that the structure is stable. Macroscopi- 

ally, a slight displacement of the resonance peak results, that is, 

he temperature coefficient of the resonance frequency is close to 

ero. The [ R O 6 ] octahedron shows minimal distortion (5 × 10 -4 ), 

nd the LRG high-entropy ceramic exhibits the nearest zero τ f . Li- 

ontaining olivine microwave dielectric ceramics (such as LiluGeO 4 

nd LiYGeO 4 ) usually possess a large | τ f |, primarily because of their 

arge oxygen octahedral distortion. The distortion of oxygen octa- 

edra in such microwave dielectric ceramics can be reduced by 

igh-entropy ceramic synthesis, to achieve a stable temperature 

oefficient of resonant frequency. 
31 
In LTCC applications, the low sintering temperature and com- 

atibility with Ag are essential for microwave dielectric ceramics. 

ecause the sintering temperature of the LRG high-entropy ceramic 

s higher than the melting point of Ag, the sintering temperature 

hould be lowered first. H 3 BO 3 is a common sintering aid with a 

ow melting point that reduces the sintering temperature of ce- 

amics [ 8 , 36-38 ]. Therefore, we added 3 wt.% H 3 BO 3 to LRG and

ist the microwave dielectric properties ( εr = 7.6, Q ×f = 11700 

Hz, and τ f = –7.4 ppm/ °C, sintered at 900 °C) of LRG + 3 wt.%

 3 BO 3 ceramics in Table S2 (Supporting Information). The LRG + 3 

t.% H 3 BO 3 high-entropy ceramic can be densified at 900 °C, and 

o secondary phases were observed in the XRD pattern ( Fig. 4 ). 

his result indicates that the liquid phase of B 2 O 3 was uncrys- 

allized and distributed in the grain boundary as an amorphous 

tate (Fig. S2, Supporting Information). The XRD pattern, backscat- 

ered electron (BSE) image, and EDS analysis of the LRG + 3 wt.% 

 BO + 15 wt.% Ag sample that was cofired at 900 °C for 4 h
3 3 
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Fig. 4. XRD patterns of LRG + 3 wt.% H 3 BO 3 and LRG + 3 wt.% H 3 BO 3 + 15 wt.% Ag 

high-entropy ceramics sintered at 900 °C for 4 h. Inset shows backscattered electron 

image of LRG + 3 wt.% H 3 BO 3 + 15 wt.% Ag ceramic. 
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re shown in Fig. 4 . Only diffraction peaks of LRG and Ag were de-

ected in the XRD patterns, and the LRG high-entropy ceramic was 

ell-matched with Ag from the BSE image and EDS analysis. 

. Conclusions 

We prepared a new olivine high-entropy ceramic 

i(Gd 0.2 Ho 0.2 Er 0.2 Yb 0.2 Lu 0.2 )GeO 4 material via a facile solid-state 

eaction approach. When used as a microwave dielectric ceramic 

or LTCC technologies, the LRG high-entropy ceramic exhibited 

utstanding microwave dielectric properties, and delivered a stable 

f of –2.9 ppm/ °C. The five cations, Gd 

3 + , Ho 3 + , Er 3 + , Yb 3 + , and

u 

3 + , occupied the [ R O 6 ] octahedron position, which affected the 

xygen octahedron distortion. The [ R O 6 ] octahedron with less 

istortion corresponded to the more stable temperature coefficient 

f the resonant frequency. The LRG high-entropy ceramic that 

as doped with 3 wt% H 3 BO 3 provided several favorable features, 

uch as a low sintering temperature (900 °C); a good chemical 

ompatibility with silver; and microwave dielectric properties of 

r = 7.6, Q ×f = 11700 GHz, and τ f = –7.4 ppm/ °C. These characters

nabled the LRG high-entropy ceramic to be a promising candidate 

or LTCC. 
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upporting information 

Fig. S1. Crystal structure and refined XRD pattern of LiLuGeO 4 

eramic ( R p = 7.25%, R wp = 10.3%, and R exp = 3.67%). 

Fig. S2. SEM image of LRG + 3 wt.% H 3 BO 3 high-entropy ceram- 

cs sintered at 900 °C for 4 h. 

Table S1. Refined atomic fractional coordinates from XRD data 

or the LiLuGeO 4 sample and lattice parameters are a = 11.1401(5) 
˚ , b = 6.3333(6) Å, c = 5.0656(1) Å with a space group of Pnma . 
32 
Table S2. Microwave dielectric properties of LRG + 3 wt.% 

 3 BO 3 high-entropy ceramics sintered at different temperatures. 
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