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Abstract

A series of willemite based ceramics Zn,Ge,,,O,,,, with —0.1 <x<0.2 were prepared by the solid-state reaction method.
Influences of Ge nonstoichiometry on the crystal structure, densification, and microwave dielectric properties were evaluated
in terms of X-ray diffraction, SEM, dielectric measurements and far-infrared spectra. Ge excess favored the formation of
single-phase willemite but a high level of excess induced appearance of GeO,. In contrast, nominal composition and those
with Ge deficiency comprised of ZnO and the willemite phase. Ge excess was found to be beneficial to the densification
and dielectric properties optimization of Zn,Ge,,O,,,,. A composition with x=0.1 (Zn,Ge, |0, ,) exhibited the optimum
microwave dielectric properties with a relative permittivity e,~7.09, a quality factor QX f~112,700 GHz (at 14.48 GHz),
and a temperature coefficient of resonance frequency z,~—51 ppm/°C.

1 Introduction

Modern electronic components in wireless communication
systems, such as dielectric resonators, filters, antennas, etc.
rely on microwave dielectric materials which exhibit excel-
lent dielectric performances at microwave or millimeter-
wave frequency region. The recent progress in high-fre-
quency data transmission (5G network) and the Internet of
Things (IoT) has prompted the development of novel design
methods and materials with prominent physical properties.
Generally, there are three primary requirements that must
be satisfied: applicable dielectric constant (¢,), high quality
factor (low dielectric loss, Q = 1/tand), and near-zero tem-
perature coefficient of resonant frequency (z,) [1-3]. It is
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well known that the data transmission speed is in inverse
proportion to the square root of &,. As a result, low &, is
crucial for high-speed data transmission and is a benefit to
minimize the cross-coupling with the conductors.

In the past several decades, some low-¢, dielectric ceram-
ics have been investigated, which is mainly focused on
silicates [4, 5], germinates [6], phosphates [7], and vana-
dates [8, 9], etc. Among them, M,Si0, (M =Zn, Mg) has
attracted wide attention due to their low permittivity (&,~6.6
and 6.8) and high quality factor (Q X f~219,000 GHz and
270,000 GHz) [10-12]. But silicate ceramics need high sin-
tering temperature up to 1350 °C to be densified because
of the refractive nature of silicon dioxide. Olivine ger-
minates are analogs to silicates but with relatively lower
sintering temperature because of the low melting point
of germanium dioxide (~ 1115 °C). Recently, microwave
dielectric properties of Mg,GeO, ceramics sintered at
1250 °C were reported with a low permittivity (e,~6.76),
a quality factor (Q Xf~95,000 GHz), and a temperature
coefficient of resonant frequency (t,~—28.7 ppm/°C)
[13]. Moreover, Zn,GeO, ceramics were reported to have
promising microwave dielectric properties with &,~6.87,
0 xf~102,700 GHz, and 7;~— 32.4 ppm/°C [14]. But there
is a controversy about the phase formation of Zn,GeO,.
Eoh et al. [15] reported that nominal starting composi-
tion Zn,GeO, could not form a single phase but with
ZnO secondary phase [12, 16]. ZnO-deficient ceramic
Zn, ¢GeO; 4, however, crystallized in a pure Zn,GeO,
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phase with microwave dielectric properties of ¢,=6.8,
0xf=49,000 GHz, and 7,=—16.7 ppm/°C [17]. It is well
known that the dielectric properties, especially the quality
factor are sensitive to the second phases [2]. Thus, the exist-
ence of the ZnO phase in Zn,GeO, would degrade the die-
lectric performances. As a result, with an attempt to verify
the phase formation and to optimize the dielectric properties
of Zn,GeO,, slight Ge nonstoichiometry was designed and
a series of Zn,Ge,,O4,, (x=-0.1, = 0.05, 0, 0.02, 0.05,
0.1, 0.15 and 0.2) were prepared and their phase formation,
sintering behavior, and microwave dielectric properties were
studied.

2 Experimental

Zn,Ge, 04, (—0.1 <x<0.2) ceramics were prepared
by the solid-state reaction from high-purity oxides ZnO
(99.99%, Guo-Yao Co. Ltd, China), GeO, (99.999%, Guo-
Yao Co. Ltd, China). The raw materials were weighed stoi-
chiometrically and mixed via ball milling with ZrO, balls
in the nylon jar at a speed of 300 rpm for 6 h. After dried,
the resultant mixed powders were calcined at 950 °C for
6 h. The calcined powders were re-milled, dried and added
with 5 wt% PVA as the binder, then pressed into 10 mm-
diameter and 6 mm-height disks under a uniaxial pressure
of 80 MPa. The green samples were firstly fired to 550 °C
for 4 h to remove the organic binder and then sintered over
a temperature range of 980-1220 °C.

The phase purity was analyzed by an X-ray diffractometer
(XRD; CuKal, 1.54059A, Model X’ Pert PRO, PANalytical,
Almelo, The Netherlands) and Raman spectrometer (DXR;
Thermo Fisher Scientific, American). The surface micro-
structure was observed using a scanning electron micros-
copy (SEM, S4800, Hitachi, Tokyo, Japan). The bulk density
was measured by Archimedes’ method. The theoretical den-
sity of the two-phase system was calculated by the equation:

w; + @,

P = "—"——"F
" w/p +w,/p,

ey
where w,, w,, and p,, p, are the mass fractions and theory
density of Zn,GeO, and the second phase (ZnO or GeO,),
respectively.

A network analyzer (N5230A, Agilent Co., Palo Alto,
CA) connected with a temperature chamber (Delta 9039;
Delta Design, San Diego, CA) was used to measure the
microwave dielectric properties. The permittivity and tand
measured at 1 MHz by the bridge method using HP 4294A
are provided for comparison. The 7, value measured from 25
to 85 °C was calculated by an equation as follows:

h—h

fl(TZ_Tl) (2)

sz
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where f, and f, denote the resonant frequency at T, (25 °C)
and 7, (85 °C), respectively.

To obtain the intrinsic contributions to the dielectric
properties, the room-temperature infrared reflectivity spec-
tra were measured by a Bruker IFS 66v FT-IR spectrometer
(Bruker Optics, Ettlingen, Germany). The data were ana-
lyzed using the classical harmonic oscillator model:

2

" (w) = e, +Z 3)

o ol - =,

“

where the ¢ is the dielectric constant at optical frequency,
£"(w) is complex permittivity, 7 is the number of transverse
phonon modes, Yjs @y and , is the damping factor, the
transverse frequency and plasma frequency of the j,, Lorentz
oscillator, respectively.

3 Results and discussion

3.1 Crystal structure and microstructure
characterizations

Figure 1 shows the room-temperature XRD patterns
performed on the cracked powders of the sintered
Zn,Ge;, 04,5, (—0.1<x<0.2) samples at 1050 °C for
6 h. In the nominal composition with x=0, the main phase
was confirmed as Zn,GeO, (JCPDS No. 11-0687), whereas
traceable diffraction peaks belonging to ZnO (JCPDS No.
36-1451) were also detected, which is consistent with Eoh’s
report [15]. Fortunately, the intensity of ZnO decreased
obviously with slight Ge excess. It is notable that a single-
phase region exists when 0 <x < 0.05 with no evidence of
any second phase(s) within the instrument resolution. In
contrast, Ge deficiency favors the formation of ZnO char-
acterized by increased peak intensity with decreasing Ge
amount. These results demonstrate that slight Ge excess sup-
presses ZnO formation and is beneficial to phase formation
of Zn,GeO, but the excess magnitude is extremely limited
to approximately 5 mol%, beyond which GeO, will remain
and becomes more distinct as x value increases. A similar
phenomenon was found in spinel-like ZnMn,0,, in which
single phase was formed by adjusting Zn/Mn ratios [18].
To further confirm the phase constitution and purity,
Rietveld refinements were performed and the representa-
tive results for the x=—0.05, 0, 0.02, and 0.05 samples
are shown in Fig. 2. Notably, a bi-phase refinement with
Zn,GeO, and ZnO as structural models was conducted to



Journal of Materials Science: Materials in Electronics (2019) 30:16651-16658

16653

Fig. 1 X-ray diffraction patterns
of the calcined Zn,Ge, Oy, N l o R ¥ Ge0,-00-036-1463
powders at 1050 °C for 6 h =
&8 _ x=0.20
-~ £ =3 < Y )
~ Q o N = o a&asetG a pue] @
= S g g8c 323283 £ 2
g 2 ddeJe 287 EEESE 5 €,
-~ x=0.15
= Y A 1 _.L A A k PN W J W
5 A J L l L L . wx:o'lo
=0.05
iy | A P N O
7]
=0.02
5 " | )| A M \ NG PO S
£ Zn,Ge0,--00-01-0687
]
A ‘ l"' L | an b A ﬁAx_o
Y A 1 L'-JL;'-_LJ “ A N A MF-O.OS
. P 'Y LYY O =010
l l N L) Zﬂlo--00-036-1451
A A
) 1 ) 1 ) 1 ) 1 ) 1 ) 1
10 20 30 40 50 60 70
2 Theta (degree)
(a) (b)
200.0k 200.0k
o o Yobs ©  Yobs
o Y_cal o Yecal
?150.01( - dlfferenc‘e' @150-0" i difference
E . | Brag position for Zn,Ge 4505, E I Brag position for Zn,GeO,
8 100.0k | Brag position for ZnO é 100.0k | I Brag position for ZnO
=~ =
> =
= Iz}
2 500k £ 50.0k}
S =
= - I
) - I & \ a -
0.0 0.0 g s ’ i
W I 1IN T 0 D 0 0 0
-50.0k L -50.0k v L L L L L L
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
(c) degree (2theta) (d) degree (2theta)
200.0k 200.0k
o Yobs ©  Yobs
2150.0k Yeal ~150.0k - ] Yeal
g difference = dlfferenc‘e .
8 | Brag position for Zn,Ge, 1,0, o, H | Brag position for Zn,Ge, O, ,
= O 100.0k J b | Brag position for GeO,
: >
Z
‘@
= 50.0k
2
=
Ll
0.0
[l RN
Y T A me A )y | PR WA
-50.0k 1 1 1 1 1 1 1 50,0k — N N . . ) )
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
degree (2theta) degree (2theta)

Fig.2 Typical Rietveld refinement plots for Zn,Ge, ,O,,,, withax=—0.05; b x=0; ¢ x=0.02; d x=0.05

the x=—0.05 and x=0 samples, while Zn,GeO, and GeO,

for samples with x=0.05.

In contrast, the x=0.02 sample

could be well refined merely with Zn,GeO, as a structural
model. Table 1 gives the lattice parameters, residual factors,

phase volume fraction from the Rietveld refinement. For
each composition, the good match between the observed
and calculated profiles yields low residual factors, suggest-
ing the validity and reliability of the refinement. In addition,
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Tab.le 1 Lattice parameters, xvalue  Phase Phase frac- Lattice parameters Volume (1&3) R factors (%)
remd}lal factors, phase volume tion (%) ( A)
fraction of Zn,Ge, Oy,
(x=-0.05, 0, 0.02, and 0.05) a=b c R,, R, R,
—0.05 Zn,GeO4 (R-3) 945 14.2328  9.5246  1670.9293 1197 889 1.82
ZnO (P6;mc) 5.5 32504  5.2071 47.6431
0 Zn,GeO, (R-3)  97.1 14.2374  9.5277  1672.5537 10.37 770  1.88
ZnO (P6;mc) 2.9 3.2505  5.2081 47.6552
0.02 Zn,GeO,4 (R-3) 100 14.2379  9.5284  1672.7941 9.85 5.61 1.82
0.05 Zn,GeO,4 (R-3)  99.1 14.2384  9.5292  1673.0521 11.85 8.71 1.91
GeO, (P3,21) 0.9 49868  5.6924 122.5942

the magnitude of ZnO phase dropped clearly from 5.5% for
x=—0.05to 2.9% for x=0, and finally vanished at x=0.02,
after which GeO, appeared as the secondary phase with a
value of 0.9% at x=0.05.

SEM images of the Zn,Ge;,,O4,,, (-0.1<x<0.2)
ceramics sintered at their optimum temperatures are shown
in Fig. 3. All compositions have dense microstructures char-
acterized by closely packed grains and clearly distinguished
grain boundaries except for the nominal Zn,GeO, that exhib-
its visible pores. Obviously, the grain size gradually grew
from 2-5 pm at x=—0.1 to 4-8 pm at x=0.1. Additionally, a
great change in grain morphology is observed from granular
grains in the Ge-deficient samples to columnar ones in the
Ge-rich samples. These results indicate that Ge excess facili-
tates densification and grain growth of Zn,GeO, ceramics.
The preferential growth of Zn,GeO, has previously veri-
fied and is evident from the preferentially oriented colum-
nar grains [19]. To determine the chemical composition of
Zn,Ge;,, 0,5, (—0.1 <x<0.2) ceramics, EDX results illus-
trated that the atomic ratio of Zn:Ge was 2:0.92 forx=-0.1
and 2:1.03 for x=0.05, which is in good agreement with
the stoichiometry. XRD results show that the main phase
for both compositions is Zn,GeO, irrespective of the Zn/Ge
ratio. Especially, the x=—0.1 sample was a bi-phase with
evident ZnO phase while x=0.05 is Zn,GeO, phase mixed
with a small amount of GeO,. Therefore, their different
microstructure might be related to the second phase. Com-
pared to ZnO (~ 1975 °C), GeO, has a relatively low melting
point (~ 1115 °C), acting as a sintering aid at elevated tem-
peratures, which promotes grain growth in Ge-rich samples.
It should be noted, however, it is difficult to distinguish the
Zn0/GeO, second phase in the SEM images.

3.2 Microwave dielectric properties

Figure 4a shows the bulk densities of all samples sintered at
various temperatures from 980 to 1220 °C. With increasing
sintering temperature, the density of all samples exhibited a
similar variation trend, that is, the density increased to reach
a maximum value and then decreased with further increase
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in the sintering temperature. The sintering temperature, rela-
tive density, and bulk density are shown in Fig. 4b as a func-
tion of x value. The density decreased with x increasing from
—0.1 to 0 whereas it increased with x increasing from 0.02
to 0.1. The high density of the samples with x <0 is mainly
owing to the high density of ZnO (5.606 g/cm?) while GeO,
with a low density (4.228 g/lcm™) is responsible for the rela-
tively lower density when x >0.05. It is noteworthy that the
relative densities of all the samples were over 95%, which
suggests that the as-sintered samples were suitable for the
subsequent dielectric measurements.

The 7, values of the Zn,Ge,,,0,,,, ceramics sintered at
their relative optimum temperatures are shown in Fig. 4c,
which fluctuates in the range of —45 to —52 ppm/°C. Fig-
ure 4d shows the relative permittivity (¢,), quality factor
(O Xf), and loss tangent (tand) as a function of x value. It
should be noted that the permittivity &, and tané of the nomi-
nal and the Ge deficient Zn,GeO, samples with x=-0.1,
—0.05 and 0 cannot be obtained using the resonance method
because of the adverse effects from the second phase ZnO.
Instead, the values measured at 1 MHz by the bridge method
using HP 4294 A were provided for comparison. The relative
permittivity increased from 6.73 to 7.09 with x from —0.1 to
0.1 and then decreased at x=0.15. The increasing permittiv-
ity is believed to be mainly due to the enhanced density and
partly attributed to the higher permittivity of ZnO (¢,=7.5)
[20] compared to Zn,GeO, (¢,=6.87) [14].

The dielectric loss tangent (tand) measured at 1 MHz
for compositions with — 0.1 <x <0 are much higher com-
pared to those values at microwave frequency. This is due
to the different measurement frequencies and the adverse
effects from the second phase ZnO. The Q X f versus x
values presented a similar behavior to that of permittivity
at 0.02 <x<0.2, reaching a peak value of 112,700 GHz
at x=0.1 and then decreased to 94,900 GHz at x=0.15.
The variation in Q X f value reflects the competitive effects
of GeO, excess. Appropriate GeO, excess addition was
proved to improve the densification and facilitate grain
preferential growth [19], which was beneficial to bring
down the extrinsic contributions to dielectric losses, such
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Fig.3 SEM photographs of Zn,Ge,, O,4,,, ceramics sintered at their optimum temperatures for 6 h: a x=-0.1 at 1200 °C, b x=-0.05 at
1180 °C, c x=0at 1160 °C, d x=0.02 at 1140 °C, e x=0.05 at 1080 °C, f x=0.1 at 1060 °C, g x=0.15 at 1040 °C and h x=0.2 at 1040 °C
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Fig.4 The density and dielectric properties of Zn,Ge,, 0, ,, (x=-0.1, —0.05, 0, 0.02, 0.05, 0.1, 0.15 and 0.2)

as pores and grain boundaries, accounting for the increase 3.3 Raman and far-infrared reflection spectra

in the quality factor, but excessive GeO, as the second

phase would definitely generate dielectric loss and thus ~ The room-temperature Raman spectra of Zn,Ge,,, Oy,

reduce the quality factor. recorded in the range of 700 to 900 cm~! are shown in
Fig. 5a. Four Raman active modes were fitted by Lorentzian
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Fig.5 a Raman spectra of Zn,Ge,;, O,,,, (x=-0.1, =0.05, 0, 0.02, 0.05, 0.1, 0.15 and 0.2) and b a typical fitting profile for x=0.1
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Fig.6 Measured and calculated far-infrared reflectivity spectra and fitted complex dielectric spectra of Zn,Ge,, O4,,, a x==0.1; b x=0; ¢

x=0.05;d x=0.15

function, as shown in Fig. 5b. The strongest peak at 794 cm™!
is assigned to the stretching vibration of O-Ge-O in GeO,
tetrahedra [21-23], while the Raman modes around 738 cm™"
and 769 cm™! are attributed to the symmetric and asymmetric
vibration of the external Ge—-O—Zn, respectively [19, 24].

To obtain the intrinsic contributions of the dielectric proper-
ties, FIR spectra of the Zn,Ge,, O, ,,, were recorded and ana-
lyzed. The low-frequency modes between 200 and 400 cm™!
are related to Zn—O bend mode while those between 550 and
590 cm™! correspond to Zn—O stretch mode [25]. The sym-
metric and anti-symmetric stretch modes of Ge-O tetrahedra
locate at 700-900 cm™! [26]. Based on the Kramers—Kronig
analysis (K-K), the real part ¢’ and imaginary part £" of per-
mittivity can be fitted by the following equations:

n no?.
’ _ /) _ ﬂ
f(@>—8w+Zij—8w+sz 5)
J=1 =1 Toj
n 2
Y@
" _ Jop]
)= P 6)
J=1 oj

The fitting results are shown in Fig. 6. The optical dielec-
tric constant (&, is fitted as 0.8-0.95, and the static value
(&p) 1s 6.8=7.7, which is close to the measured permittivity at
the microwave frequency range. This result revealed that at
microwave frequency region the dielectric response mainly
stems from the absorptions of phonon oscillations. In con-
trast, all the fitted dielectric losses were lower than the meas-
ured ones using TE,,;; method. The theoretical quality factor
of Zn,Ge;, Oy, (x=-0.1, 0, 0.05, 0.15) were fitted to be
198,753, 169,224, 215,234, 175,110 GHz (f=14.48 GHz),
respectively. The deviation can be related to processing issues,
e.g., the second phase, density, pore, and grain size. The fitting
results indicate that there is still a wide space for dielectric
properties optimization in the Zn,GeO, system. Further efforts
will be focused on processing optimization to minimize the
extrinsic losses to further improve their Q X f values.
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4 Conclusions

A series of Zn,Ge,, O,,,, ceramics with —0.1 <x<0.2,
which were prepared by a simple solid-state reaction route,
were investigated for microwave/millimeter-wave applica-
tions as low-permittivity substrates and Ge nonstoichiom-
etry on the phase evolution and dielectric properties were
studied in some details. Ge deficiency-induced ZnO as a
second phase, whereas Ge excess favored the formation of
single-phase willemite but a high level of excess induced
appearance of GeO,. Ge excess was found beneficial to
the densification and dielectric properties optimization. A
composition Zn,Ge, ;0,, with x=0.1 exhibited the opti-
mum microwave dielectric properties with an ¢,~7.09, a
Oxf~112,700 GHz (at 14.48 GHz), and 7,~—51 ppm/°C.
Far-infrared spectra analysis reveal the optimum quality fac-
tor of Zn,GeO, ceramics and offer the possibility to further
improve their dielectric performances.
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