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Abstract

C12A7:e" ([CayyAl,304]#+4e") ceramic is a material with high electrical conductivity and low work function, so that
this ceramic is suitable as an electron-emitting material. Although the bulk material indicates these extraordinary
properties, the surface of the ceramic is insulating. Therefore, a metallization film is needed to realize an electrical
contact with low ohmic losses for the application of the material. In this study, we investigated three different metal
pastes (Pt, Au and Cusil-ABA®) for contacting the surface and measured the reduction of the resistance during the
firing process of the pastes. The resistance of the contacted C12A7:e- was determined as a function of the temperature
under nitrogen atmosphere. Additionally, the oxidation behaviour of the electride was observed based on increasing
resistance when the material was heated in air.

The lowest resistance was measured with Ag-based braze (Cusil-ABA®), however, cracking of the contacted ceramic

was observed. Alternatively, contacting with Au reached a specific resistance of 5.4 Q cm (T = 800 °C).
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I. Introduction

In 1964, the mineral mayenite (Ca;,Al{4033) was dis-
covered near Mayen (Germany) and used as an addi-
tive for calcium aluminate cement!, and the structure of
12Ca0 - 7A1,05 (named “C12A7”) was described. It con-
sists of twelve crystallographic cages per unit cell forming
a framework of [Cay4Al,3044]4* cages 2:3. Two free oxy-
gen ions per unit cell are accommodated in this cage struc-
ture and can be substituted by four F-, Cl- or OH- ions 4
as well as H-5 or even by electrons3. Depending on the
type of occupying ions, the C12A7 exhibits the properties
of an electride with high electronic conductivity or as an
ionic conductor. For preparing electron-doped C12A7:e-,
different pathways starting with mayenite are known: 1)
Single crystals of mayenite can be easily grown by means
of the floating zone technique ¢ and the Czochalski pro-
cess’ or 2) Mayenite powder can be prepared based on the
solid state reaction of CaCOj; and AI(OH);. In the latter
case the resulting powder can be shaped by conventional
pressing to ceramic green bodies 3 8 and subsequently sin-
tered. In both cases the reduction of the mayenite single
crystal or the ceramic green body (including sintering)
into the electron-doped state takes place in a graphite
environment under flowing nitrogen at temperatures be-
tween 1000 and 1200 °C for 24 h (C12A7:202-+2CO &
C12A7:4e-+2 CO,) %10, The driving force for the reduc-
tion is the instability of the oxygen ions in the cages, which
results in the formation of O, and O- radicals 1, which
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are able to react with CO from the graphite environment
by leaving electrons bonded in the crystal structure. Ow-
ing to this functionalization reaction, the properties of
C12A7 can be changed by electron doping from an insula-
tor to a conductor. The electron-doped C12A7:e" exhibits
a low work function with >0.6 €V at room temperature,
which means that this electride material can be used as a
stable electron emitter under normal environmental con-
ditions 12, 13, 14, Furthermore, the C12A7:e" exhibits high
electronic conductivity between 100 and 1500 S em-1 at
room temperature, which is comparable to the conductiv-
ity of a transition metal such as manganese 1% 16. This high
conductivity was measured on C12A7:e" single crystals
and correlates with a concentration of electron carriers
between 1020 and 1021 ¢cm-317. Compared to single crys-
tals, polycrystalline C12A7:e- glass ceramic or ceramic
has considerably lower conductivity of ~4 S/cm (300 K)
and a decreased concentration of electron carriers with
8-1019 cm-3 % 18, Although it is known that the conduc-
tivity can be influenced strongly by grain boundaries, the
decreased conductivity of the polycrystalline C12A7:e- in
comparison to single crystals is not clearly understood.
After preparation, the C12A7:e has an insulating surface,
so the surface should be cleaned or contacted in a special
way. Therefore Ar+ sputtering and annealing were devel-
oped to overcome the insulating layer and to obtain fully
conductive C12A7:e- 7. However, this method is only suc-
cessfulif you handle the material after cleaning in the same
vacuum unit. Exposure of cleaned surfaces to other atmo-
spheres would again result in unwanted insulating surface
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layers. Hence in order to receive a stable ceramic-based
and usable electride, it is necessary to have metallization
films on the surfaces, which are able to penetrate or de-
struct the insulating zones and realize a reliable ohmic
contact.

We studied the development of electric contacts between
the C12A7:e- bulk material with an insulating surface and
different metals by applying metal pastes and firing them
under nitrogen. Afterwards the oxidation behaviour in air
was observed by heating up the contacted specimen and
measuring the change in electrical resistance.

II. Experimental

Glass ceramic powder was prepared by mixing CaCOj
and Al,O3 ina stoichiometric ratio of 12 to 7. The powder
mixture was heated up in an alumina crucible at a temper-
ature of 1450 °C for 1 h and the melt was quenched on a
brass block. The clear glass was milled in ethyl alcohol to-
gether with an organic binder. The slurry was dried using
a rotary evaporator and the resulting powder was shaped
by uniaxial pressing to give round discs. The discs with
20 mm diameter were debindered in air at a temperature of
800 °C and sintered at 1200 °C for 5 hours in a graphite
crucible under flowing nitrogen. The sintering skin was
removed by grinding the two surfaces of the discs. The
phase composition of powder and ceramic was determined
by means of X-ray diffraction using a D8 Advance (Bruk-
er AXS Ltd.). The sintering characteristic of the pressed
powder was analyzed using a thermomechanical analyz-
er TMA-60H (Shimadzu Corp., Japan). For the contact-
ing process three different pastes (Table 1) were applied
on the two sides of the C12A7:e- and connected with two
interwoven platinum wires on each paste layer. The sam-
ple is placed on three ceramic spacers with a thermocou-
ple located in the middle of this set-up in order to monitor
the two-wire type electric measurement. The set-up was
placed in a tube furnace (LINSEIS Messgerite GmbH,
Germany). During the firing process of the pastes and the
formation of an electric contact, the tube was flushed with
nitrogen for 3 h (60 L/h), heated up with 5 K/min to dif-
ferent maximum temperatures. During the heat treatment
aconstant current of 0.01 A was applied to the samples and
the resulting voltage was monitored. After cooling down
with 10 K/min, the measurement was performed again un-
der nitrogen to measure the resulting resistance of the con-
tacted C12A7:e" ceramic and in a third cycle under air to
observe the change in resistance.

I1I. Results and Discussion

The preparation of C12A7:e- ceramics started with the
melting and quenching of glass, which was black in colour
(Fig. 1). After grinding and milling of the glass, the sin-
tering characteristic of the resulting and pressed pow-
der was measured (Fig. 2). Thereby, a volume expansion
at a temperature of about 850 °C was observed (Fig. 3).
The sintering shrinkage of the compacted powder start-
ed at about 1020 °C and was followed by a maximum
of the shrinkage rate at 1210 °C. After sintering under
nitrogen atmosphere, the discs were completely crystal-
lized as the C12A7 phase (Fig. 3), coloured black (Fig. 4)
and reached 96 % of the theoretical density (2.676 g/cm?).
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Fig.1: Cracked glass-ceramic disc of C12A7 composition after
melting and quenching.
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Fig. 2: Sintering characteristic of C12A7 powder prepared by melt-
ing, quenching and milling.
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Fig. 3: X-ray diffraction pattern of (1) powder of glass-ceramic after
melting, quenching and milling and (2) pulverized ceramic disc after
sintering made of this glass-ceramic powder compared to C12A7
reference data of PDF 01-078-0910.
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Table 1: Properties of pastes used for contacting C12A7 electride:

Paste name Provider Composition Melting point
Pt self-made by IKTS 100 % Pt powder with organic binder and dispersant 1768 °C

Au self-made by IKTS 100 % Au powder with organic binder and dispersant |1 064 °C
Cusil-ABA® | Wesgo Metals 63 % Ag, 1.75 %11, 35.25 % Cu 815°C

1cm
]

Fig. 4: Pressed green body made of C12A7 powder before sintering
(left) and sintered C12A7:e" ceramic (right).

These C12A7:e" ceramics were dry-ground on the surface
to eliminate the sintering skin. For measuring the resis-
tance, an electric contact of the surface has to be realized.
Therefore, three different types of contacting pastes were
selected (Table 1). Two pure metal pastes of platinum and
gold were self-prepared with a binder and a dispersant,
which can be debindered under nitrogen. The third test-
ed paste was a commercial active filler metal named Cusil-
ABA® with a high content of silver and copper activat-
ed with TiH,. This paste is provided for brazing ceram-
ic-ceramic or ceramic-metal bonds at temperatures below
1000 °C, so that an application is limited to a maximum of
800 °C. After applying the pastes onto the C12A7 ceram-
ics, the contact was realized by firing under nitrogen up to
different temperatures depending on the sintering condi-
tions of the metal-based pastes.

Fig. 5 indicates the temperature-dependent resistance of
coated C12A7-ceramic during the firing process of the
pastes. The pure metal pastes of Au and Pt show compa-
rable characteristics of the curves and achieve a resistance
below 200 Q c¢m only above 450 °C. After cooling down,
the resulting resistance of both samples was between 10
and 30 Q cm. In contrast, the ceramic with Cusil-ABA®
paste starts with a lower resistance of about 40 Q cm be-
fore firing. This paste is comparable to a conductive sil-
ver lacquer, which has alow content of organics and there-
fore exhibits conductive particle-particle contacts already
in the non-fired state. After firing, this paste achieved a re-
sistance of 1 £ cm above 300 °C and 4 Q cm after cooling
down. Directly after firing under nitrogen the resistance
of C12A7:e” ceramics was measured again in the same at-
mosphere as a function of the temperature (Fig. 6, Table 2).
The samples contacted with gold reached a minimum of re-
sistance with 5.4 Q cm at 800 °C. At the same temperature
the Pt contact indicates a lower resistance of 3.9 Q cm, but

with Cusil-ABA® the resistance is decreased to 1.1 Q cm.
The cooling down curve is slightly increased for all met-
allizations. This could be indicated by an onset of degra-
dation (e.g. formation of cracks and loss of contact) or
a slightly oxidation of the C12A7 electride with residual
oxygen in the nitrogen atmosphere.
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Fig. 5: Specific resistance of C12A7:e” ceramics contacted with three
different metal pastes during firing under nitrogen atmosphere.
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Fig. 6: Specific resistance of C12A7:e ceramics contacted with three
different metal pastes under nitrogen atmosphere (additional mea-
surement after firing process).

The stability of the C12A7:e" electride against oxidation
was tested by heating up the contacted samples during
measurement of the resistance in air (Fig. 7). At first the
samples contacted with Cusil-ABA® showed an increase
in the resistance at temperatures above 500 °C, indicating
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Table 2: Resistance and specific resistance of C12A7:e- ceramic using different types of metallization pastes:
Au Pt Cusil-ABA®

T R p c R p c R p c
°C mQ Qcm S/cm mQ Qcm S/cm mQ Qcm S/cm
30 2663 27.5 0.04 484 5.0 0.20 326 3.36 0.30
100 1736 17.9 0.06 372 3.8 0.26 151 1.56 0.64
200 1133 11.7 0.09 341 3.5 0.28 106 1.09 0.91
300 868 9.0 0.11 337 3.5 0.29 91 0.94 1.06
400 726 7.5 0.13 341 3.5 0.28 89 0.92 1.09
500 645 6.7 0.15 349 3.6 0.28 90 0.93 1.08
600 597 6.2 0.16 360 3.7 0.27 88 0.91 1.10
700 565 5.8 0.17 368 3.8 0.26 93 0.96 1.04
800 527 5.4 0.18 380 3.9 0.26 106 1.09 0.91
900 395 4.1 0.25
1000 417 4.3 0.23
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Fig. 7: Specific resistance of C12A7:e" ceramics contacted with three
different metal pastes during the oxidation in air. The fluctuations
in the curve with gold metallization are not clearly understood,
but could be correlated with the loss of contact between metal and
ceramic indicated by initial cracks.

the beginning of oxidation processes. An extreme increase
in the resistance is observed for all types of samples at
temperatures above 700 °C. This indicates that C12A7:e"
is stable in air below a temperature of 700 °C.

The measurement of resistance under nitrogen indicates
that the Ag-containing paste (Cusil-ABA®) contacts
the C12A7:e” ceramic with the lowest ohmic resistance.
Therefore the Cusil-ABA® was applied to the ceramic
and fired under nitrogen to realize surface-contacted
discs. Although the metallization seems to contact the
ceramic, after one day the layer of metal contact was
lost because of cracking of the ceramic (Fig.8). This
observation means that the metallization was under
excessively high tensile stress, which induced crack
formation in the ceramic. With the same procedure, the

C12A7:e” ceramic was metallized with Au paste. After
firing and cooling down, no delamination or cracking of
the metallized samples was observed (Fig.9).

1cm
]

Fig. 8: Delamination after the metallization with Cusil-ABA® (Ag-
based paste) and firing of the paste. The metallized paste seems to
adhere to C12A7:e" ceramic, but the stresses during cooling down
lead to cracking of the ceramic.
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Fig. 9: Successful metallization of gold on C12A7:e- ceramic.



April 2020

IV. Conclusions

The C12A7:e” ceramic is a well-conducting material, but
has an insulating surface. Therefore the surface has to be
metallized to obtain a usable electric contact of the ce-
ramic. Three different pastes (Au, Pt and Ag-based Cusil-
ABA®) were applied to the ceramic and fired under ni-
trogen. With the use of Au- and Pt-based metallization, a
resistance of the C12A7:e” <6.2 2 cm was measured at a
temperature of 800 °C. The lowest resistance was achieved
with the Cusil-ABA® paste (106 m€; 1.1 © c¢m) at the
same temperature. Unfortunately, the Cusil-ABA®-
based contacts introduced stress in the ceramic and result-
ed inafailure of the ceramic by cracking. Therefore the Au
contact should be used alternatively to Cusil-ABA® with
regard to lower stress and the higher price of Pt. A specific
resistance of 5.4 £ cm (T =800 °C) was realized with Au
contacting. In future, long-term measurements have to be
investigated to study the behaviour of the metallization
with cycling temperature load under inert atmosphere.
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