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The aim of the work was to investigate wetting and contact interactions in pairs containing ZnO
and Ag-Ge system melts on a macro scale. Sintered ZnO-ceramics without dopands of 15%
porosity was used. Ag-Ge alloys were prepared by remelting. Wetting was studied by the sessile
drop method. Wetting experiments were carried out at 1000°C in vacuum at germanium
concentrations of 0, 1, 2, 3, 5, 10 and 100 at. %. The samples were photographed and the images
obtained were processed using Adobe Photoshop. SEM investigations were carried out on the
cross-sections of solidified on the ZnO surface metal drops using the Axia from Thermoscientific
microscope with an energy-dispersive analyzer. Based on the data obtained, a graph of the
dependence of wetting on the concentration of germanium was constructed. The addition of Ge
to the Ag melt significantly improves its wetting of ZnO substrate (at 0 at. %. Ge 6=136°, at
2 at. % Ge 6=62, at 10 at. % Ge 6=41° and pure Ge spreads fully). There were dissolution of
the substrate in the melt and diffusion of melt components into ZnO substrate. Both Ge and Ag
diffusion in the depth of the substrate were observed. For drops of 1 and 2 at. % Ge, the
concentration of Ge in ZnO substrate after the experiment was higher than in the drops. These
phenomena are explained by the oxidation of Ge when reacting with ZnO. Oxygen in the
composition of metal melts in contact with solid oxides is an adhesive-active component, as it
forms complexes with metals that are adsorbed on interfaces, reducing intersurface tension, and
thus improving wetting. In this case, oxygen-germanium complexes are formed and increase
adhesion, then adsorbed Ge diffuses in ZnO. Diffusion of Ag is provided by formation of Zn
vacancies in ZnO structure due to presence of Ge**. This effect can be used to increase the
adhesion of metals to ZnO. At the same time, the interaction is very intense, this must be taken
into account when developing devices containing tight contacts of the ZnO with metals. It is
worth considering the possibility of using other elements that intensively interact with ZnO (Sn,
In, Ga) as adhesive-active additives to inert metals (Ag, Au).
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INTRODUCTION

Zinc oxide (ZnO) is a wide-bandgap semiconductor with unique properties, which is
prospective for designing catalysts, transparent conductive electrodes, transistors, etc. [1, 2]. In
these applications, ZnO is often in close contact with a metal or metal-like semiconductor.
Hence, the study of contact interaction in systems containing ZnO and metal is important, in
particular for the development of metallization methods, as well as soldering and brazing. An
effective method for such studies is wetting experiments, which allow evaluating adhesion and
describing contact interaction in these systems. At the same time, the wetting of ZnO by metals
on a macroscale has been studied in only a few works [3-7].
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To provide high adhesion between a non-metal substrate and a metal melt, a chemical
interaction is needed [8]. Ge nanoparticles [9] or thin films [10] react to ZnO at heating with
Zn,GeO4 phase formation. At lower temperatures, GeO, formed at the interface between ZnO
film and germanium [11]. Ge can exhibit high adhesion to ZnO, in particular, acting as an
addition to improving the wetting of the ZnO surface with metal melts. Ge addition was even
used to improve the wetting of ZnO by Ag on a micro scale [12]. Therefore, the aim of the work
was to investigate wetting and contact interactions in systems containing ZnO and Ge on a macro
scale.

MATERIALS AND METHODS

Sintered ZnO-ceramics (further as “ZnO substrate”) without dopands with a porosity of
15%, high-purity Ag (0.999) and Ge (0.999) were used. The surface of the ZnO substrate was
polished with 0.7-0.3 um diamond paste. Ag-Ge alloys were prepared by remelting in vacuum in
alumina crucibles.

Wetting was studied by the sessile drop method [8]. The experiments were performed in a
vacuum; the 40 L chamber was equipped with a water-cooling system and a window to observe
the samples. A vacuum of not lower than 3x10 Pa was provided by diffusion and backing
pumps. The heating of the experimental samples was carried out in a resistance furnace with
heaters in the form of tungsten 0.1 mm plates and molybdenum screens.

The samples were photographed through the window in the wall of the vacuum chamber;
the images were processed using Adobe Photoshop.

SEM investigations were carried out on the Axia from Thermoscientific microscope with
an energy-dispersive analyzer.

RESULTS AND DISCUSSION

First, the wetting of ZnO with pure germanium was investigated (Fig. 1). The melt wetted
the ZnO (Fig. 1a) and completely spread over its surface within 5 min (Fig. 1b).

In this case, germanium completely reacted with zinc oxide, the formed loose reaction
products are difficult to analyze, so Ag-Ge alloys with low concentrations of germanium were
further investigated. Ag was chosen as the base metal because, firstly, it has a relatively low
melting point, secondly, it interacts very weakly with ZnO [13-15], unlike, for example, Cu [16—
21] or Sn [6, 7] and thirdly, because on a micro scale, the wetting of the ZnO with silver was
improved by Ge adding [12].

a | b
Fig. 1. Wetting of ZnO-ceramics with Ge melt with various holding times at 1000°C:
a—0;b—-5min

Wetting experiments were performed at 1000°C in vacuum, germanium concentrations of
0, 1, 2, 3, 5 and 10 at. % were considered. Equilibrium contact angles were reached within
10-12 min, a 15 min holding was used to confirm this. The resulting photographs of the drops are
presented in Fig. 2; a graph of wetting on the concentration of germanium dependence is
presented in Fig. 3.

Ge has a very significant effect on wetting (Fig. 2, and Fig. 3), the addition of 1 at. % Ge
to Ag reduces the contact angle from 136 (Fig. 2a) to 98° (Fig. 2b), and 2 at. %, respectively, to
60°, i.e., there is a transition from non-wetting to wetting. Further increase in the germanium
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content improves wetting not so significantly, but noticeably (Fig. 3, Fig. 2d, Fig. 2e); at
10 at. % Ge, a contact angle of 40° was reached (Fig. 2f). Therefore, in the system studied, Ge is
an adhesion-active component. The shape of the Ag-1Ge (Fig. 2c) and Ag-3Ge (Fig. 2e) drops
deviates from the regular spherical one. This is typical for the wetting of polycrystalline porous
ceramics by metal melts with a low concentration of the active component [8] but may also
indicate a heterogeneous composition of the melt due to intensive interaction with the substrate.

e
a b C
d e f
Fig. 2. Ag-Ge drops with different Ge concentration on the surface of ZnO-ceramics after

reaching of equilibrium contact angle, 1000°C, vacuum, 15 min holding: a — pure silver;
b — Ag-1Ge melt; c — Ag-2Ge melt; d — Ag-3Ge melt; e — Ag-5Ge melt; f — Ag-10Ge melt
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Fig. 3. Wetting of ZnO-ceramics by Ag-Ge melts, 1000°C, vacuum, 15 min holding

The drops of the Ag-5Ge and Ag-10Ge compositions broke off from the substrates due to
the formation of loose transition layers at the interface. The samples with Ag-1Ge and Ag-2Ge
drops were also destroyed, but the cracks passed through the ceramics; the sample with the Ag-
3Ge drop remained intact, so cross-sections were made and the interfaces examined by SEM.
Results for the Ag-1Ge drop case are represented in Fig. 4 for an interface at the middle of the
drop base and in Fig. 5 for the triple line area.

The interface is very uneven (Fig. 4a, Fig. 5a), there are signs of infiltration of the melt
into the substrate (Fig. 5a). In addition, Zn is present in a small amount in the solidified drop
(Fig. 4b, Fig. 5b), this is especially noticeable in Fig. 5b, when compared the zone of the metal
drop with the upper left corner of the image, corresponding to epoxy resin, which was used to
pour over the samples at the fabrication of the cross-sections. The oxygen of the substrate was
also apparently dissolved in the melt (Fig. 4c, Fig. 5c¢), its contents in the drop and in the epoxy
resin are similar (Fig. 5¢). So, ZnO dissolved in the melt. That is, the drops “deepened” into the
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substrate, and the visible contact angles measured from the photographs of the drops do not
correspond to the real ones; the curve in Fig. 3 should pass higher.

Germanium is present in both the solidified drop and the substrate (Fig. 4d, Fig. 5d).
Moreover, its content in the substrate is higher than in the drop, that is, a kind of “extraction” has
occurred.

Fig. 4. Microstructure and elements distribution map of the interface area for Ag-1Ge drop
solidified on the ZnO-ceramics surface: a — microstructure; b — Zn distribution;
¢ — O distribution; d — Ge distribution; e — Ag distribution

V5

Fig. 5. Microstructure and elements distribution map of the triple line area for Ag-1Ge drop
solidified on the ZnO-ceramics surface: a — microstructure; b — Zn distribution;
¢ — O distribution; d — Ge distribution; e — Ag distribution

Results of the SEM study of the sample with Ag-2Ge drop are represented in Fig. 7 for an
interface at the middle of the drop base and in Fig. 6 for the triple line area.

The surface of the ZnO substrate was also destroyed by interaction with the metal melt,
zinc (Fig. 6b, Fig. 7b) and oxygen (Fig. 6¢c, Fig. 7c) were dissolved in the drop from the
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substrate, and germanium was "extracted” from the melt deep into the zinc oxide (Fig. 7d). In
this sample, silver is also present in the substrate layer near the interface (Fig. 6e, and Fig. 7e).
The far from interface boundary of the silver containing ZnO layer is clear, i.e. the silver was not
brought in during polishing, but penetrated into the substrate probably by diffusion, which is
theoretically possible [14, 15, 22].

5 '4 p,

Fig. 6. Microstructure and elements distribution map of the interface area for Ag-2Ge drop
solidified on the ZnO-ceramics surface: a — microstructure; b — Zn distribution;
¢ — O distribution; d — Ge distribution; e — Ag distribution

Fig. 7. Microstructure and elements distribution map of the triple line area for Ag-2Ge drop
solidified on the ZnO-ceramics surface: a — microstructure; b — Zn distribution;
¢ — O distribution; d — Ge distribution; e — Ag distribution

SEM investigation’s results for the sample with the drop of Ag-3Ge composition are
represented in Fig. 8 for the middle of the drop base and in Fig. 9 for the triple line area.

The ZnO substrate is also destroyed due to interaction with the melt (Fig. 8a, and
Fig. 9a), zinc (Fig. 8b, and Fig. 9b), and oxygen (Fig. 8c, and Fig. 9c), which are also dissolved
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in the drop. As in the previous samples, Ge penetrated ZnO substrate, but this time its content in
the solidified drop is higher than in the substrate (Fig. 8d, Fig. 9d), probably, the maximum
concentration of Ge in zinc oxide was reached, according to the data of the work [23] the
solubility of Ge in ZnO is 0.7 mol %. Ag (Fig. 8e, Fig. 9) penetrated into ZnO substrate much
deeper than in the case of the sample with a drop of the Ag-2Ge composition (Fig. 6d, Fig. 7d).

e B

5‘,; 9

Fig. 8. Microstructure and elements distribution map of the interface area for Ag-3Ge drop
solidified on the ZnO-ceramics surface: a — microstructure; b — Zn distribution;
¢ — O distribution; d — Ge distribution; e — Ag distribution

Fig. 9. Microstructure and elements distribution map of the triple line area for Ag-3Ge drop
solidified on the ZnO-ceramics surface: a — microstructure; b — Zn distribution;
¢ — O distribution; d — Ge distribution; e — Ag distribution

The structure of the solidified drops is complex; it is a mixture of phases with different
contents of the components of the system under study (Zn, O, Ag, and Ge). This is especially
noticeable for the Ag-3Ge drop (Fig. 8, Fig. 9), whose structure is an Ag-rich matrix and Ag-
depleted inclusions. Given that the solubility of Ge in solid silver decreases with cooling [24], it
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can be assumed that the drop solidified as a solid solution of Ge in Ag, from which, with a
further decrease in temperature, Ge was released, forming the mentioned inclusions. The
presence of Zn also probably reduces the solubility of Ge, since there are no compounds or
regions of solid solutions in the Zn-Ge system [25].

Since pure Ag does not wet ZnO, and the addition of Ge leads to intensive dissolution of
the ZnO substrate in the melt and a significant improvement in wetting, in addition, Ge
penetrates into ZnO, it is obvious that it is Ge that interacts with ZnO.

As already mentioned, there are no compounds of Ge with Zn, therefore, germanium
oxidation occurred, as in [9-11]. Using the resource [26], the Gibbs energies of reactions 2Zn0O +
Ge = 2Zn + GeO2 and ZnO + Ge = Zn + GeO were calculated; they are equal to 84.27 kJ/mol
and 55.69 kJ/mol, respectively, that is, the probability of these processes is small. However, it is
worth noting that reactions could also occur on the interface, where Zn dissolves in drops, and
oxidized germanium diffuses into the ZnO substrate, i.e., the reaction products leave the reaction
zone, which shifts the balance towards their formation.

The observed effects can also be explained by the tendency of ZnO to form non-
stoichiometric phases with oxygen deficiency during annealing in vacuum [27, 28], i.e., the
interaction with metal melts is facilitated by the presence of a significant number of defects in
the structure of ZnO [16, 21]. Contact with the active component (germanium) in the
composition of the metal melt increases the probability that, as a result of interaction with it,
oxygen will leave the oxide structure and dissolve in the melt. This process may be described by
the equation ZnO + Ge = ZnO1.x + GeOx.

Oxygen in the composition of metal melts in contact with solid oxides is an adhesive-
active component, as it forms complexes with metals that are adsorbed on interfaces, reducing
intersurface tension, and thus improving wetting [8]. In this case, oxygen-germanium complexes
are formed and increase adhesion.

Germanium is probably oxidized to Ge*', since this was observed in [9, 10], so its
diffusion deep into the substrate leads to the formation of cationic vacancies in the structure of
zinc oxide, which, in turn, contributes to the diffusion of silver into ceramics [29], which signs
have been observed in microstructure studies.

Thus, the interaction of ZnO with the Ag-Ge melt is a complex process with the
dissolution of the oxide components in the metal and the diffusion of the melt components into
the oxide.

CONCLUSION

The addition of Ge to the Ag melt significantly improves the wetting of ZnO due to the
oxidation of Ge when interacting with ZnO. This effect can be used to increase the adhesion of
metals to ZnO.

At the same time, the interaction is very intense, there is dissolution of ZnO substrate in
the melt, and the penetration of the melt components deep into the substrate. This must be taken
into account when developing devices containing tight contacts of the ZnO with metals.

It is worth considering the possibility of using other elements that intensively interact
with ZnO (Sn, In, Ga) as adhesive-active additives to inert metals (Ag, Au).
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3MOYYBAHHSA TA KOHTAKTHA B3AEMOAIA ZnO
3 PO3IIJIABAMU CUCTEMMU Ag-Ge

O. B. llypos, A. |. €srymienko, O. FO. KoBaius, T. B. Creniok,
B. B. Iloaysincska, 1. B. [llanosaa

Inemumym npoonem mamepianosnascmea im. 1. M. @panyesuua
Hayionanvnoi akademii nayx Yxpainu,
eyn. Omensna [piyaka, 3, Kuis, 03142, Vkpaina, e-nowma: avdu@ukr.net

Memotw pobomu 0y10 00CHIONCEHHS 3MOYYBAHHS MA KOHMAKMHOI 83A€MOOIi y napax, wo
micmame ZnO ma posnnasu cucmemu Ag-Ge, na makpopisHi. Buxopucmogyeanu cneueny ZnO-
Kepamiky 6e3 Oomiwox nopucmicmio 15%. Cnnaeu Ag-Ge comyeanu nepennasienHsM.
3mouyeanns eusuanu memooom nexcaqoi kpanii. Excnepumenmu 3i 3M04y8anHs npogoounu npu
1000°C y eaxyymi npu xonyemmpayisx cepmaniio 0, 1, 2, 3, 5, 10 ma 100 am. %. 3pasxu
Gomoepagysanu, a ompumani 306padxcenns 0opodasiiu 3a donomozoio Adobe Photoshop. SEM-
00CNI0NCeHHsT NPoBOOUnU Ha wiiighax 3ameepoinux Ha nogepxui ZnQO Kpaneiv memany 3da
oonomoeoro mikpockona Thermoscientific Axia 3 emepeooucnepciiinum ananizamopom. Ha
OCHOBI OMPUMAHUX OAHUX NOOYO0BAHO 2PAiK 3ANeHCHOCMI 3MOUYBAHHS B8I0 KOHYEeHmMpayii
eepmatniro. Jlooasanus Ge 0o poznnagy Ag 3HAUHO NOKPAWYE 3MOYY8AHHS HUM NIOKIaoku ZnO
(npu 0 at. %. Ge =136, npu 2 at. % Ge 6=62, npu 10 at. % Ge 0=41° ma uucmuii Ge
posmikaemvbcsi nogHicmio). Biobysanocs pozuunenns nioknaoku 6 pos3niasi ma oughyzis
KoMnonenmie po3niagy 6 nioknaoxy ZnQ. Cnocmepieanacs ougysia sk Ge, max i Ag 6 enubumy
nioknaoku. /[na kpanenv 3 1 ma 2 am.% Ge konyemmpayis Ge 6 nioxknaoyi ZnO nicas
excnepumenmy Oyna euworo, Hidxc y kpanaax. Lli seuwa noscuworomoscs oxucienuam Ge npu
peaxyii 3 ZnO. Kuceuv y cknadi memanesux po3niasie, ujo KOHMAKmMyloms 3 meepoumu
oxcuoamu, € a02e3iluHO-aKMUBHUM KOMHOHEHMOM, OCKIIbKU BIH YMBOPIOE KOMNIEKCU 3
Memanamu, sKi a0dcopoyromovcs Ha Meduci po30iny, 3MEHULYIOUU MIDCNOBEPXHEGULl Hamse | Mum
camum nokpawyrouu 3mouyeants. Ilpu yvomy ymeoproomuscs KUCHeB80-2epMaHIe8] KOMNIEKCU,
AKD  30ibwyroms  aoeesio, nomim adcopbosanuti Ge ougynoyve 6 ZnO. Huepysia Ag
3abe3neyyemvcs ymeopenHam eaxauciii Zn 'y cmpykmypi ZnO 3asosxu nasenocmi Ge*t. Ileil
ehekm Mmooice Oymu euxopucmauuil 011 30inbwenHs aoeesii memanie 0o ZnQO. Boonouac
83aemo0is Oydice IHMEHCUBHA, UYe HeOOXIOHO epaxogyeamu npu po3pobyi npucmpois, wo
micmame winoHi konmaxmu ZnQO 3 memanamu. Bapmo pozensnymu moscaugicms UKOPUCMAHHSL
IHWuUx enemenmis, sKi iHmencusHo ezaemooitoms 3 ZnO (Sn, In, Ga), ax adee3iliHoO-aKMUBHUX
000a60k 00 inepmuux memanis (Ag, Au).

Knrwuosi cnosa: oxcuo yunky, memanesutl po3nias, 3Mo4yeanHsl, NOGEPXHs pO30LILY, KOHMAKMHA
830EMOOIA.
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