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Abstract

:

Flash sintering, a special case of electric field-assisted sintering, results in accelerated densification at lower temperatures than conventional sintering methods. However, the mechanisms remain elusive despite the wide application potential. In-situ electron microscopy studies reveal shrinkage of ZnO green bodies due to both heating and heating/biasing but show no obvious effect of the current on the behavior. In contrast, thin epitaxial ZnO films deposited on an Al2O3 substrate undergo a clear flash event during in-situ voltage application in the TEM, providing the first observation of flash sintering of a thin film. The specimen was captured in the high conductivity state where grain boundary motion was observed. The microscopic origins of the high conductivity state could not be detected, but may have the same underlying physical origin as the high conductivity memristive state.
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1. Introduction


A wide range of studies have shown a dramatic effect of applied electric field or current on the sintering behavior of oxide ceramic powders. A special case of this electric field-assisted sintering is so-called flash sintering (FS). It was first reported in 2010 by Cologna et al. [1], who showed that an external electrical field caused the sintering process to happen within seconds and at much lower temperatures than in the absence of a field. The main characteristic of FS is the flash event, which is characterized by a runaway electrical resistivity drop [1,2], rapid densification [1] and photoemission [3,4] once a sufficiently high electrical field and temperature are reached in the sample. The flash phenomenon has been observed in many different inorganic compounds. A few recent examples include: Al2O3 [5,6]; TiO2 [7]; BaTiO3 [8,9]; doped CeO2 [10,11,12,13]; ZrO2: 3 mol% and 8 mol% Y2O [1,14,15,16]; SnO2 [17]; and ZnO [18,19,20,21,22,23,24,25].



The mechanisms accounting for FS remain elusive despite its generality and wide application potential. Most often, the flash event is attributed to Joule heating [26,27]. However, opinions are divided on whether Joule heating alone can account for the fast densification, photoemission and the drop in electrical resistivity. Some investigations claim that the effect requires the creation of Frenkel defects [3,28], while others suggest that the reason lies in the rapid heating process and the resulting destabilization of grain boundaries [29,30]. Another explanation relies on the formation of a percolating, high diffusion path along a transient liquid film on the powder particle surfaces, generated by inhomogeneous temperature distributions [31,32,33].



In this work, we focus on ceramic ZnO, an abundant, safe, inexpensive and relatively easy to process model material for many different kinds of applications such as thermoelectrics, electronics, optoelectronics and laser technology [34,35]. ZnO shows a strong effect of electric field and current on sintering, particularly with the addition of water vapor and specific dopants [18,36,37]. For example, photoluminescence showed the clear effect of applied current on defect concentrations in sintered ZnO [25]. It has also been found that the heating rate plays a significant role when trying to sinter zinc oxide at lower temperatures [38,39]. The greatest improvements in the sintering of ZnO were achieved by Dargatz et al. by injecting deionized water into compact ZnO green bodies [40], and by Nie et al. by purging the system with wet Ar + 5 mol% H2 gas for 1h before starting the FS experiment [20]. In both cases, a nominal density of ~98% of the theoretical density could be achieved at room temperature [20] and a furnace temperature of 400 °C [40].



Using in-situ scanning (SEM) and transmission electron microscopy (TEM), we aimed to gain insight into the atomic origins of sintering behavior, as well as into the high conductivity states that occur in conjunction with flash events during field-assisted sintering. The sintering dynamics of ZnO green bodies and thin films were investigated with and without applied electrical field, and with and without applied heating. Specifically, we used in-situ electron microscopy to study the evolution of microstructure and morphology, including grain/void morphology, segregation, and precipitation, both with and without applied fields in vacuum. The in-situ TEM sintering studies allowed us to detect atomic scale rearrangements near the sintering boundaries. In-situ SEM allows the general changes in morphology and chemical composition to be tracked. In order to directly compare the SEM and TEM results, we used the same commercially available biasing-heating MEMS (micro-electro-mechanical system) chips (DENSsolutions). This required constructing a special holder to mount the TEM chips in the SEM chamber.



The present study details the use of pre-sintered green body material and thin films to achieve FS conditions inside the microscope. It highlights the challenges of using green bodies to prepare suitable specimens and proposes that thin film systems are more suitable for the high-resolution studies needed to decipher the atomic scale origins of the flash effect.




2. Materials and Methods


ZnO is a n-type semiconductor ceramic with a wide band gap (3.37 eV) and high exciton binding energy (60 meV) belonging to the space group P63mc (a = 0.325 nm, c = 0.521 nm). Values of electrical conductivity depend strongly on preparation conditions [41] and annealing ambient [42], but typically lie in the range of 10−4–10 S/cm for the temperature range used in this study.



2.1. Green Body Specimen Preparation


ZnO powder with a purity of >99.99 wt% was uniaxially pressed into green bodies with densities between 50% and 70% [25] using a process detailed in [43]. The use of additional chemicals for binding during sintering was avoided since it was found in initial studies to lead to extreme contamination during TEM investigations. X-ray diffraction peak positions (θ–2θ analysis, Bruker D8, Cu Kα radiation) and relative intensities are in quantitative agreement with the crystallographic database [44] (Figure 1a). A Scherrer fit to individual peaks gives a mean particle size of ca. 110 nm, in good agreement with SEM images (Figure 1b).



In-situ electron microscopy specimens were prepared from the ZnO green body material using a combined precision ion polishing system/focused ion beam (PIPS/FIB) method. First, a 3 mm diameter disc was cut from the green body sample, glued onto a polishing holder with mounting wax and ground down to a thickness between 30 and 60 µm (Minitech 233 from Presi). Afterwards, the disc was removed from the polishing holder using acetone and attached to a Cu grid with epoxy resin. The sample was further thinned using 4 keV Ar ion milling (Gatan PIPS Model 691) until a hole was formed in the middle of the sample (Figure 2a). The ion beam damage was then partially removed by a sequence of shorter milling steps at reduced ion beam energies: 3 keV for 2 min; 2keV for 3 min; 1 keV for 5 min; 0.5 keV for 10 min.



The disc-shaped sample was then mounted in the focused ion beam (FIB) microscope, where a ca. 10–30 µm × 10 µm lamella was cut out of the area near the hole and attached to a biasing-heating MEMS chip (DENSsolutions) with FIB-Pt patches (Figure 2b and Figure A1). The thinnest region of the lamella was placed over the window in the SiN membrane of the MEMS-based chip. The Pt deposition process results in a thin layer of contaminants all over the surrounding surfaces.




2.2. ZnO Thin Films


Epitaxial ZnO films were grown on (0001) Al2O3 substrates by a metalorganic aerosol deposition (MAD) technique at an oxygen partial pressure of 0.2 bar [45,46]. The precursor, acetylacetonate (acac) of Zn2+, was dissolved in dimethylformamide (DMF) to obtain a solution which is sprayed onto the substrate using a pneumatic nozzle, which produces drops with a mean diameter of ~20 nm at characteristic gas flows of about 10–151/min. The Al2O3 substrate was heated to 670 °C, leading to a deposition rate of ~30 nm/min. X-ray diffraction studies of the resultant ZnO thin films revealed strong in-plane and out-of-plane texture, and the narrow peaks revealed good crystal quality (Figure 3a). A representative SEM image of the film surface shows extensive roughness (Figure 3b).



Thin film TEM lamella preparation and the mounting on the MEMS chip were all done in the FIB without any use of the PIPS. The FIB was used to cut a μm size block of material from the thin film, which was then transferred and mounted on the MEMS chip using a micromanipulator and Pt deposition. The advantage of this method is that the necessary thinning procedure takes place after the specimen is fixed with FIB-Pt to the MEMS chip, allowing contamination from the Pt deposition process to be completely removed from the sample surface. We used a similar method to [47] (Table A1). To reduce ion beam damage during thinning of the ZnO layer, photoresist (alkali-stable positive resist SX AR-P 5900/4) was first coated on the layer using a lithography process. This coating is electrically insulating and does not disturb the later flash experiments. The mounted lamella is shown in Figure 4. The 50 to 100 nm thick lamella lies over a window in the SiN chip membrane (Figure 4a). A TEM image shows that the film consists of columnar grains with ca. 100 nm in-plane diameters (Figure 4b).




2.3. In-Situ Test Setup


In all cases, the specimens were mounted on a DENSsolutions 6 contact MEMS heating-biasing chip as shown in Figure A1. These chips are used in a heating/biasing holder capable of applying and withstanding temperatures up to 1200 °C (DENSsolutions Lightning D7 + in-situ TEM holder). The holder has six electrical contacts, four being used for biasing and the other two for sample heating using a spiral coil [48]. A Keithley 2601A is used to apply the bias to the specimen and to measure voltage and current in two-point geometry. The resistance of the electrical supply lines can be neglected as it is very low compared to the resistance of the sample [47]. During an in-situ experiment the sample is first heated to a desired temperature and a voltage ramp is applied to the chip until the current limit is reached, which is applied to avoid run-away failures and to catch the specimen in a high conductivity state during FS. The current density can be estimated from the current/specimen cross-section and including the relative density of the green body. The electrical field E is simply calculated as voltage divided by the distance between Pt-contacts, which lies between 8.8 µm and 10.5 µm for the experiments performed here.



In-situ and ex-situ experiments were performed in an image CS corrected FEI Titan operating in TEM mode at 300 kV with a built-in Gatan GIF Quantum, Dual EELS capability, and monochromator. Initial specimen characterization was performed on a FEI Tecnai G2 Spirit at 120 kV. In-situ SEM measurements were performed in a FEI Nova NanoSEM at 30 kV. For this we used a self-constructed SEM holder that allows full use of the DENSsolutions MEMS chips (Figure 5). By applying the same biasing and heating conditions as in the TEM, control experiments can be performed to observe the FS method in a much larger field of view. This allows the entire mounted ZnO specimen, including thicker regions as well as on the MEMS contact wires to be observed and to investigate changes in structure and possible short or open circuits. Both SEM and STEM imaging are possible. The background chamber pressure was in the range of 10−8 mbar in the TEMs and 10−6 mbar in the SEM during the experiments.





3. Results


In-situ sintering experiments were performed on the pre-sintered ZnO green body and thin film specimen, both with and without applied currents and heating. The pre-sintered green body specimens were examined in both SEM and TEM while the thin film was only studied in the TEM.



3.1. ZnO Green Body Sintering


A PIPS/FIB prepared TEM lamella of the ZnO green body was mounted on the biasing-heating holder and was first heated up to 400 °C. TEM imaging shows that the green body is stable at this temperature (Figure 6a), with no evidence of contamination, phase formation or morphology changes even after 10 min of imaging at 120 keV. The polycrystalline nature of the green body is confirmed by selected area diffraction (inset of Figure 6a). A voltage ramp of 0.05 V/s (47.59 V/cm s) was then applied to the specimen until a current limit of 0.65 mA (1.49 V, 1419.05 V/cm, 4243.77 A/cm2) was reached.



Immediately after reaching the current limit, small precipitates appear on the surface of the ZnO green body. Furthermore, the green body begins to shrink but without any grain growth (Figure 6b). The shrinkage is accompanied by loss of material rather than by a decrease in porosity, leading to a decrease in density, in contradiction to the usual sintering behavior. Further increases in the electric field and current lead to further shrinkage of the ZnO.



An EDX spectrum (Figure 6d) obtained from the indicated region of the heat and current-treated specimen (Figure 6b) shows the presence of Zn, oxygen and Pt, suggesting that the precipitates are Pt-based. The ratio of the Zn to oxygen peaks was not significantly different from the ratio for the initial specimens. Thus, the observed loss of material presumably involves both desorption of oxygen and sublimation of Zn, likely aided by electron beam induced decomposition of the ZnO in the vacuum. All other peaks come from the MEMS chip and TEM holder, as confirmed by comparison with EDX spectra taken under the same conditions but without a lamella.



To distinguish between the effects of current and temperature, a temperature ramp of 10 °C/min was applied without additional field or current to a PIPS/FIB ZnO green body specimen. After a temperature of 720 °C was reached, precipitates began to form on the surface of the green body. With increasing temperature, they grew in size and coalesced. Shrinkage of the ZnO and material loss without grain growth set in starting from 800 °C (Figure 6c). This behavior, which is similar to the sample tested at 400 °C with current, suggests that the observed precipitation and shrinkage are predominately due to the temperature, and that the current only contributes through Joule heating. The slightly less homogeneous distribution of precipitates on the surface of the sample with applied current is possibly due to heterogeneous temperatures from Joule heating.



A SEM investigation of a PIPS/FIB prepared lamella from the ZnO green body showed similar behavior to what was observed in the TEM. The green body is stable at a temperature of 400 °C (Figure 7a), with no evidence of contamination, phase formation or morphology changes even after 10 min of imaging at 30 keV. A voltage ramp of 0.05 V/s (50 V/cm s) was applied to the specimen while a two-contact resistance measurement was performed. Upon obtaining an electrical field of 1250 V/cm (1.1 V, 4.78 × 10−4 A, 2.63 × 103 A/cm2), shrinkage of the specimen begins to set in (Figure 7b). The shrinkage is very clear when an electric field of 4045.45 V/cm (3.56 V, 9.87 × 10−4 A, 3.51 × 103 A/cm2) is reached (Figure 7c). At E ≥ 4056.81 V/cm (3.57 V, 9.85 × 10−4 A, 5.41 × 103 A/cm2), the ZnO specimen reacts with the Pt conductors on the chip, locally melting the conductor line and resulting in an open circuit (Figure 7d). It is very difficult to estimate the change in density of the specimen due to heat and current treatment, so, it is not clear if the shrinkage is the result of an increase in relative density (the usual case for sintering) or due to material loss to the SEM vacuum.



EDX mapping obtained from the middle area of the ZnO lamella (Figure 8a–c) confirms that the precipitates are Pt-rich and Zn-poor. In contrast to the observations in TEM, the ratio of the oxygen to Zn EDX peaks from the ZnO lamella increased significantly due to heat and current treatment, suggesting that the relative oxygen content of the specimen increases. Reasons for this are unclear at this time, however, it does suggest that oxides with higher oxygen content may be formed while Zn is preferentially evaporated. A video of the in-situ experiment is available in the Supplementary Materials.




3.2. ZnO Thin Films


The TEM biasing experiment was performed on a FIB prepared thin film without applied heating in order to minimize the temperatures reached in the ZnO due to Joule heating during in-situ testing. An electrical bias with a voltage ramp of 0.05 V/s (58.14 V/cm s) was applied to the specimen up to a current limit of 0.5 Ma (2.17 V, 2.52 × 103 V/cm, 3.57 × 106 A/cm2). The electric field (distance between electrical contacts 8.6 µm), current density (the thin film specimen cross-section is estimated as 70 nm × 200 nm), power density and conductivity are shown in Figure 9. It can be seen that the conductivity of the specimen abruptly increases, indicating the onset of a flash event, and is then captured in this high conductivity state by switching to current control. The electric field during the flash event is more than a factor of 10 larger than the fields used to generate FS in green bodies of ZnO at temperatures of 600 °C and above [25]. The current density with a value of 3.57 MA/cm2 is more than 5 orders of magnitudes higher than typical green body values [25]. This is due to the conductivity of the ZnO film, which starts out at ca. 0.21 S/cm—a value at the top end of the range found in the literature [25]. It then increases dramatically during the flash event to a value of 1522 S/cm. The power density is also much larger than values experienced during flash events in green bodies. After turning the voltage back down to zero, the conductivity reverted to an intermediate value indicating that the origins of the high conductivity state are only partially reversible.



TEM imaging shows that the microstructure of the ZnO does not change prior to the flash event. Only a very slight drift of the image can be observed, which is attributed to bulging of the MEMS chip due to a temperature rise from Joule heating of the specimen. As soon as the flash event occurs, clear changes in microstructure are observed, in the form of shifting Moiré patterns and motion and sharpening of the grain boundaries. These continue for as long as the current is held at the high value. Two HRTEM BF images from an in-situ video (available in the Supplementary Materials) are shown in Figure 10. The facetted grain boundary moves from its initial position (Figure 10a, marked by a white arrow) a distance of approximately 4 nm in 160 s (Figure 10c). Figure 10b provides a sketch of the grain boundary geometry. Since the grain boundary is not perpendicular to the electron beam, a Moiré pattern is observed where the grains overlap, and shifts as the grain boundary moves, indicating slight relative motion of the grains. Fast Fourier Transformation of the images reveals amorphous or highly defective regions near the grain boundary that recrystallize during the experiment.



Similar rearrangements of the grain boundary were observed during the flash event throughout the ZnO thin film. In order to investigate the effect of the electron beam, continuous imaging was avoided in specific regions of the specimen by blanking the electron beam. Only initial and final images of grain boundaries were taken, confirming that grain boundary motion also occurs in the absence of the electron beam.





4. Discussion


Clear shrinkage of the ZnO green body specimens was observed during both heating and heating/biasing experiments in the TEM and SEM, although coarsening of the grain structure was not detected. The relative specimen density after treatment was difficult to determine so that it is not clear whether shrinkage is predominately due to material loss or also includes loss of porosity, as is expected for sintering. No clear difference was found between the heating and heating/biasing experiments, indicating that the main role of the current is Joule heating. EDX results combined with observations of mass loss suggest that Zn and O are both lost from the specimen by sublimation and desorption; redistribution of oxygen may also occur [49] and affect the EDX results. Pt-based precipitates were observed to form on the ZnO green body specimens, presumably due to reaction with the Pt conductor lines, Pt-based patches, and the thin Pt layer formed on the sample surface during Pt deposition in the FIB. Their formation is also attributed to thermal effects since they form at sufficiently high temperatures in the absence of current. The reaction of the ZnO with the FIB-deposited Pt-based material makes testing of FIB-mounted specimens difficult, although switching to another FIB-deposited material might overcome this problem.



The in-situ TEM study of the ZnO film showed a clear flash event, as evidenced by an abrupt increase in film conductivity. We were able to capture the specimen in the high conductivity state and perform in-situ observations of the resultant grain boundary motion. However, the origins of the high conductivity state were not obvious from the images. Possible thin film liquid states at the specimen surface or at the interface to the substrate were not observed, but can be difficult to see. The generation of large populations of Frenkel defects is often proposed to explain flash sintering of bulk specimens [50], but these are also difficult to observe in the TEM and cannot be ruled out at this time. Changes in the grain boundaries seem an unlikely cause of the increased conductivity since there are single grains in some places in the lamella through-thickness, blocking a possible percolating current path. It seems likely that the high conductivity state has some similarity to the memristive state of ZnO, which is usually attributed to electrochemical-induced oxygen vacancy migration [49,51,52].



The temperature increase in the ZnO film due to Joule heating can be estimated from the power density (Figure 9) and sample geometry using finite element simulations. Assuming the temperature at the edges of the TEM lamella are fixed at room temperature, we estimate the maximum temperature in the ZnO film due to Joule heating to be between 180 and 490 °C, depending on the thickness of the TEM lamella (assumed to be between 50 and 100 nm). These temperatures are all well above the Debye temperature for ZnO of 142.85 °C [53] in accordance with a recent study [54] suggesting that the Debye temperature is the minimum possible flash sintering temperature in materials.



The predicted temperature range due to Joule heating is certainly not large enough to account for the order of magnitude increase in conductivity observed during the flash event. It is also well below the film deposition temperature of 680 °C, where the film was held for around 15 min. It seems unlikely then that temperature alone could induce microstructural changes in the film, suggesting that the observed microstructural changes may be due to the current or the field. Nevertheless, the FIB machining introduces a variety of changes in the specimen, such as driving forces for grain boundary motion due to the creation of free surfaces, defect formation and stoichiometry changes, so that the driving force for the observed grain boundary motion is not yet clear.



The good news from our results is that a flash event could be captured in-situ in the TEM, opening up the possibility of investigating the origins of the high conductivity flash sintering state at the atomic level. Furthermore, this is the first reported observation of flash behavior in a thin film, and raises the question of the relation between flash sintering and the memristive effect observed in thin films and nanoscale structures of various materials, including ZnO [49,51,52]. Nonetheless, many questions remain about the reasons for the observed behavior, including whether the FIB-prepared surfaces and interfaces of the ZnO thin film TEM specimen play a dominant role. In addition to ex-situ studies of ZnO thin film flash behavior, the next steps to resolve this will include high resolution post-mortem studies on conventional and flash sintered ZnO to detect the origins of the irreversible change in conductivity as well as to prepare better quality in-situ TEM specimens with grain boundaries perpendicular to the electron beam. These should allow higher resolution studies of atomic structure and electronic structure using electron energy loss spectroscopy.




5. Conclusions


In conclusion, we observed field assisted and purely thermal sintering of a ZnO green body using in-situ electron microscopy, but saw no obvious effect of the current on the behavior. The observations were complicated by contamination of the specimen with Pt-based precipitates as well as loss of Zn and O to the vacuum. In contrast, thin ZnO films deposited on an Al2O3 substrate underwent an abrupt increase in conductivity resulting in a clear flash event. Grain boundary motion due to the current was observed in the high conductivity state, but microscopic origins for the high conductivity state could not be detected.








Supplementary Materials


The following are available online at https://www.mdpi.com/2571-6131/2/3/36/s1, Video S1: SEM Green Body Shrinkage, Video S2: Grain Boundary Dynamics during Current Hold.





Author Contributions


Conceptualization: C.V., V.R. and O.G.; Methodology: D.S., V.R. and C.V.; Formal analysis: D.S. and V.R.; Investigation: D.S., C.V. and V.R.; Resources: C.V., O.G., J.G.-J.; Writing—original draft preparation: D.S., C.V. and V.R.; Writing—review and editing: D.S., C.V. and V.R; Visualization: D.S.; Supervision: C.V., V.R. and O.G.; Project administration: C.V., V.R. and O.G.; Funding acquisition: C.V., V.R. and O.G.




Funding


The authors are grateful for financial support by the Deutsche Forschungsgemeinschaft (VO 928/10-1, RO 5387/1-1) in the framework of the priority program SPP 1959.




Acknowledgments


The authors wish to thank Tobias Schulz, Matthias Hahn and Frank Köhler for design and preparation of the SEM MEMS holder, Volker Radisch and Ulrich Ross for the support with the FIB and TEM measurements, Jonas Lindner for his LabView expertise and the support with the electrical measurements, Vasily Moshnyaga for the use of his thin film deposition device and discussions, and Thomas Brede for the quick introduction to finite element simulations and ongoing discussions.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




Abbreviations


The following abbreviations used in this manuscript:





	BF
	Bright field



	DMF
	Dimethylformamide



	EDX
	Energy dispersive X-ray (Spectroscopy)
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Figure A1. DENSsolutions MEMS chip. (a) Overview of the two heating (1,6) and four biasing (2,3,4,5) electrodes. (b) Enlarged section of central area of the SiN membrane with the four biasing electrodes on top. Between electrode 2 and 5, the windows (point and line geometry) are visible above which the TEM lamellae will be positioned. Published with permission of the authors [55]. 
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Table A1. Step by step protocol for the in-situ lift-out and transfer procedure of a cross-sectional thin film lamella.






Table A1. Step by step protocol for the in-situ lift-out and transfer procedure of a cross-sectional thin film lamella.





	
#

	
Description

	
Stage Position

	
Electron Gun

	
Ion Gun




	
R [°]

	
T [°]

	
V [kV]

	
I [nA]

	
V [kV]

	
I [pA]






	
1

	
Window milling

	
90

	
14

	
5

	
1.6

	
30

	
7000




	
2

	
Cleaning cross section (CSS) bottom

	
90

	
15.5

	
5

	
1.6

	
30

	
3000




	
3

	
CSS top

	
90

	
12.5

	
5

	
1.6

	
30

	
3000




	
4

	
U-Cut

	
270

	
20

	
5

	
1.6

	
30

	
3000




	
5

	
Needle (Omniprobe) drive in

	
90

	
14

	
5

	
1.6

	
30

	
10




	
6

	
Mounting on Omniprobe

	
90

	
14

	
5

	
1.6

	
30

	
10




	
7

	
Lift-out/Omniprobe retract

	
90

	
14

	
5

	
1.6

	
30

	
10




	
8

	
Transfer

	
90

	
14

	
10

	
2.1

	
30

	
10




	
9

	
Mounting on chip

	
90

	
14

	
10

	
2.1

	
30

	
10




	
10

	
Cutting from Omniprobe

	
90

	
14

	
10

	
2.1

	
30

	
300




	
11

	
Thinning, front + back (raw)

	
90

	
15.2/12.8

	
10

	
2.1

	
30

	
300




	
12

	
Thinning, front + back (middle)

	
90

	
15.2/12.8

	
10

	
2.1

	
30

	
100




	
13

	
Thinning, back + front (smooth)

	
90

	
13.3/14.7

	
10

	
2.1

	
30

	
30




	
14

	
Polishing, back + front

	
90

	
9/19

	
10

	
2.1

	
5

	
21
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Figure 1. ZnO green body. (a) Theta-2-Theta X-ray powder diffraction measurement reveals the expected polycrystalline behavior. (b) SEM image of the surface of the pressed green body specimen. 
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Figure 2. ZnO green body specimen. (a) Precision ion polishing system (PIPS) prepared disc-shaped sample, and (b) the focused ion beam (FIB) mounted lamella, which was cut from the edge area of the PIPS generated hole in (a). The FIB-Pt patches, indicated with arrows, attach the ZnO lamella to the SiN membrane and Pt conductor lines of the DENSsolutions biasing-heating chip. 
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Figure 3. 100 nm thick ZnO thin film on Al2O3. (a) Grazing incidence theta-2-theta X-ray diffraction reveals a strong (001) out-of-plane texture. The phi scan in the inset reveals (101) 6-fold symmetry as expected from a single crystal. (b) SEM image of the surface of the thin film showing high roughness at ca. 100 nm length scale. 
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Figure 4. ZnO thin film TEM specimen. (a) Photoresist coated ZnO thin film on Al2O3 substrate lamella, thinned and mounted on a DENSsolutions MEMS chip using FIB. (b) Lamella at higher magnification indicating the area used for in-situ TEM examination. 
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Figure 5. (a) Holder for mounting and using DENSsolutions 6-contact biasing-heating MEMS chips during reflection or transmission imaging in the SEM. (b) SEM image of a mounted test chip without SiN membrane. 
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Figure 6. ZnO green body shrinkage in TEM. (a) The green body is stable at 400 °C, (b) but shrinks and forms precipitates under an applied field and current. (c) Similar behavior is observed upon heating above 800 °C without current. (d) EDX spectra of the marked region in (b), revealing Pt contamination of the sintered material. 
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Figure 7. ZnO green body shrinkage in SEM. (a) The green body is stable at 400 °C, (b–d) but shrinks and forms precipitates under an applied field and current, and (d) eventually reacts with a Pt-conductor line. 
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Figure 8. EDX map of ZnO green body after shrinkage at 400 °C with applied electric current. (a) SEM image, (b) Zn EDX signal, and (c) Pt EDX signal in sintered ZnO lamella. 
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Figure 9. Time evolution of the electrical field, current density, power density and conductivity of the ZnO thin film during the in-situ TEM flash event. The specimen is under voltage control until the flash event occurs, when it is switched to current control and captured in the high conductivity flash event state. No additional heating was used during the experiment. 
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Figure 10. Grain boundary migration in a ZnO film during a flash event in the direction of the applied field. The field of view is near the substrate as shown in Figure 4b; the applied electric field and current are shown in Figure 9. No additional heating was provided to the specimen. The facetted grain boundary moves from its initial position (a) (marked by white arrow) a distance of approximately 4 nm in 160 s to the position shown in (c) (black arrow). Image (b) provides a sketch of the grain boundary structure in (a) (solid line) and (c) (dashed line). The circled region in (a) recrystallizes during the 160 s. 
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