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Abstract

Undoped and Mn-doped ZnO ceramics were prepared from the powders compacted at different pressures and sintered
in air at high temperature. Their structural, optical, light emitting and electrical characteristics as well as the distribu-
tion of chemical elements were studied. It was found that an increase in compacting pressure stimulates an increase in
direct current conductivity in both undoped and doped samples. In the case of doped samples, this effect was accom-
panied by a decrease in the height of potential barriers at the grain boundaries. It is found that electron concentration
in ceramic grains, estimated from the modelling of infrared reflection spectra, remained relatively constant. The analysis
of luminescence spectra and spatial zinc distribution revealed that the increase in compacting pressure results in the
accumulation of interstitial zinc at the grain boundaries forming channels with enhanced conductivity. These findings
provide an explanation for the evolution of electrical properties of ceramic samples with compacting pressure.

Article Highlights

ZnO and ZnO:Mn powders compacted with different pressure were sintered in air.
The rise of compacting pressure enhances electrical conductivity of the ceramics.
Compacting pressure decreases the superlinearity of I-V curves in ZnO:Mn.

The formation of conductive channels was observed in both ZnO and ZnO:Mn.
Zinc accumulation at grain boundaries favours conductive channels formation.

Keywords ZnO - Manganese - Doping - Ceramics - Electrical properties - Grain boundaries - Segregation - XRD - Auger
spectroscopy - Scanning electron microscopy - Infrared reflection spectroscopy

1 Introduction

Intrinsic defects such as vacancies, interstitial atoms and antisite defects are typically present in the crystal lattice, exerting
a significant impact on the functionality of semiconductor materials. The effective management of intrinsic defects in semi-
conductors is crucial for their successful industrial applications.
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Zinc oxide (ZnO) is an important wide bandgap oxide semiconductor used in various applications, including sensors, varis-
tors, transparent electrodes, and light-emitting devices. Additionally, the combination of ferromagnetic and semiconductor
properties of ZnO facilitates the development of modern spintronic devices.

To enhance the properties of zinc oxide and broaden its range of applications, researchers often turn to doping ZnO.
Among the various impurities investigated, manganese is one of the most studied in ZnO. The exactly half-filled 3d-orbitals
of manganese facilitate its incorporation into ZnO lattice, playing a crucial role in improving the characteristics of ZnO-based
varistors [1, 2]. High-temperature ferromagnetism has been reported for Mn-doped ZnO films, powders and pellets [3, 4]. It
was observed that the incorporation of manganese into lattice sites, coupled with oxygen vacancy formation [5, 6], contrib-
uted to the appearance of ferromagnetism. At the same time, the presence of zinc vacancies (V,,,) in Mn-doped ZnO films
was considered as the factor that induced ferromagnetic ordering [7].

The electrical and luminescent properties of ZnO are known to be highly dependent on the presence of nonstoichiometric
intrinsic defects. The most important of them are interstitial zinc ions (Zn;) that determines the conductivity of ZnO. As it was
shown earlier [8-10], Zn; is a mobile defect which can lead to its spatial redistribution in the crystal. In particular, the drift of
Zn,in the surface band bending due to oxygen adsorption leads to its accumulation in the near-surface region of crystals [9].
These defects also decorate dislocations [10], which influences the shape of the bandedge luminescence. Additionally, Zn;
is also a component of the complex responsible for the green self-activated luminescence band and can drift in the external
electric field at 200-300 °C [8]. On the other hand, the distribution of Zn; can be influenced by the pressure applied to ZnO
crystal. More specifically, the application of pressure can lead not only to the transformation of the hexagonal phase of ZnO
into cubic one but also to the extraction of Zn, from ZnO lattice, resulting in the formation of hexagonal metallic zinc [11].
Consequently, both the content of intrinsic Zn, defects and their spatial distribution depend on the approach used for the
materials production and their subsequent thermal treatments.

It should be noted that compaction is usually applied to form ZnO-based ceramics that are widely used as varistors, phos-
phors with long afterglow, catalysts, gas sensors, etc. Regarding varistors, their production is, at least, a two-stage process. In
the first stage, the raw powders are grounded and then they are compacted to achieve the required shape. It is worth point-
ing out that in most research, the effect of applied pressure on the characteristics of ready-made varistors was investigated
only. Specifically, it was shown that the increase of applied pressure (in the range of 10-200 MPa) results in the increase of
the current and the reduction of the slope of the current-voltage (I-V) characteristics due to barrier lowering [12-14]. This
effect has been suggested to be caused by the influence of piezo-fields [15]. In some works, the elimination of pressure led
to the restoration of the original characteristics [12], while in others [13] a residual effect was observed. However, its origin
has not been reported in those studies.

As for the impact of pressure in the manufacture of ceramic samples, only the effect of grinding the raw powders was
studied. For instance, it has been shown [16] that it leads to zinc enrichment of ceramic grain boundaries. Since interstitial zinc
ions (Zn,) play a crucial role in ZnO conductivity [17, 18], the spatial redistribution of these defects can significantly influence
the electrical properties of ceramics and can be one of the factors that determine the characteristics of devices. Specifically,
this can be essential for ceramics used as varistors or gas sensors. Thus, the investigation of defect redistribution, including
under pressure, can be required.

At the same time, the effect of powder compacting on ceramic electrical conductivity (that is important characteristic for
varistors and gas sensors) as well as on luminescence intensity has not been studied. Therefore, in this work, the investigation
of structural, electric and luminescent characteristics, as well as microscopic chemical analysis of undoped and manganese-
doped ZnO ceramic samples versus the pressure applied upon the compacting of the corresponding powders was carried out.

2 Experimental details

Undoped ZnO ceramic samples were prepared using commercial ZnO powders (99.99% purity) mixed with distilled water.
For Mn-doped ZnO samples, the ZnO powder was mixed with MnSO, aqueous solution. The manganese content in the
charge was fixed at 0.1 at.% because this doping level is known to be used in the manufacture of ZnO-based varistors
to increase the slope of their current-voltage characteristics [1, 2]. Manganese was present as a substitution ion Mn,, 2"
while no other defects were registered.

For“unpressed”ZnO and ZnO:Mn ceramics (P =0 MPa), corresponding wet mixtures were hand-prepared in the shape
of rectangle parallelepipeds. To create compacted samples, the same powder mixtures were air-dried at room tem-
perature for 3 days to eliminate water excess. Compaction was carried out at the pressures ranging from 25 to 150 MPa
for 30 min using rectangle mold. It is important to note that these pressure values are usually used in the varistor
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manufacturing. After compaction, the specimens were placed in a muffle furnace and heated up to T=1050 °C with a
ramp of ~400 °C/h in air atmosphere. This was followed by sintering for 3 h at this temperature, and then the specimens
were gradually cooled down to room temperature with the furnace.

The structural, optical, luminescent, and electrical characteristics of the ceramic samples were thoroughly investigated
using multiple techniques. X-ray diffraction (XRD) analysis was conducted in Bragg-Brentano geometry (0-20) with
Cuy,, radiation, employing a Philips X'Pert-MRD diffractometer. Scanning electron microscopy (SEM) images and Auger
maps were obtained with a JAMP-9500F (JEOL) tool equipped with an Auger microprobe, featuring a spatial resolution
of 3 nm in the secondary electron image mode. The microprobe included a sensitive hemispheric Auger spectrometer
with energy resolution (AE/E) ranging from 0.05 to 0.6% and an ion etching gun for layer-by-layer analysis. For chemical
maps, a preliminary etching process with Ar ions was employed to remove approximately a 100-nm surface layer and
clean the samples from contaminations. The Ar*ion beam had a diameter of 120 pm, capable of rastering overa 1x 1 mm?
area.The beam’s Ar+ion energy ranged from 0.01 to 4 keV, with a minimal beam current of 2 pA at 3 keV.

Additionally, infrared reflection spectroscopy, photoluminescence (PL), and direct current (DC) methods were
employed. Specular infrared reflection spectra were obtained from polished samples using a Spectrum BX spectrometer
(PerkinElmer Inc.). The incident angle of the excitation light was 13°, and a gold mirror served as a reference. Spectra were
recorded with a resolution of 1 cm™'. Photoluminescence (PL) spectra were excited using a nitrogen laser (337.1 nm)
and recorded with a Concave BlackCommet spectrometer (StellarNet Inc., USA) in the spectral range of 340-750 nm. For
electrical characterization, the samples were cut transversally, and indium ohmic contacts were deposited on the cleft
surfaces. Current-voltage characteristics and the temperature dependence of the conductivity were then measured.

3 Results and discussion
3.1 XRD and SEM study

Figure 1a displays XRD patterns of undoped ZnO ceramics. All XRD peaks correspond to hexagonal ZnO and the ratio of
their intensities does not show the predominant orientation of ZnO crystallites (according to the ICDD Card No. 010-70-
8072). Analysis of XRD patterns for the samples compacted with P=25-150 MPa revealed no significant variation of the
XRD peak positions and their full-width at half-maximum as well as the ratio of their magnitudes (Fig. 1a, b). The ratio
of the amplitudes and the positions of XRD peaks of Mn-doped samples were found to be similar to those of undoped
samples. This indicates that there is no preferred orientation of ZnO crystallites in all samples. Furthermore, no notice-
able residual stresses are observed in ZnO and ZnO:Mn ceramics.

Figure 1c and d demonstrate that an increase in compacting pressure results in a decrease of ceramic porosity and
an increase in grain sizes. Besides, for Mn-doped ZnO samples, no additional phases, including Mn-related ones, were
detected. These results show that compacting does not affect the orientation of the crystallites and does not create
noticeable residual stresses in Mn-doped ZnO all samples. The SEM observation revealed that the structure of Mn-doped
samples was similar to that of undoped ZnO ones and the increase in compacting pressure results also in the decrease
of ceramic porosity and in the increase of grain sizes.

3.2 DC conductivity

In both undoped and doped ZnO samples, an increase in the value of DC conductivity was observed with increasing
pressure. However, other characteristics, particularly current-voltage relationships and temperature dependence of DC
conductivity, exhibited differences.

The current-voltage characteristic for the undoped sample formed at P=0 MPa is shown in Fig. 2a. Because of high
sample conductivity at room temperature, it was measured at 77 K. It demonstrated linearity, a typical feature of undoped
ZnO ceramics originating from the absence of the barriers between the grains [19]. The DC conductivity of this sample
at300Kis o~3x1020Ohm™" cm™ being closed to that for P=25 MPa. Simultaneously, the increase in pressing pressure
causes a rise in conductivity, reaching 6~5x 102 Ohm™" cm™" at 300 K for P=150 MPa, i.e. higher by approximately 10
times.

The increase in compacting pressure also induced a modification in the temperature dependence of DC conductiv-
ity (Fig. 2b). It is evident that in undoped ZnO samples, compacted with P=25 and 50 MPa, the conductivity decreases
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Fig. 1 a XRD patterns of ZnO samples compacted at P=0 (1), 50 (2) and 150 (3) MPa; b the variation of the positions of (100), (002) and (101)
XRD peaks for ZnO and ZnO:Mn samples versus compacting pressure; ¢, d SEM images of the surface of ZnO ceramics compacted with
P=25 (c) and 150 (d) MPa

with decreasing temperature due to the filling of shallow donors. Conversely, in the sample made with P=150 MPa, the
temperature dependence of the DC conductivity is almost absent.

Unpressed ZnO:Mn samples, in contrast to undoped counterparts, exhibit higher resistivity at room temperature
(6~10° Q7" cm™) and their current-voltage characteristics are superlinear (Fig. 3). This superlinearity is known to result
from the formation of barriers at the grain boundaries [20]. In these samples, an increase in the conductivity value with
increasing pressure was also observed, accompanied by a decrease in the slope of the current-voltage characteristics.
Finally, at P=150 MPa, the current-voltage characteristics became almost linear (Fig. 3). The slope of the temperature
dependence of DC conductivity also decreased (Fig. 3), but even at P=150 MPa, this dependence did not vanish.

In general, the conductivity increase may be attributed to several factors, including the decrease in barrier height,
an increase in the concentration of electrons in ceramic grains, a reduction in the number of pores, and the formation
of specific conductive channels that bypass grains. In the latter case, the temperature dependence of DC conductivity
may be absent.

The presence of barriers in ceramics can be indicated by the superlinearity of the current-voltage characteristics. As
mentioned above, they are linear in undoped samples, confirming the absence of barriers in these ZnO ceramics. This
aligns with the findings reported in Refs. [21, 22]. In the case of ZnO:Mn samples, their current-voltage characteristics
indeed showed superlinearity. However, with an increase in compacting pressure, the degree of superlinearity decreased,
and eventually, the current-voltage characteristics became almost linear. Thus, it can be conclude that the increase in
DC conductivity in undoped samples was not caused by a change in the height of the barriers, whereas this effect may
occur in doped samples.
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Fig.2 a Current-voltage characteristic measured at 77 K for undoped ZnO sample formed without pressing (P=0 MPa). b Temperature
dependences of DC conductivity for ZnO samples compacted with P=25(1), 50 (2) and 150 (3) MPa.U=10V
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Fig. 3 aTemperature dependence of conductivity of ZnO:Mn samples compacted with P=25 MPa (1) and 150 MPa (2); b room temperature
current-voltage characteristics for ZnO:Mn samples compacted with P=0 (1), 25 (2), 50 (3) and 150 (4) MPa

3.3 IRreflection spectra

To assess the impact of pressure on the concentration of electrons in ceramic grains, modeling of IR reflection spectra
was conducted for the same samples, considering the contribution of the plasma subsystem. The IR reflection spectra
were found to be similar for undoped and Mn-doped samples compacted with the same P value. Therefore, in Fig. 4, the
effect of pressure is demonstrated for undoped samples only.

To fit the experimental data, the approach described in Refs. [23-25] was used. The parameters for the orientation
of electric field component E_LC were taken as vg; =412 cm™, v, =585 cm™, £,=3.95 and £_=8.1. For the case E||C,
the fitting was performed with v, =390 cm™, v/ 5, =570 cm™', £,=4.05 and €. =9.0. The frequency dependence of
the dielectric constant was considered as a function with additive and phenomenological contribution of phonon and
plasmon subsystems. This approach allowed the determination of carrier concentration, mobility, and the conductivity
of ceramic grains. The results of the fitting of the spectra, presented in Fig. 4, are summarized in Table 1.

As can be seen from Table 1, the concentration of electrons in the grains of undoped ceramics, as well as the con-
ductivity value of the ZnO grains estimated from the IR reflection spectra (Fig. 4), change only slightly with increasing
pressure. Meanwhile, the DC conductivity increases by more than 10 times. Therefore, it can be concluded that the
increase in DC conductivity of undoped ceramics with increasing compacting pressure is not caused by the changes in
grain conductivity.
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Fig.4 Experimental (symbols) and simulated (solid curves) IR reflection spectra for undoped ZnO ceramics obtained at compacting pres-
sures of 25 (a) and 150 (b) MPa

Table 1 The electrophysical
and optical parameters of

ZnO ceramics compacted at P=0 MPa P=25MPa P=150 MPa
different pressures

Parameter ZnO samples compacted with different pressure

v, cm™ 270 380 300
Yprcm™' 800 620 380

Vet €M™ 100 12 10
Yeior€cm™ 50 24 10

Carrier concentration, n, cm™ 1.0x10'® 1.67x10'8 1.04x10"8
Conductivity of grains, 6, Q™' cm™ 44,8 96,1 97,7
Mobility y, cm?/(Vs) 28,0 36,1 57,9

It should be noted that doping with Mn does not alter the grain conductivity [19], as the energy level of Mn,,** cations
is deep and lies below Fermi level. However, their presence in ceramics stimulates the formation of barriers at the grain
boundary, resulting in a decrease in its DC conductivity.

Another reason for the increase in DC conductivity due to compacting may be a reduction in porosity with increas-
ing pressure. In this case, its temperature dependence should not change significantly. This scenario can be realized for
P=50 MPa. However, at P=150 MPa, the temperature dependence of DC conductivity is almost absent. Therefore, we
can assume that, in this case, the main reason for the increase in DC conductivity is evidently the formation of conduc-
tive channels. It is worth nothing that this may initially lead to a decrease in the slope of the temperature dependence
of DC conductivity. Then, with an increase in channel conductivity, it eventually disappears (if channel conductivity is
temperature-independent). This situation is observed in the experiment (Fig. 2).

It should be noted that the increase in pressure and the formation of channels do not change practically the carrier
content in the grains (changes within experimental error). Since Zn interstitials are the main donors responsible for ZnO
conductivity, this may indicate that the quantity of zinc accumulated at the grain boundaries (forming channels) does
not significantly change the concentration of Zn interstitials in the grains.

For Mn-doped ZnO, no effect of manganese on the concentration of free electrons in ceramic grains is found, and as in
the case of undoped samples, it is independent of pressure value. Thus, even in doped samples, the increase in DC con-
ductivity value with increasing compacting pressure is not associated with a change in the conductivity of ceramic grains.

At the same time, as seen from Fig. 3, the slope of the current-voltage characteristics in these samples decreases, and at
the pressure of P=150 MPa, they become almost linear, indicating a decrease in the effect of barriers on DC conductivity.

Therefore, the decrease in the height of the barriers at the grain boundaries can be considered as one of the reasons for
the increase in DC conductivity of doped samples. However, the decrease in the slope of the temperature dependence of
the conductivity with increasing pressure value may also indicate the formation of conductive channels. In this case, their
effect may increase with decreasing temperature due to a decrease in the grain conductivity, and at low temperatures, chan-
nel conductivity may exceed grain conductivity. This may explain the greater change in conductivity at low temperatures
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with increasing compacting pressure. Thus, manganese-doped samples are likely have two reasons for the increase in DC
conductivity with compacting pressure, namely, the decrease in barrier height and the appearance of conductive channels.

Because the barriers are due to the formation of a depletion layer near the grain boundaries due to oxygen adsorp-
tion, a decrease in their height in ceramic samples can be caused by an increase in carrier concentration near the grain

boundaries.

3.4 Photoluminescence spectra

Some information on the nature of the conductive channels can be obtained from the analysis of photoluminescence
spectra. As seen from Fig. 5, the PL spectrum includes emission of free exciton and its phonon replica, as well as a broad
defect-related band that contains several components: 510 nm (~2.43 eV), 530-550 nm (2.34-2.25 eV), and 580 nm
(~2.14 eV). It has been found that the increase in compacting pressure leads to an enhancement of the exciton emission
and to a decrease in the intensity of the defect-related bands, the contribution of the component of 510 nm (~2.43 eV)
mainly reduced. As shown in Ref. [8], the latter band originates from a complex including interstitial zinc (Zn;). It should
be noted that a similar change in the ratio of the intensity of the luminescence bands was observed in Ref. [26] when the
surface of the ceramic sample was mechanically disturbed due to scratches with a sharp metal tip.

The decrease in the intensity of the green band indicates a reduction in the concentration of Zn, in the whole grain
or in some part of it. It is essential that a partial depletion of grains may not significantly affect the plasmon frequency
and, accordingly, the electron concentration estimated from the IR reflection spectra. Indeed, the plasmon frequency is
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Fig. 5 a Photoluminescence spectra of undoped ZnO samples, pressed at P=25 (1), 50 (2) and 150 (3) MPa. The inset shows in details the
defect-related PL band; b, ¢ the decomposition of the defect-related bands presented in (a) on PL components for curve 2 (b) and curve 3 (c)
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primarily determined by the contribution of the grain part with a higher electron concentration, and the areas depleted
of Zn; may not significantly affect the electron concentration estimated from the IR reflection spectra. This aligns with
our observation.

Thus, it can be concluded that increasing the compacting pressure leads to a decrease in the content of Zn; in some
part of the ceramic grain. Simultaneously, Zn; can accumulate in some other areas of the ceramic sample, which act as
channels with high conductivity. The latter may be dislocations that can form during compacting or grain boundaries.
Notably, the accumulation of Zn interstitials near dislocations was observed in ZnO single crystals [10], while the appear-
ance of metal zinc on the surface of nanocrystals after the application of hydrostatic pressure of several GPa was found
in Ref. [11].

It is noteworthy that the accumulation of Zn; near the dislocations results usually in a decrease in the intensity of the
phonon-free line compared to its phonon replica in the exciton emission spectrum. This phenomenon was not observed
in our case. Therefore, we can infer that the formation of conductive channels is primarily attributed to the accumula-
tion of Zn; at the grain boundaries. This deduction is substantiated by the Auger maps (Fig. 6), which depict the surface
image and spatial distribution of zinc for ZnO samples compacted at P=50 MPa (Fig. 6a, b) and 150 MPa (Fig. 6¢, d). In
these presentations, the green color corresponds to a lower Zn content, while the red color indicates a higher amount. A
comparative analysis of SEM COMPO images of the ceramic surfaces with corresponding distribution of the intensity of
Zn-related Auger signal reveals that the grain boundaries are enriched in zinc. Furthermore, the gradient in Zn content
in ZnO sample compacted at 150 MPa is more pronounced than that in the sample prepared at 50 MPa.

It is seen that the increase of compacting pressure (Fig. 6a) results in the decrease of ceramic porosity which is signifi-
cant at P=25 MPa but is low enough for P=50 and 150 MPa. At the same time, Zn-related Auger maps for P=50 MPa and
P =150 MPa show the increased Zn content at grain boundaries (Fig. 6b). Thus, the main reason of conductivity increase
is the formation of conductive channels due to Zn accumulation on the grain boundaries. The more pronounced effect
was found for the ZnO compacted with P=150 MPa (Fig. 6d). This testifies to the enhancement of grain boundary Zn
enrichment with increase of compacting pressure. One of the possible reasons of Zn accumulation at the grain boundaries
can be Zn extraction from the grains facilitated by appearance of electric field due to piezo effect.

Fig.6 SEM COMPO images
of ceramic morphology (a,
¢) and Zn-related Auger
maps (b, d) for ZnO samples
compacted at P=50 MPa (a,
b) and 150 MPa (c, d). The
Auger maps are qualitative.
The green color corresponds
to the lower Zn amount and
the red—to the higher Zn
amount. The maps show that
the gradient in Zn content in
image (d) is more prominent
than that in image (b)
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4 Conclusion

The impact of compacting pressure on the structural, luminescent, and electrophysical characteristics of undoped
and manganese-doped ZnO ceramics was investigated by X-ray diffraction, IR reflection spectroscopy, photolumi-
nescence, and DC electrical conductivity, along with SEM and Auger spectroscopy methods. It was observed that
compacting pressure does not influence the orientation of the ZnO crystallites and does not create significant
residual stresses. However, it brings substantial changes in electrical and luminescent characteristics. The increase
in compacting pressure results in enhanced DC conductivity of undoped ceramics, and at a pressure of 150 MPa, the
temperature dependence of its conductivity disappears. In doped samples, both an increase in DC conductivity and
a reduction in the superlinearity of the current-voltage characteristics were observed.

Possible reasons of these changes are considered, including the increase in DC conductivity due to the decreased
height of barriers at grain boundaries, enhanced electron concentration in ceramic grains, reduced porosity and the
formation of highly conductive channels bypassing grains.

The comparison of electrophysical parameters obtained from DC measurements and modeling of IR reflection
spectra demonstrated that an increase in compacting pressure does not significantly alter the concentration of
electrons in ceramic grains. In undoped samples, the absence of barriers is inferred from the linearity of the cur-
rent-voltage characteristics. The primary reason for observed conductivity increase is concluded to be the forma-
tion of channels with high conductivity bypassing ceramic grains. In doped samples, the decrease in the slope of
current-voltage characteristics and the temperature dependence of DC conductivity can also be attributed to the
formation of conductive channels. The analysis of the Zn-related Auger maps and luminescence spectra suggests
that the increase in compacting pressure results in the accumulation of interstitial zinc at the grain boundaries act-
ing as channels with enhanced conductivity. The formation of these channels may also contribute to a decrease in
barrier height.
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