Downloaded via UNIV OF WISCONSIN-MADISON on March 19, 2021 at 21:22:52 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACS

Co

pubs.acs.org/acscombsci Research Article

inatorial
ience

Exploring the First High-Entropy Thin Film Libraries: Composition
Spread-Controlled Crystalline Structure

Thi Xuyen Nguyen, Yen-Hsun Su, Jason Hattrick-Simpers, Howie Joress, Takahiro Nagata,
Kao-Shuo Chang, Suchismita Sarker, Apurva Mehta, and Jyh-Ming Ting

Cite This:ACS Comb. S@020, 22, 858866 I:I Read Online

ACC ESB [l Metrics & More | Article Recommendations ‘ * Supporting Information

ABSTRACT:Thin Ims of two types of high-entropy oxides Composition
(HEOs) have been deposited on 76.2 mm Si wafers using . X /N
combinatorial sputter deposition. In one type of the oxjdes, h
(MgZnMnCoNi)Q, all the metals have a stable divalent oxidatign < ® ¢ o/
state and similar cationic radii. In the second type of oxides,
(CrFeMnCoNi)Q, the metals are more diverse in the atonict
radius and valence state, and have good solubility in their sub-
binary and ternary oxide systems. The resulting HEQIrtt®n
were characterized using several high-throughput anglytical
techniques. The microstructumomposition, and electrical
conductivity obtained on ded grid maps were obtained for

the rst time across large compositional ranges. The crystalline structurbnsfwaes observed as a function of the metallic
elements in the composition spreads, that is, the Mn and Zn in (MgZnMnCadi)®@n and Ni in (CrFeMnCoNi)QThe
(MgZnMnCoNi)Q, sample was observed to form two-phase structures, except single spinel structure was found in
(MgZnMnCoNi)Q, over a range of Mn > 12 at. % and Zn < 44 at. %, while (CrFeMnCai$Galways observed to form
two-phase structures. Composition-controlled crystalline structure is not only experimentally demonstrated but also supported
density function theory calculation.
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INTRODUCTION HEO powders andims™>?° were reported. The resulting
4 crystalline structures were reported to be mostly rock salt

has led to intensive investigations on various classes Sgpctures that had unique and promising properties and

nonmetallic high-entroP%/ materials, such as high-entropy oxi(ﬁ] ?IIetnft rptehrf?rrmf?n(i:e.l (I\r/IgC(r)tIi\liCuZn)Odiplowtorliersaﬁretz r?tf
(HEOs)? 7 carbide§, '* diborides?™® nitrides:*™® sili- erest for their physical properties (e.g., dielectric consta

cides:®’ and chalcogenid®sbecause of their expected and magnetic properﬁéand applicatior's. ** On the other
multifunctional properties. These nonmetallic high-entrop and, thin-m (MgCoNiCuZn)O-based HEOs are much less

materials are fundamentallyedent from HEAs: hence, their cXPlored excepta few studiegéeportin_g their thermal $tability
properties and potential applications arereit too 2* and antiferromagnetic propertids addition to the rock salt

Because of the complexity of studying HEOS, to date, there hg@ructure, these compounds have also been observed to form

(] : 35
been relatively few studies investigating the vast number nel oxides.
compositions and morphologies of potential HEOs. Currentlﬁ

EOs represent a new and exciting class of materials to be
HEOs can be divided into two groups based on the elemen xplored. The huge space for exploration provides the tantalizing
involved: transition metal-based oxides and rare earth met

yportunity for tuning material properties by understanding and
based HEOs. ntrolling the processing-composition-phase-property rela-
The transition metal-based (MgCoNiCuZn)O system is b

)gonships of these materials. All of these depend upon the
far the most studied HEO cl&€82# Equimolar (MgCoNi- nderstanding of material characteristics, which begins with and
Cuzn)O exhibiting a single-phase rock salt structure was

The rst demonstration of high-entropy alloy (HEA) in 200

pioneered by Rost et al. in 20184gCoNiCuzZn)O was  Received: July 31, 2020 Ciioreterel
synthesized using a solid-state reaction process in which frevised: October 8, 2020 iy V"’;}'
constituent oxides were used as the starting materials. This Wag/ished: November 4, 2020 ng%_‘.ﬂ;
the rst demonstration that entropy could dominate the free Y '('0
energy in oxides stabilizing a crystalline oxide hesinggtal —

cations. Following this publication, (MgCoNiCuZn)O-based

© 2020 American Chemical Society https://dx.doi.org/10.1021/acscombsci.0c00159
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Figure 1.(a) Element contour plots for RS1. Ternary diagrams for (b) RS1, (c) RS2, and (d) SP.

is closely related to the synthesis of the material. Currently, HE@udy, slowing down the pace of HEO research, particularly
powders or pellets are synthesized through solid-state reactigigen the large parameter space. Hence, a rapid synthesis and
wet chemical processes, and thermal pyrolysis; whilenthin- characterization approach is desired to speed the rate of
HEOs are obtained using pulsed laser depdsitiofi. discovery and eventually deployment. So far, there have been
Typically such studies are performed using traditional oneery few studies on HEO thiims that address the
sample-at-a-time synthesis techniques which restricts the rateahpositional dependence of their structural stability and
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properties. For low-order complex materials, combinatoriiin- Im wafer. The sheet resistivity was determined using a

chemistry has been proven to be a powerful tool for exploririgur-probe scanning system (Napson, RT3000RG-80N) with a

the material characterisfics® It is, therefore, our objective to  spot size of ¥ 7 mm. High-throughput structural character-

use combinatorial sputter deposition to make HEOIths) ization was performed at the Stanford Synchrotron Radiation

which are then characterized using several high throughpught Source beamline 4. Details regarding the end station

analytical techniques. The combinatorial sputter depositiand the measurement grid can be found idZ2efsd43.

technique also permits the systematic study of nonequimolarSimulation. The formation energy of the HEO was

HEOs, which are key to the tunability of their functionalcalculated via density function theory (DFT) using VASP6.0

properties. (Vienna Ab initio Simulation Package). The pseudopotential
Here, we present the high-throughput study of tvecedit was generated using the projector augmented wave method. The

systems of thinm HEOSs, including (MgZnMnCoNi)@nd exchange-correlation energy was described by the generalized

(CrFeMnCoNi)Q, via combinatorial thinm sputtering with  gradient approximation (GGA) in the parametrization of

widely varying nonequiatomic compositions. (MgZnMnCoNi)Perdew Becke Ernzehof? The cuto energy was 520 eV.

O, involves ve metals of Mg, Zn, Mn, Co, and Ni. The gamma-centered grid dimensions wedex4. Supercell

(CrFeMnCoNi)Q involves ve metals of Cr, Fe, Mn, Co, and dimensions for the RS1 and RS2 were 1%.24.84 A 11.24

Ni. In the rst system, all the metals have stable divalenk andfor SP were 8.49 8.49 A 8.49 A. There were 64 atoms

oxidation state, similar cationic radii, and coordination numberger unit cell in RS1 and RS2 and 56 atoms in SP. All structures

The specic divalent oxides, Co, Ni, Mn, Mg, and Zn have aconsidered have been relaxed using the GGA. Both the atomic

cationic radius of 0.65, 0.69, 0.7, 0.72, and 0.6 nm, resf@ctivelyosition and volume have been optimized.

Their sub-binary oxides show good solubility between the two

oxides, except that MgO and ZnO have limited solubility ineach RESULTS AND DISCUSSION

other. The metals in the second system are more diverseTiie XRF elemental compositions of the resulting HEO thin

cationic radii and valence states but still exhibit great solubility iftms are rst presentedrigure & shows the contour plots of

their sub-binary and subternary oxide systems. It is, therefasgsments Mn, Co, Ni, and Zn in the RS1. The measured points

believed that the metal oxides would result in a solid solutiaire shown in the ternary phase diagFamuie b). Because of

based on the rule of solubifityThese thindm HEOs have its low energyorescence line, Mg was not detectable using the

been deposited using combinatorial sputter deposition. VWRF. However, EDX analysis shows little variation in the Mg

demonstrate that with a total of three common metals (Mn, C&omposition, as shown kigure S1Table 1lists the

and Ni) in both systems, the resultilmgs consist of both rock

salt and spinel structures. However, by adjusting the sputtesple 1. Element Concentration Ranges in @&ent Films

power and replacing the Cr and Fe with Mg and Zn single-phase

spinel can be formed. Such compositional-controlled structure Mn Co Cr Fe

X i 0, 0 i 0 0 0 0
demonstrated experimentally and theoretically. Zn(@%) (a%) - Ni(@k) (@) (@) (@)
RS1 33.3 6.520.8 3541  3.367
52.5

EXPERIMENTAL SECTION REo 589 51222 235 P

Combinatorial Synthesis. (MgZnMnCoNi)Q, and 60.4 35.6
(CrFeMnCoNi)Q, thin- Im libraries were obtained via SP 14.3 53.2 35107 1.447 276.4
combinatorial RF cosputtering of a MnO target (UMAT, 33.9 0.8
99.9% pure) and (MgCoNizn) and (CrFeCoNi) composite
targets (UMAT, 99.9% pure), respectively, on 76.2 mm [100] Soncentration ranges for Mn, Co, Ni, and Zn. The contour
wafers. The composite target consisted of 4 segmented metalts and the ternary diagrams for the R82are shown in
wedges hot pressed to form a single 76.2 mm diameter targégjures S2andlc, respectively; while concentration ranges are
The Ims were deposited under an Arfatio of 10:1 andata given inTable 1 It is seen that both the Mn and Zn show
working pressure of 0.4 Pa (3 mTorr). During deposition, thexcellent composition spreads across the RS1 antinRS2
substrates were heated to a temperature 6fC80®or the which are (MgzZnMnCoNi)Q The Mn concentration
(MgZnMnCoNi)Q, system, twolms were grown, RS1 and decreases from the left- to the right-hand sides, while the Zn
RS2. For bothims, the (MgCoNiZn) target power was 100 W, concentration decreases from the upper-left to the upper-right
butthe MnO target powers were 100 and 80 W for RS1 and RS#) the Im. Much less compositional variation for Co and Niwas
respectively. The MnO and (CrFeCoNi) target powers for théound. This could be due to the lower sputtering yield
deposition of (CrFeMnCoNi)@hin Ims were 100 and 80 W, (especially with respect to Zn) or possibly the 4 quarters design
respectively. The (CrFeMnCoNj§ample is designated as SP. of the target coupled with the target-chamber geometry. For the
After the deposition, the samples were cooled to roor8P Im (Figures S2land 1d), the concentration ranges are
temperature under vacuum. presented iffable 1 In this Im, only the Mn and Ni show

High-Throughput Characterization. The material libra-  composition spreads across himgwith Mn and Ni decreasing
ries were investigated by high-throughput characterizatiamd increasing, respectively, from the left- to the right-hand sides
techniques. The metal composition was characterized with an the Im. The other elements exhibit litle compositional
X-ray uorescence spectrometer (XRF, ShimadzDX- variation.
1400). The accelerating voltage of the XRF is 50 kV (Rh target,Sheet resistance was determined using a scanning 4-point
100 A). The whole wafer was mapped with a spot size of 1 mprobe measured on 89 data points of a square grid. The resulting
x 1 mm. Since the XRF cannot detect Mg, we used SEM ED&rnary diagrams are showRigure Zor all three Ims, while
with accelerating voltage of 10 kV (ADas a supplementary sheet resistance contours are displayédgime S3The
tool to show the existence and distribution of Mg. Theconcentration regions covering the corresponding the 4-point
concentration of Mg was detected agr@int positions in the  probe measurements are shown in the ternary diagrams. Both
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(C) Mn/at.% Figure 3.XRD patterns across the central horizontal line for (a) RS1,
(b) RS2, and (c) SP.

Figure 2Ternary diagrams of sheet resistance of (a) RS1, (b) RS2, and

(©) sP. each Im are shown irrigure S4bd. Spinel and rock salt
structures were found in all three samples. RS1 and RS2, having
the (MgZnMnCoNi)Q Ims (RS1 and RS2) have higher sheetthe same constituent elements, show quite similar XRD
resistance, on the order ot tt010' ohm/sq, compared to the  di raction proles. No wurtzite ZnO phase was observed even
(CrFeMnCoNi)Q  Im (SP), which is on the order oP 101 with high Zn concentration. There is little peak shift with the Mn
ohm/sq. It is notable that the sheet resistance continuousdnd Zn concentration variations. The lattice spacing therefore
decreases with the Mn concentration along the Mn and Zshows minimal concentration dependefdguie ). The
binary in the RS1 and, much more sigmitly, in the RS2ms. lattice spacing was calculated from the spinel (3tdgtain
Synchrotron XRD scanning was performed to obtain 17@lane and rock salt (111) diction plane. However, SP shows
patterns from each of théms; Figure S4shows the grid  signicant peak shifts toward to higheralition angles in
positions on the 76.2 mm wafer. The selected XRD patterfimited concentration ranges, as shown by the lowsaetion
across the central horizontal line for all litms are shown in  patterns. Therefore, as showfigure 4in the Mn and Ni
Figure & c; while the top views of all 177 XRD patterns onbinaryd-spacing decreases with Mn concentration.
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Figure 4.d-Spacing of (311) spinel diction plane and (111) rock saltrdction plane of (a and b) RS1, (c and d) RS2, and (e and f) SP.

To further show the correlation between the elementaks shown ifrigures & andS5a Spinel structure dominates in
concentration and the crystalline structure, the magetibin the Mn-rich region, rock salt domination is in the Zn-rich region.
peaks o 2.45 (311 plane) and 2.55'4111 plane) were  Likewise, the same trends were observed in RS2, as shown in
selected to represent the phase fraction of the spinel and rdekure S5kHowever, single phase spinel structure was observed
salt structures, respectivelgure 5shows the ternary phase on RS2 nearthe Mn-rich region in the Mn and Zn pseudobinary.
ratio diagrams of all the samples. The spinel to rock salt phadee single-phase structure was obtained in where the Mn
ratio was determined by the peak intensity ratio and is expresseticentration is more than 12 at. % and Zn less than 44 at. %.
as SP/(SP+RS) where SP is spinel and RS is rock salt. Inthe RB& dependence of crystalline structure on the elemental

Im, the spinel structure decreases with decreasing Mn aodncentration was not observed when Co and Ni were
increasing Zn concentrations; while the rock salt structunsidered due to their insigiaint composition spreads. For
increases with decreasing Mn and increasing Zn concentratighs, SP Im, the same structure-concentration dependence was
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Figure 5.Ternary phase diagrams for phase ratio of (a) RS1, (b) RS2, and (c) SP.

found when considering Mn and Ni, as showigimes &and gradually becoming thicker from the Mn rich to Zn-rich region
S5¢ On the other hand, the structupeoperty relation was or from the single-phased spinel to the rock salt rich regions.
investigated by considering the change of sheet resistance its is attributed to the higher sputtering yield of Zn and the
varying grain size. The crystalline grain size was calculated ukimger density of rock salt phase. The concentrations of elements
the Scherrégequation= — k__ whereis shape factor (0.9), Were also obtained and are listedahle S1The data are

) cos g . ) . consistent with the XRF data.

is the X-ray wavelength (niB)radians) is the full width at  The calculated formation energy, thatis, the enesggraie
half-maximum, and (radians) is the Braggngle. The spinel  petween the HEO structure and its constituents at the ground
(311) di raction peak was used to do the calculaiigmre S6  gtate using DFT simulation also supports that Mn-poor and Zn-
shows the sheet resistance as a function the of crystalline ggiNji-rich regions favor the formation of rock salt fFigses 7
size for RS1 and RSEns. The sheet resistance in generalshows that the formation of rock salt phase is more favorable
decreases with grain size. As mentioned above, sheet reS'Stﬁ)ﬂﬁereducing Mn concentration. On the other hand, spinel
was also found to decrease with increasing Mn concentration HPfase is favorable at higher Mn concentratiogsré Sy
both RS1 and RSins. As shown figure SMn-richregion  gpinel oxide is known to have much higher conductivity than
exhibits spinel-rich structure. This indicates lthesheet o0k salt oxide. As a result, the sheet resistance decreases with
resistance do_mlnates by the spinel phase and decreases W'tlﬁﬁbespinel phaseigure SB In the single-phase region, the
spinel grain size. , _sheet resistance sharply dropped. In other words, the

TEM analysis was further used to examine the crystalling,rementioned continuous decrease of sheet resistance with

structure of RS2. Three spots near the I_eft edge, center, and rigld mn concentration along the Mn and Zn pseudobinary in the
edge across the central horizontal line on the wafer Weggs> |m roots in the structural variation.

investigated. The HRTEM image and theadtion pattern
shown irFigure @ indicate single-phase spinel at the left edge.
In center region, TEM analysis show the coexistence of spinel CONCLUSIONS

and rock saltRigure 6). Moving toward to right, rock salt We have demonstrated the use of a combinatorial sputtering
phase dominates with spinel as the minor gfigses 6). The technique to deposit HEO thilms on 76.2 mm wafers. Two
TEM-EDS mappings of the three spots were also examined appe of HEOs were investigated, namely, (MgZnMnCgNi)O
are shown inFigure 8 f, respectively. All the elements and (CrFeMnCoNi)Q The resulting HEO thinlms are
distribute homogeneously. The thickness is slightly antharacterized using several high throughput analytical techni-
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Figure 6 HRTEM and corresponding SEAD of three local positions through the center horizontal line (a) right edge, (b) center, and (c) left edge.
TEM-EDS mappings of the above three spots: (d) left edge, (e) center, and (f) right edge.

Figure 7.DFT formation enthalpy energy of rock salt phase as a function of Mn concentration.

gues with dened grid maps. Mn and Zn show excellentgrid map. Synchrotron XRD scanning shows that the crystalline
composition spreads across the (MgZnMnCgNi)@s, phase in thelm is composition-controlled. The Mn-rich, Zn-
giving opposite concentration dependence on the grid magmor region in the (MgZnMnCoNi)OIm and the Mn-rich,
For the (CrFeMnCoNi)Q Im (SP), Mn and Ni spread across Ni-poor region in the (CrFeMnCoNi)O Im favors the

Ims, also showing opposite concentration dependence on fleemation of the spinel phase. Thisling is also supported
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