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b

Fig. 2. EBSD Images of ND-RD observation area at 600°C (a), 750°C (b).

TEM analysis of hot deformed samples at different temperatures
shows a trend that the structure consists primarily of two types of
structures: lath-like structure and fine equiaxed recrystallized struc-
ture (Fig. 3, a). The laths contain a high density of dislocations
(Fig. 3, b). The EBSD recrystallization positive polarity map of the hot-
deformed sample also shows a small orientation difference between the
deformed and recrystallized grains, indicating that dynamic recrystal-
lization occurs through continuous subgrain boundary rotation
(Fig. 4).

An average analysis of the EBSD grain boundary diagram reveals
that this elongated microstructure contains high-density, small-angle
grain boundaries surrounded by fine, equiaxed, dynamically recrystal-
lized grains. There are two theories regarding its formation: the first
one is the originally equiaxed grains, under high temperature and with
suitable grain orientation and sufficient independent slip systems,

Lath-like
structure

a

Fig. 3. TEM microstructure of deformed samples: lath and partial recrystalli-
zation structure (a); lath structure contains high density of dislocations (b).
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Fig. 4. EBSD grain boundaries map of hot deformed sample.

they can uniformly deform into elongated shapes, similar to the de-
formation of cubic metal grains; and the second one they are formed
from original coarse equiaxed grains through continuous horizontal
shearing and friction at high temperatures, with the large grains dis-
appearing slowly and being partially retained [12-15]. Figure 4 shows
that there are many subgrain boundaries within the large, elongated
deformed grains, indicating that slip deformation also occurred within
the elongated structure. The slip systems that zirconium alloys may
excite at high temperatures mainly include the {1010 }<1210> cylin-
drical slip system, the {1010} and {1121} conical slip system, and can
also be obtained through the {1012 }<1011> twins nromote the defor-
mation of zirconium alloys, while the {1010}<1210> and {1011}<
1210> slip systems can provide 2 and 4 independent slip systems
[16, 17], respectively. This indicates that although Zr—-Sn—Nb-Fe alloy
has a relatively large number of independent slip systems at high tem-
peratures, it still has fewer independent slip systems compared to cu-
bic metals. On the other hand, from the perspective of orientation dis-
tribution, the orientation of the elongated structures is relatively close
to that of the recrystallized equiaxed grains, both being slightly de-
flected tangential orientations, which are conducive to the activation
of the <a> and <a + ¢> slip systems [18]. This indicates that the original
large grain orientations corresponding to these elongated structures
are conducive to plastic deformation, while the distortion energy ac-
cumulated during the deformation process is relatively low. The origi-
nal coarse grain orientations of other parts are not conducive to plastic
deformation, and the distortion energy accumulated during the de-
formation process is relatively high.

Studies by K. Murty et al. have shown that under higher extrusion
ratios, Zr—-0.25Sn-1.0Nb—0.35Fe zirconium-alloy extrusion billets al-
so exhibit similar elongated structures, while Zr-4 alloys all exhibit
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fine equiaxed recrystallized structures. This indicates that the slower-
diffusion Nb element may hinder the dynamic recrystallization of
Zr—-Sn—-Nb-Fe zirconium alloys [19]. Therefore, during hot defor-
mation, deformed structures with high distortion energy will become
fine equiaxed dynamic grain structures due to dynamic recrystalliza-
tion. The presence of Nb element hinders the dynamic recrystallization
of some deformed structures with lower distortion energy, and the dis-
locations inside will merge to form small-angle grain boundaries or
subgrain boundaries, still basically preserving the original grain
structure the elongated tissue after deformation.

3.2. Precipitated Phase

SEM analysis showed that there were precipitates in the hot-deformed
samples deformed at 600°C and 750°C (Fig. 5). Most precipitates which
were distributed in a string-like pattern along the hot deformed direc-
tion, with an average size of more than 250 nm in an average. Most of
the precipitates at 600°C are fine particles and the energy dispersive
spectroscopy analysis shows that the mainly composed of Nb indicating
high B-Nb precipitate percentage, and some of Zr(Nb, Fe).. At 750°C,
the precipitate shows the same trend of elongated along the deformed
direction, indicating that these precipitates have good plasticity. In
niobium—zirconium alloys, except for the metallic 3-Zr and B-Nb, the
others are relatively hard and brittle intermetallic compound precipi-
tates. B-Nb is generally finer. Energy dispersive spectroscopy analysis
shows that most precipitates are mainly composed of Zr and a small
amount of Fe and Nb. Considering that zirconium alloys with Nb con-
tent exceeding 0.6% will undergo segregation reaction at a certain
temperature. Studies by Toffolon et al. have shown that the segrega-

Fig. 5. SEM second phase particles image of hot deformed sample: low magni-
fication at 600°C (a); high magnification at 600°C (b); sample deformed at
750°C (c).
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tion temperature of Zr—1.0Nb is above 600°C, while studies by Hyun-
Gil Kim etal. have shown that the segregation temperature of
Zr-2.0Nb is approximately 585°C [8, 9]. However, the temperature
during hot deformation of the Zr-Sn—Nb-Fe alloy in this study exceeds
this temperature, allowing it to enter the o+ phase region. The B
phase is likely to be retained at the end of deformation due to the rapid
cooling rate. Therefore, the precipitates observed by SEM should al-
most be B-Zr.

TEM studies revealed that the precipitates in the hot-deformed
samples were almost retained B-Zr structures at the grain boundaries
(Fig. 6), and trace amounts of B-Nb and the Zr(Fe, Nb). phase (Fig. 7).
The Nb/Fe value in the Zr(Fe, Nb): phase is relatively dispersed, rang-
ing from about 0.1 to 15, while the Nb/Fe ratio in the Zr—-Sn—Nb—Fe
zirconium alloy containing the Nb and Fe second phase is generally in a
smaller range [20-22]. This indicates that for primary products such
as Zr—-Sn—Nb alloy hot deformed samples, the distribution of alloying
elements is not uniform. In addition to solid solutions in precipitates
such as B-Zr and Zr(Fe, Nb)., a large number of alloying elements are
supersaturated and solidly dissolved in the matrix, which is signifi-
cantly different from a uniform equilibrium structure. A uniform
equilibrium structure can be obtained through subsequent processing.
K. Murty et al. study on Zr—0.25Sn—-1.0Nb-0.35Fe zirconium alloy ex-
trusion billets showed that the precipitates mainly consisted of harder
intermetallic compound precipitates Zr(Fe, Cr): and (Zr, Nb).Fe;, as
well as softer metallic precipitates B-Zr and B-Nb, etc. [19]. This indi-
cates that even at lower deformation temperatures, Zr—Sn—Nb zirconi-
um alloys may will produce B-Zr. Considering B-Zr and its string-like
structures formed during subsequent processing, the adverse effects
of distributed second-phase particles on the corrosion of zirconium al-

" "Retained B-Zr

Fig. 6. Image of B-Zr precipitated in hot deformed samples.
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Nb finc precip

Fig. 7. Image of precipitated B-Nb (a), Zr(Fe, Nb): ().

loy necessitate measures during subsequent processing to eliminate
residual B-Zr and the formation of string-like second-phase distribu-
tions, resulting in a finely dispersed second-phase [21, 23]. Further-
more, considering that supersaturated Nb dissolved in the zirconium
matrix also negatively impacts the corrosion resistance of zirconium
alloys [24], Zr-Sn—Nb-Fe zirconium alloys should be deformed at the
lowest possible temperature, with a larger rolling deformation and a
lower annealing temperature to promote the full precipitation of Nb
within the zirconium matrix, forming a finely dispersed second phase
and improving the corrosion resistance of Zr—-Sn—Nb-Fe zirconium al-
loys.

4. CONCLUSION

The results of studying microstructure and precipitates evolution of
Zr—Sn—Nb-Fe alloy during hot deformation at oo and o + B phase showed
the following.

1. The alloy matrix is a mixture of lath-like structure and locally dy-
namically recrystallized fine-grained structure.

2. During deformation, most precipitates are distributed in a string-
like pattern. At 600°C, fine particles with mainly composed of Nb indi-
cate high B-Nb precipitate percentage, and some of Zr(Nb, Fe),. As
temperature rises to the o + f two-phase region, residual B-Zr and trace
amounts of 3-Nb and Zr(Fe, Nb): phases can be observed in the matrix.
3. This inhomogeneous microstructure negatively influences its corro-
sion resistance. Therefore, subsequent processing of Zr—-Sn—Nb—-Fe al-



492 A.W.ALDEEN, D. Y. MAHDI, and M. S. TUMA

loy should employ large deformation and low-temperature annealing
processes to obtain a fine, dispersed second-phase microstructure,
thereby improving the alloy corrosion resistance.

The authors gratefully acknowledge Baoji Five Elements Metal Co.,
Ltd, for the Zr alloy sheet. Special thanks to Mr. Erik Nilsson and Prof.
Chen for their cooperation in this work.

AUTHORS’ CONTRIBUTIONS

Ali W. Aldeen: methodology, validation, formal analysis, visualiza-
tion, writing-original draft, review & editing, article structure con-
struction. Dina Y. Mahdi: review & editing. Mohammed. S. Tuma: re-
sources.

REFERENCES

1. B. O. Okonkwo, Z. Li, L. Li, J. Wang, and E.-H. Han, Corros. Rev., 43, Iss. 6:
609 (2024).

2. J.Hu and G. Cao, Zirconium Alloy Coatings: Advances in Research and Applica-
tions (Singapore: Springer Nature: 2025).

3. A.W. Aldeen, Z. W. Chen, I. A. Disher, M. Samiuddin, and K. Yan, Phys. Met.
Metallogr., 124, No. 4: 362 (2023).

4. A. M. Garde, R. J. Comstock, G. Pan, R. Baranwal, L. Hallstadius, T. Cook, and
F. Carrera, Zirconium in the Nuclear Industry: 16th International Symposium
(Eds. M. Limbick and R. Baranwal) (West Conshohocken, PA: ASTM Interna-
tional: 2012), 1529, pp. 649-681.

5. C. Sun, Z. Yang, and Z. Wu, World J. Nucl. Sci. Technol., 8, No. 2: 30 (2018).

6. R. Qiu, B. Luan, L. Chai, X. Zhang, and Q. Liu, Sci. China Technol. Sci., 56,
No. 1: 60 (2013).

7. W. Zhao, Y. Liu, H. Jiang, and Q. Peng, J. Alloys Compd., 462: 103 (2008).

8. C. Toffolon, J. Cristophe, and G, Jago, ASTM Spec. Tech. Publ., 1423: 361
(2002).

9. H.-G.Kim, J.-Y. Park, and Y.-H. Jeong, J. Nucl. Mater., 347, Nos. 1-2: 140
(2005).

10. R.Kondo, N. Nomura, Y. Tsutsumi, H. Doi, and T. Hanawa, Acta Biomater., 7,
No. 12: 4278 (2011).

11. Y.P.Devi, H. Donthula, N. Keskar, A. Sarkar, K. Vaibhaw, and
K. V.M. Krishna, J. Nucl. Mater., 530: 151978 (2020).

12. Y.Bi,B. Chen, L. Lu, and J. Yang, Mater. Today Commun., 40: 109524 (2024).

13. A.I Dekhtyar, V. I. Bondarchuk, O. P. Karasevska, D. V Oryshych,
D. G. Savvakin, and M. A. Skoryk, Mater. Charact., 158: 109949 (2019).

14. K.K.Saxenaand V. Pancholi, Met. Mater. Int., 27, No. 7: 2106 (2021).

15. K. Saxena, V.Pancholi, G. Chaudhari, and D. Srivastava, Mater. Sci. Forum,
890: 319 (2017).

16.  A. Gaillac, C. Lemaignan, and P. Barberis, Zirconium in the Nuclear Industry:
16th International Symposium (Eds. M. Limbdck and R. Baranwal) (West Con-


https://doi.org/10.1515/corrrev-2024-0075
https://doi.org/10.1515/corrrev-2024-0075
https://doi.org/10.1007/978-981-96-5028-6_1
https://doi.org/10.1007/978-981-96-5028-6_1
https://doi.org/10.1134/S0031918X22601470
https://doi.org/10.1134/S0031918X22601470
https://doi.org/10.1520/STP152920120031
https://doi.org/10.1520/STP152920120031
https://doi.org/10.1520/STP152920120031
https://doi.org/10.4236/wjnst.2018.82004
https://doi.org/10.1007/s11431-012-5063-7
https://doi.org/10.1007/s11431-012-5063-7
https://doi.org/10.1016/j.jallcom.2007.08.047
https://doi.org/10.1520/stp11397s
https://doi.org/10.1520/stp11397s
https://doi.org/10.1016/j.jnucmat.2005.08.008
https://doi.org/10.1016/j.jnucmat.2005.08.008
https://doi.org/10.1016/j.jnucmat.2005.08.008
https://doi.org/10.1016/j.jnucmat.2005.08.008
https://doi.org/10.1016/j.jnucmat.2019.151978
https://doi.org/10.1016/j.mtcomm.2024.109524
https://doi.org/10.1016/j.matchar.2019.109949
https://doi.org/10.1007/s12540-020-00812-8
https://doi.org/10.4028/www.scientific.net/MSF.890.319
https://doi.org/10.4028/www.scientific.net/MSF.890.319
https://doi.org/10.1520/STP152920120011
https://doi.org/10.1520/STP152920120011

17.
18.

19.
20.

21.

22.

23.
24.

THE EFFECT OF HOT DEFORMATION IN THE oo AND o + BPHASE FIELDS 493

shohocken, PA: ASTM International: 2012), 1529, pp. 288-315.

E. Tenckhoff, J. ASTM Int., 2, No. 4: 1 (2005).

T. A. Hayes and M. E. Kassner, Mechanical and Creep Behavior of Advanced
Materials (Ed. Linga Murty) (Springer: 2017), pp. 103-114.

K. L. Murty and I. Charit, Prog. Nucl. Energy, 48, No. 4: 325 (2006).
A.V.Nikulina, V. A. Markelov, M. M. Peregud, Y. K. Bibilashvili, and

V. A. Kotrekhov, Zirconium in the Nuclear Industry: Eleventh International
Symposium (Eds. E. R. Bradley and G. P. Sabol) (West Conshohocken, PA:
ASTM International: 1996), 1295, pp. 785—-804.

J. Huang, M. Yao, C. Gao, X. Liang, J. Peng, and J. Zhang, Corros. Sci., 99: 172
(2015).

C. Toffolon-Masclet, J.-C. Brachet, and G. Jago, J. Nucl. Mater., 305, Nos. 2—3:
224 (2002).

L. Chen, X. Song, H. Pang, and L. Liu, Prog. Nucl. Energy, 93: 84 (2016).
B.D.C. Bell,S. T. Murphy, R. W. Grimes, and M. R. Wenman, Acta Mater.,
132: 425 (2017).


https://doi.org/10.1520/STP152920120011
https://doi.org/10.1520/JAI12231
https://doi.org/10.1007/978-3-319-51097-2_9
https://doi.org/10.1007/978-3-319-51097-2_9
https://doi.org/10.1016/j.pnucene.2005.09.011
https://doi.org/10.1520/STP16201S
https://doi.org/10.1520/STP16201S
https://doi.org/10.1520/STP16201S
https://doi.org/10.1016/j.corsci.2015.06.030
https://doi.org/10.1016/j.corsci.2015.06.030
https://doi.org/10.1016/S0022-3115(02)00911-X
https://doi.org/10.1016/S0022-3115(02)00911-X
https://doi.org/10.1016/j.pnucene.2016.08.002
https://doi.org/10.1016/j.actamat.2017.04.063
https://doi.org/10.1016/j.actamat.2017.04.063






















OYHRKIIOHAJIBHI HAHOCTPYKETYPOBAHI KOMITOSUTH 501

30iJIBIIEHHAM 3epHa aycTeHiTy aminIiTyna curuaay [30] s30inabpmryerses
mo 0,7 mB, a B pasi Hak/JaJaHHA MarHeTHOTO IIOJA aMILIITyIa CUTHAJIY
aminaoi hopmu moske ctanoBuTu 10 mB.

3pyuHuMu Ta HagintauMmu 3acodbamu izentudikaiii TMII e mommupeni
metonuku JICK, HU3bKOIIOJIBOBOI MarHeTHOI CIPUAHATINBOCTH ¥ eJIeK-
Tpoomopy. B AKocTi 00’eKTa HOCHiIKeHHSA 3aIIpOIOHOBAHO UeTBEPHUH
crorr CuAli,2Mng ssFeo 025, o memouctpye tumoBe TMII 3 mopiBHSAHO
IITPOKOI0 TeMIIepaTypHOoIo ricrepesoro. Tpauchopmariia TMII y ueTrse-
pHuX crnoaykax [31] sacBigumya ictoTHi 3Minu B mopdoJorii Ta KineTu-
i TMII: Big TepMOIIPYKHLOTO 0 ZBOCTAAiTHOTO IIEPETBOPEHHA, B TOMY
yurcJi i3 BuOyxoBoio KiHeTukomw. 3a pesyabratamu JCK cTom BusABIAE
osmaku TMII 3 Takumm mapamerpamu: M.=10,1°C, M:=-29,6°C,
As=3,4°C, A;=54,7°C, AM =M — M:=40°C, AA=57°C, AT =30°C. Mi-
KpocTpyKTypa (puc. 1) XapaKkTepusyeThCcsa YTBOPEHHSIM I'OJIYacTOrO Ma-
PTEHCHUTY i 3a KiMHATHOI TeMIlepaTypu XapaKTepu3yeTbCA BeJIUKUM PO-
3MipoM 3epHa y = 3 MM IIepeBaKHO piBHOBicHOI (hopmu. Tpeba 3asmaumn-
TH, U0 TeMIlepaTypHi iHTepBasu mpaAMoro i sBoporHboro MII maroTh
OPOTSKHUI XapaKTep, IO € BipoTifHMM HACJIAKOM HEOTHOPiZHOCTH
XeMiuHOro CKJIamy 3paskiB (puc. 2).

Ha cyuacHoMYy eTalri po3BUHYTO Ta HAKOINUYEHO YSIBJICHHSI CTOCOBHO
nmoBeiHKM norpiiiamx cromiB Cu—Al-Mn 3a TepMoMarseTHoro oopoo-
aerHsa (TMO). B mboMy KOHTEKCTi 3HaUHY yBary IIpuBepTaOTh 3pasKu,
SIKi 3a3HAIU TepMoMarHeTHoro oopobsenns. TMO BHOCUTH icTOTHI Ko-
PEKTUBY B MarHeTHY I eJIeKTPUUHY IMOBEAIHKY IMOTPiHNX HAHOCTPYK-
TYPOBAaHUX CIOJYK min uac imgyrkysauusa MII crony Cu—-12,4 Al-5,03
Mn (puc. 3).

PicT enexTpoomopy 3a MII 3ymoBjeHO 6ijbII JeeKTHOIO CTPYKTY-

1€X0

—40 -20 0 20 40 60 80
Temmepartypa, °C

Puc. 1. [ICK uerBeproro CuAlii,2Mns,s5Feo,025 cTOITY.

Fig. 1. DSC of the quaternary CuAlii.2Mns.ssFeo.925 alloy.
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Puc. 2. Mikpocrpyxrypa cromy CuAlii2Mnse,ssFeo025 B 3araproBanomy crami:
1) 36inbmienna y 130 pasiB, 2) 6e3 30iymbIIeHEA.

Fig. 2. Microstructure of CuAli1.2Mne.3s5Feo.025 alloy in the tempered state:
1) 130-fold increase, 2) without increase.
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Puc. 3. TemneparypHhi 3ayexHocTi exexrpoonopy cromy Cu—12,4 Al-5,03 Mn
3a pisaoro TMO.

Fig. 3. Temperature dependence of the electrical resistance of the Cu-12.4
Al-5.03 Mn alloy at different TMT.

POIO MapTEHCUTY, TOLi AK CUTHAJ Y /Ymax (PUC. 4) TPOMIOPIiHTHUIT PO3MI-
pam depomarumernux dacTuHOK CuzAlMn, posMmimienux y mapamarHer-
Hi#l maTpuIi, Koju 3a 3CyBHOI AedopMallii MaTpulli BUHNKae HaBeleHa
aHi30TpoITia (GOPMU YACTUHOK.

3MmeHIieHHA aMmILtiTyau curaany x(7') € eKBiBaJeHTHUM 3MEHIIIEHHIO
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— 200°C Ges mona
1 == 200°C, 1,5 xE,I
4 « = 200°C, 1,5 kE, L

X Xonax

T T
=50 0 50 100

Puc. 4. TemnepaTtypHi 3aeXKHOCTI HUBBKOTEMIIEPATyPHOI MarHeTHOI CIPUM-
uarausoctu crory Cu—12,4Al1-5,03Mn 3a pisaoro TMO.

Fig. 4. Temperature dependence of the low-temperature magnetic susceptibil-
ity of the Cu—12.4Al1-5.03Mn alloy at different TMT.

HamaraetoBaHocTu I /I, 3 TeMIiepaTypoIlo, I10 XapaKTepus3yeThCcs BiAIo-
BigauM BigHomenuaMm I /Iy~ nH /(3kT) i 3a BUCOKUX TeMIIepaTyp IPU3-
BOJUTD A0 Aer'pasallii MarHeTHOTO BHOPSAAKYBaHHI.

3Mminu B Kineturi Ta mopdosiorii MII cromy 3 ofHAKOBUM XeMiuHUM
CKJIaJIOM MMOBipHO IIOB’A3aHi 31 3MEHITIEHHAM PO3Mipy hepoMarHeTHUX
HAHOYACTUHOK BiJIOBIZHO 0 TEPMOAMHAMIUYHNX PO3paxyHKiB [32] abo
i3 sOinmpITenHAM aHizoTpotmii ¢opMu, a came, M0 GiJIBIT OPi€eHTOBAHOTO
HAIIPSIMKY POCTY HAHOYACTUHOK BiTHOCHO HANIPAMKY MArHEeTHOTO ITOJIA.
Jlo TaKOro BUCHOBKY MOJKHA TififiTH, BpaXOBYIOUU iCTOTHE BMEHIITeHHA
aMILTITy iU cUrHaiy y Ta p B 3paskax 3a TMO. 3a napasenbHOI opieHTa-
il romoBHOI oci 3paska 3a TMO Mar"HeTHa COPUNHATINBICTE JEeMOHCT-
pPy€e maaBHUH IIepexin uepes3 TpaHchopMaIlio CTPYKTYPHU, AK 3a IPAMO-
ro, Tak i 3soporasoro MII. I3oTepmivnuii Bigmasa 3a mepneHInKyJIApPHOI
opierrarii spaska iz TMO meMoHCTpPye Pi3KHil Iepexin AJIsS IPSIMOIO
MII i gBocTamitiny TpaHcdopmaiiiio 3a 3sopoTaboro TMII. B po6ori mif
vac igemTudikaiii MII y cromax Cu—Al-Mn 3a HakJagaHHS CTAJIOTO
MAaTHETHOTO II0JISI He CIIOCTePiraeThCsa 3MillleHb TeMIIEPATYP IIEPEX0nY, a
i3 30iJBITEeHHAM HANPYKEHOCTH IIPUKJIAAeHOT0 MarHeTHOTO II0JIs 3POcC-
Tae aMILIiTyAa eJekTpooropy [33].

Minimisamisa BistbHOI eHeprii 3 yrBopeHHAM (pepoMarHeTHol (pas3u BU-
IijeHHA BiZOyBAEThCA B Pe3yJIbTAaTi KOHKYPYBAHHA MisK MarHeToCTaTH-
YHOIO TA IIOBEPXHEBOI0. fIKIIO 3a TepMiuHOro 0O0POOJEeHHS YTBOPEHHS
dopMu pasu BUIIICHHS BiIOyBaeThCA 3a KOHKYPEHI[II MiK IPYKHBOIO
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0,8

—@— Pesxum ZFC
—&— Peyxxum FC

H=200E

M, emu/r

Puc. 5. Kpusi TemepaTypHOi 3aJIeKHOCTA HUTOMOI HAMArHETOBAHOCTH CTOILY
Cu-12,4 Al-6,5 Mn B pexxumi ZFC ta FC 3a 200 E.

Fig. 5. Curves of the temperature dependence of the specific magnetization of
the Cu—12.4 Al-6.5 Mn alloy in the ZFC and FC modes with 200 Oe.

Ta MOBEPXHEBOIO eHeprieio, To 3a TMO dopMma BUAiIIeHHA 3aJI€KUTD Bif
KOHKYPEHIIil MiK IIOBEPXHEBOI0 Ta MAarHeTOCTATHUYHOIO eHepriaMu.
Edext TMO B crapitounx ®@CII®P mae anizoTponHuii xapaxTtep 3a ¢Gop-
MYBaHHS (pepoMarHeTHUX HAHOUYACTUHOK.

Ha pucynkax 5, 6 mpeacTaBIeHo MarHeTHY IIOBEAiHKY IIIBUIKO3arap-
ToBaHOI cTpiuku crony Cu—Al-Mn: TeMmiepaTypHy 3aJeXHICTh HaMmar-
HeTOBaHOCTU (puc. 5) Ta i3oTepMiuHi KPpUBi HAMarHeTOBaHOCTU 3a Pi3-
Hux Temieparyp Big 3 K mo 380 K (puc. 6). ¥V BucoxkoTemMepaTypHii 00-
JIacTi cToI mepedyBae B mapaMarHeTHOMY CTaHi Ta B IIOLAJIBIIIOMY i3 II0-
HUKEeHHSIM TeMIIepaTypHu MepPexonuTs y cylepnapaMarHeTHUHA cTaH (Bi-
ICYTHIiCTH KOEPIIUTUBHOI CUJIN), a 3a TeMmueparypu y 26,6 K — mo cramy
cIriHOBOTrO CcKJa. HasBHiICTHL IIepexomy cyleprapaMarHeTHK—CIiHOBe
CKJIO MOXKHA IIOB’sI3aTH 3 JUMHOJHLHOIO B3AEMO/Ii€I0 YaCTUHOK, IKi 3a 3Cy-
BHOI medopmarrii B Meskax MapTeHCUTHUX KPUCTAJiB 3a3HAIOTh HaBele-
HOI aHizoTpormii popmu. BinmoBigui pospaxyuku [34] cBiguaTh, 1110 HAa-
BeJleHA HAIPYKeHHIMHM aHi30TPOHisa Ha 2 MOPAIKY IIePeBUIIlye KPUcTa-
Jorpadiuny, 110 IPUBOAUTE A0 aHi30TPOIii hopMu yacTMHOK i (pikcarii
MarHEeTHUX BJIACTHUBOCTEI caMe uepesd HUX. I3 3MeHIIIeHHIM TeMIIeparTy-
pHu 3pocTa€e BeJIMYMHA KOEPIIMTUBHOL CUJIN, IITO BiAIOBigae OoqHOLOMEH-
HOMY CTaHy aHi30TPOITHMX YaCTHUHOK IIepeBakKHO MAaJIOro po3Mipy (Bix-
HOCHO HU3bKa TeMIIepaTypa IIepexony).

EdexT i3oTepMiuyHOrO cTapiHHA Ta Yacy BUTPUMKU He Ma€ CHUJIBLHOTO
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Puc. 6. I3oTepmivHi KPUBi TOJTBOBUX 3aT€KHOCTEH MTUTOMOI HAMArHETOBAHOCTH
Cu-12,4 Al-6,5 Mn za pisuoi temneparypu mipauHs. BcraBka: 3ajesKHOCTI
HaMarHEeTOBAHOCTY HACUTY Ta KOEPIIUTUBHOIL CUJIN BiJf TeMIIepaTypu.

Fig. 6. Isothermal curves of field dependences of the specific magnetization of
Cu-12.4 Al-6.5Mn at different measurement temperatures. Inset: depend-
ences of saturation magnetization and coercive force on temperature.

BILIMBY Ha Mar"eTHi xapaxkrtepuctuku crorry CuAlMnFe, i, moxxauso,
IIe TIOB’A3aHe 3 IIPeBAJIIOBAHHAM aHTH(HEPOMAaTrHETHOTO BIIOPAAKYBaHHS
Hag (hepoMarHeTHUM, a TAKOMK CUJILHOIO MarHeTOKPUCTAJIIUHOIO aHi30T-
porrieio cTony, KU 3a KIMHATHOI TeMIlepaTypu riepedyBae B MapTEeHCH -
THOMY cTaHi (puc.7), mo mpuramanue morpifimum cromam CuAlMn
(puc. 7, a). HaBegerna MII xpucramiuna amisorporis maTpuili 6J0Kye
tioro Hacurt B moJi 7o 20 KE Ha mpoTuBary BUNagKy, KOJM YACTUHKI PO-
3MillleHi B aycTeHiTHI# MaTpuIli.

Amnajoriuaa xaptuHa crmocrepiraersca y cromax Cu—Al-Mn(Co), me
HagiHHsAa HaMarHeTOBAHOCTHU II0 BiJHOIIIEHHIO A0 cTomry 0e3 KobaabTy cd-
rae 5-KpaTHOro piBHA. 3a IYMKOIO aBTOPiB, momaBaHHA KobambTy 6J0-
Kye BugisenHsa ¢asu Cu:AlMn, mmpore OZHOYACHO 3 MM BABiUi 36iJb-
IITY€EThCS ILJIACTUYHICTE cTOHiB [35].

Mexawniuni xapakrepuctruku Cu—Al—Mn(Fe). Ha pucyurky 8 mpezncras-
JeHo gpiarpavu BaaBiaoBaHHI CuAli; 2Mnsg ssFeo925. MikporsepaicTs Ta
MOAYJb TPYsKHOCTH 3a KimmaTtHOi Temueparypu: H =3,7I1la,
E =61TITla. Beanunna BigHOBIIOBaHOI medopmarrii 3a KiMmHaTHOI TeM-
nepatypu — Re=((3,44-2.44)/3,44)-100% =29,069% . Bigznocuo He-
BeJIMKi mOKasHuKM BimmoBaioBamoi medopmarii crony Cu—Al-Mn(Fe)
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Puc. 7. Ilerai ricrepesucHi nuromoi mamarserosanoctu: cromis Cu—12,4 Al—
5,03 Mn 3a crapiuusa (200°C, 3 roz.) (a), cromy CuAlii,2Mns,35Feo,925 3a Bimmanay
(100, 150, 200°C B 3asesxHOCTI Big uacy crapinusa) (0, 8).

Fig. 7. Hysteresis loops of specific magnetization: Cu—12.4 Al-5.03 Mn alloys
at 200°C 3 hours ageing (a); CuAli1.2Mns.35Feo.925, when annealed at 100, 150,
200°C depending on the ageing time (6, 8).

OB’ A3aHi 3 HaABHICTIO ABO(A3HOTO CTaHy (ayCTEeHIT + MapTEeHCUT), KO-
JY TePMOAMHAMiUHAa CTiHKiCcTh iHgZyKoBaHoro HaBanTaxkemHsaM MII mix
30BHIIIIHIM BIJIMBOM 30epiraeThbcs i yac po3BaHTAKeHHA, HA BiAMiHy
Big medopmysauua ¢oiaiii Cu—Al-Mn B mIOBHiCTIO ayCcTeHiTHOMY CTaHI
(puc. 9).

JJia mosikpucTadiuvHuX 3pasKiB 3 MiKpO3epeHHOI0 CTPYKTYPOIO Bif-
HocHe 30iJbIlIeHHs BiZHOBJIOBaHOI medopmarii ¢gikcyeTrbed iz 36ijb-
IIeHHAM IIUKJIiB HaBaHTAKeHHA—POo3BaHTaKeHHA uepes 1% oTpumanoi
nedopmarrii B pesyJibTaTi 3MillHeHHA MaTpuili. HakoImnm4eHHS CTPYKTY-
pPHUX nedeKTiB mif yac IMUKJIIOBAHHA TAKOMK CIPUAEC IIOJHIIIIIEHHIO JeM-
nyBaJbHUX XapPaKTEePUCTUK.

Ha pucynkax 9, 10 npeacraBieHo MUKJIIYHI KPHUBi HaBaHTAKEHHI—
posBaHTa)KeHH (3a e opMyBaHHA 3pas3KiB i3 36iabIeHHAM gedopma-
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Puc. 8. [liarpama BrasioBanusd crony Cu—Al-Mn—Fe.

Fig. 8. Indentation diagram of the Cu—Al-Mn—-Fe alloy.
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Puc. 9. Kpusi nHaupy:xenna—zgedopmania (MuKIivHi B3TOBK OCi cTpiuKwM) cTO-
ny Cu-12,4 A1-6,5 Mn.

Fig. 9. Cyclic stress—strain curves (along the strip axis) of the Cu—-12.4 Al-
6.5 Mn alloy.

mii ma KoxHMIZ 1%) 3a OJHOBICHOrO PO3TAry IIIBUIKO3arapTOBaHUX
CTPiUOK cTOmy 3a KiMHATHOI TeMmepaTypu (3 TeMIlepaTypaMu IPIMOTO
MII M.=-55°C, M;=-95°C (B inTepBami AM =40°C) Ta 3BOPOTHBLOTO
MITAs=-34°C, A =—-5°C (B inTepBaii AA = 30°C)).

Ha mepopmaniiiHNX KPUBUX IIPOCHIAKOBYETHCA iHAYKYBaHHSI MapTe-
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Puc. 10. Kpusi Hanpykeunua—mgedopmariiia (momepek oci crpiukm) cromy Cu—
12,4 Al-6,5 Mn.

Fig. 10. Stress—strain curves (across the strip axis) of the Cu-12.4 Al-6.5 Mn
alloy.

HCUTHOTO II€PETBOPEHHS, OCKIJIBKH TeMIlepaTypa BHIPOOOBYBaHHS
T > A;. 30inblIIeHHs BigHOBIIOBAHOI JedopMallii mos’s3aHe 3 IPUHHAT-
HOIO OpieHTAaIli€l0 3pas3Ka II0 BiJHOMIIEHHIO A0 3yCUJLIA, IKe IPUKJIaLa-
€ThCs, Ta 3MiIHEHHAM MATPHUIli 3a JeOopMyBaHHSA. 3 KOKHUM IITUKJIOM
BigHOBIIOBaHA gedopmalris 36inbiryersesa: I — 70% (0-2%), 2 — 82%
(2-4,5%), 3 — 75% (4,5—7%), B TOIf yac aAK KoedimieHT gedopMariii-
Horo 3Mminuenua do/de B iHTepBaJi 2 Mae crany BeaunuuHy 5,22 i B Tpe-
THOMY iHTepBaJi 30iabmIyeThbcsa BABiui mo 9 MIla. Moxyan momyis B
nepuIiomMmy nuKJIi craHoBuTh E = 5085 MIla. B octanEbROMY ITUKJII Big0y-
BAETHCA 3PUB HAIPYIKEHHS, IO CIPUYNHAE PO3PUB 3pasKa. [ad mboro
CTOITy Ma€ MicIie opieHTaniiiunii xapaxrep gedopmyBanuda. OgHoBicHU
pO3TATr 3paska IolIepeK oci cTpiuky mpuBoAuUTh H0 3MinuenHs Ha 20%
yepes3 IBOKpPATHY BTpaTy miaactuuHocTu (puc. 10). Take po3xomKeHH B
MeXaHiuHill TOBEIiHIIl CTPIYOK IIOSCHIOETHLCA HEPIiBHOMIPHICTIO IIO TOB-
IWHI Ta HEOOHOPIZHUM PO3IOAiJIOM XeMiUHMX CKJIAJOBUX B 00’ eMi 3pa-
3KiB. PoboTa B TeXHOJIOTiYHOMY acleKTi Haj CTPYKTYPHUMU HEOTHOPi-
JHOCTAMMU Ta CTa01lIizaIfiero TOBIIMHU MOKE BiIKPUTH JOSATKOBI MOK-
JMBOCTi KepyBaHHS MeXaHIiYHNMHN Ta MarHeTHHMM IIapaMeTpaMU CTO-
miB.

IIpakTuuni 3acrocyBanHs. IlepcrieKTUBHICTH BacTOCYBaHHA CTOIIIB Ha
MiZHiI# OCHOBi 3a3HauYeHO B 0araThbox HAyKOBUX IsKepenax [35]. Buko-
PMCTOBYIOUM BHCOKI MeXaHiuHiI MOKAa3sHUKMN HAHOCTPYKTypoBanux Cu-—
Al-Mn-Fe-cTomiB B KoMOiHAIII 3 eIeKTPOMArHETHUMHU IIOKA3HUKAaMU
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Cu—Al-Mn, mizxkom BiporiHe 3acTOCYBAHHS HAHOCTPYKTYPOBAHUX
KOMIIOBUI[ifl B CMApT-IPUCTPOAX, Po0OTA AKUX 0a3yBATHUMETHCS OIHO-
YacHO Ha CYKYMIHOCTI MOMKJIMBOCTEHl aKTyaTopa Ta ceHcopa. B mpomy
KOHTEKCTi 3aIIpONOHOBAaHI HOBi HmifIxXoau 10 BUKOPUCTAHHA (PyHKITiOHA-
apHuX crouiB TMII (CII®) B AKOCTi aganTUBHUX IIPUCTPOIB i3 3MiHHOIO
[36] Ta KBa3sMHYJIHLOBOIO ITYIKICTIO 3 HAANIPYKHIMU cTPKEAMY i3 Cu—
Al-Mn [37, 38], a Tak0K B eleMeHTax mepemiess [39].

Hoga rexHosoriuna cxema suroronisieHHs CII® ma ocuoBi Cu—Al-Mn
3abesmeuye 3HaUHE IOJIIIIIIEHHS TEPMOCHJIOBUX IIOKA3HUKIB, IIigBU-
IIeHHA SKOCTH Ta HAZIMHOCTH 3a OJHOYACHOI iHTeHcudikallii mporecy
BUTOTOBJIEHHA iX B cepenubomMy B 10—15 pas i mpuBoAUTE 40 IOHUIKEHHS
cob6iBaproctu npoaykirii [40]. Hositui cromzm Cu—Al-Mn mMaTh IIIupo-
KHH inTepBaJ podounx TeMIIepaTyp i MOKyTh OyTH BUKOPHUCTAHI IIiT yac
BUT'OTOBJIEHHSA iHTeI'PaAJIbHUX MiKpocXeM, B ONTHYHMX HaBiramiiHmMx
Opujaazax, TeJIeCKoIlax, ONTUYHNX IIPUIiJIaX, JaJeKoMipaxX, IIPOEKIIiH-
HUX i 3HiMaJbHUX ammapaTax, CHeKTpoMeTpax, cuekTporpadax [41].

TaxuM YMHOM, B POOOTi mpefcTaBIeHO aHAJITHUYHE MiATPYHTI MOMK-
ausocteit CIIP Ha ocHOBIi cTOmiB MiAi Ta HaBegeHO eKCIePUMEHTAILHI
JIOKa3y BUKOPUCTAHHS 1X B AKOCTi iHTeJIeKTyaJbHUX MaTepidAJiB pi3HoO-
MaHiTHOTO IpHU3HAUEHHA.

4. BUICHOBRKH

1. IIpoBesmeHo AKicHY Ta KiJgbKicHY OIiHKY medopMalliiiHol IIOBeIiHKMU
Cu—Al-Mn(Fe)-cTomiB, fKa 3acBigumia IeMOHCTPAIIiI0 3HAYHUX Iedo-
pMaIiiHMX MOKa3HUKIB 3a peaJsisalrii epexTiB HaAIIPyKHOCTHA Ta edeK-
Ty mam’ATi GopMHu Y BiITOBIZHMX CIOJIyKaX.

2. 3a3Ha4YeHO iCTOTHUH BIIJIMB MArHETHOTO II0JIS HA eJIEKTPUYHI BJIaCTH-
BOCTi I uac iHAYKYyBaHHA MApTEHCUTHOIO II€PETBOPEHHS, IKi 0e3Io-
CepeIHbO 3aJIe’KaTh BiJl BIJIMBY 30BHIIITHLOT'O MHOJIA Ta IIOHEPEIHBLOTO
TePpMOMAarHEeTHOTO 00po0IeHH 3pas3KiB.

3. O0pobaennsa B margersomy moJi cromy Cu—Al-Mn mnpuBOsuUTEL 0
3MiHM KiHeTHKH Ta MOpPQoJIoril 3a iHAYKYBaHHS MapTEeHCUTHOTrO (haso-
BOT'O IIepeTBOPeHHs. MoiKHa CTBEPAKYBATHU, III0 3a TEPMOMArHETHOTO
00po0JIeHHS 3pasKi OTPUMAIOTEL HABEAeHY OJHOBiCHY MArHeTHY aHi30T-
potrito abo 3MeHIITeHHA PO3MipiB (hepOMarHeTHUX YaCTHUHOK.

4. BuxopucrToByoun BHCOKiI MexaHiuHi noxasHumkum Cu—Al-Mn-Fe-
CTOITiB B KOMOiHAIIil 3 BUCOKMMU cyHepliapaMarHeTHUMHU IMOKAa3HUKAMU
Cu—Al-Mn-crormiB, IIiJIKOM BiporifHe 3aCTOCYBAHHS TAKUX HAHOCTPYK-
TYPOBAaHUX KOMIIOBUIIINl y CMapT-MPUCTPOAX, poboTa AKUX OasyBaTu-
MeThCSA OHOYACHO HA CYKYIIHOCTI MOKJINBOCTEH aKTyaTopa Ta ceHcopa.

PobGoTy BUKOHAHO B paMKax IPOEKTy «PismuHi OCHOBU CTBOPEHHS
MaTepiasiB 3 KepOBaHUMHN MAarHITOCTPYKTYPHUMUM Ta TepPMOJMHAMIiU-
HuMu xapaxkrepuctukamu» (0122U001886) Ta 3a 4acTKOBOI MiATPUMKHI
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Formation of Manganese-Silicide Films by Magnetron
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In this work, thin Mn4Sir films are grown by the solid-state ion-plasma meth-
od using a magnetron-sputtering device, and their surface morphology, crys-
tal structure, Miller indices, lattice parameters, thermoelectric and electro-
physical parameters of the films are measured. Seebeck coefficient decreases,
and finally, the sample is changed from p-type to n-type. Power factor turns
out to be small (P=1-4 mW /(m-K?)) and increases very little in the tempera-
ture range of 300—450 K and increases sharply in the range of 500-580 K
(P =850-3690 mW /(m-K?)). As the thickness decreases, the power factor in-
creases. The band gap at room temperature for the sample prepared by the
ion-plasma method is measured optically to be E;=0.354 eV. Studies show
that Mn4Sir layers with a size of <40 nm can be grown on the surface of the Si
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crystal formed by the magnetron sputtering, but the Si crystal does not form
a full-size Mn4Si7 layer. During thermal heating at 300—750 K, nanosize bub-
bles are observed to form in the thin MnsSir coating grown under vacuum
conditions; then, they are ruptured and the nanosize defects are formed.
Then, at 750 K, the defects narrow down to form a single thin Mn4Sir coating.
The measurement results show that the thin films grown by the solid-state ion-
plasma method are formed and their thermoelectric and electrophysical prop-
erties are improved.

Key words: Miller indices, interplanar distance, strict monocrystalline struc-
ture, Seebeck coefficient, power factor.

Y nmaHiti pobOTi METOm0I0 TBEPAOTINHLHOI MOHHOI IJIasMu 3 BUKOPUCTAHHAM
IIPUCTPOIO0 MAarHETPOHHOTO PO3IOPOIIIeHHA BUPOIeHO TOHKI mriBkyu Mn4Sir Ta
BUMipsaHO Mopdoaorio iIXHBOI MOBEPXHi, KPUCTATIUHY CTPYKTYDPY, Minmeposi
iHgekcu, mapamMeTpy I'DATHUIL, TEPMOEJEKTPUYHI i esleKTpodisruHi napame-
TPU ILIiBOK. 3eebeKiB KoedillieHT 3MEHIINBCH, i 3PENITO0 TUII 3pas3KiB 3MiHU-
Bca 3 p-tuny Ha n-tun. Koedinient nmory:xHocTH BuABMBcA ManuMm (P=1-
4 MmBt/(M-K?)) Ta mysxe cnaGo 36inblryBaBesa B AiAmasoHi Temmepatyp 300-—
450 K i pisko 3pocraB y cmocrepe:xyBaHomy Hamm agiamasoHi 500-580 K
(P =850-3690 mBt/(m-K?)). 3i 3MeHIIEHHAM TOBINUHM 30inbITycThCA KOoedi-
nienT nory:xHoctu. [Iluprry 3ab60poHEHOI 30HM 3a KiMHATHOI TeMmepaTypu
[JIs 3pa3Ka, BUTOTOBJIEHOTO HOHHO-IIJIA3MOBOI METO/00, 0yJI0 BUMipSHO OII-
TUYHO, IMOo craHoBuyo FEg=0,354 eB. [ocrmimxeHHsa IOKasanu, IO IMapu
Mn4Siz posmipom y £ 40 HM MOXKYTh OyTH BUPOIIEeHi HA TOBEPXHi KpucTany Si,
YTBOPEHOT'O MarHETPOHHUM PO3IOPOIIIEHHAM, ajie KPuCTal Si He yTBOPIOE IIO-
BHOpo3MipHwmit map Mn4Siz. Ilig yac Tepmiunoro marpiBamua 3a 300-750 K
crocTepirajoca YTBOPEHHS HAHOPO3MipHUX OyJILOAIIOK Y TOHKOMY HMOKPHUTTI
Mn4Si7, BupormieHoMy B yMOBaxX BaKyyMy, a IIOTiM BOHU PO3PUBAJIUCS K yTBO-
proBasucsa HaHOPo3MipHi mederTu. 3a 750 K mederTu 3ByKYIOTHCA, YTBOPIO-
104U eIVHEe TOHKe TOKPpUTTA MngSir. PesyabraTu Mipsaus cBiguaTs npo dopmy-
BaHHA TOHKUX ILIiBOK, BUPOIIEHUX METO0I0 TBePAOTiIbHOI HOHHOI IJIa3Mu,
Ta NOJIINIIEeHHA IXHIX TePMOEJIEKTPUYHUX i eJIeKTPO(MiBMYHNX BJIACTUBOCTEN.

Karouosi croBa: MisiepoBi inaeKcu, MisKIJIONIMHHA BiAgadb, YiTKa MOHOK-
pucraniuyHa CTPYKTypa, 3eecbeKiB KoedinienT, KoedimieHT TOTYKHOCTH.

(Received 15 March, 2025; in final version, 2 July, 2025 )

1. INTRODUCTION

High manganese silicide (HMS) is one of the promising materials for
use in the field of silicon microelectronics [1]. Based on HMS films, it
is possible to create infrared thermal radiation detectors. Detectors
can record data into memory devices and measure fast processes asso-
ciated with data transmission through various channels. In addition, it
is possible to create light sources at significant wavelengths in the in-
frared range [2—4]. Therefore, studying the growth and electrical
properties of HMS films is of great interest.
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There is ion implantation, molecular beam epitaxial, ion plasma and
chemical methods for producing thin films. Thin films obtained by the
ion plasma method are practically not found in previously published
literature, and this method can be called new. The ion plasma method
was created by ionizing argon gases under high vacuum conditions.

Of all the silicon compounds that have thermoelectric efficiency, it
is possible to select compounds that are of practical importance. These
are, for example, solid solutions based on cobalt monosilicide (CoSi),
higher manganese silicide (MnSi;.7) and Mn.X (X = Si, Ge, Sn). There is
little data on the thermoelectric properties of Mn,Si; materials[5, 6]. The
high Seebeck coefficient, low resistance and high application tempera-
ture make them very attractive for power generation [7, 8]. However, the
thermoelectric properties of n-type Mn,Si- films have rarely been report-
ed. We developed and characterized n-type polycrystalline Mn,Si; thin
films to understand the basic thermoelectric properties of the movie.

When preparing the sample, a ready-made Mn,Si; target, heated and
compacted, was used. Pure silicon with the crystal direction [111] was
taken as a substrate. First, the silicon surface was cleaned of surface
impurities using an ‘ion gun’ device in a vacuum. The purified sample
was heated to 1720 K for 2 hours. Then, using argon gases under high
vacuum conditions, ‘ion plasma’ was created from a manganese silicide
target and thin films of Mn4Si; of various thicknesses were obtained.
The electrical conductivity and Seebeck coefficient of the resulting
thin films were measured using a ‘Netzch®SBA 458’ measuring in-
strument.

Research shows that Mn,Sir layers <40 nm in size can be grown on
the surface of a Si crystal produced by magnetron sputtering, but the
Si crystal does not form a full-size Mn4Si- layer. During thermal heat-
ing at 300-750 K, the appearance of nanosize bubbles in a thin Mn,Sir
coating grown under vacuum conditions was observed; then, they burst
and formed nanosize defects. Then, at a temperature of 750 K, the de-
fects narrowed and formed a single thin Mn4Si; coating (Fig. 1).

The surface morphology of Mn4Si; crystals was studied under a mi-
croscope (Scios FEI, Quanta 200 3D). The surface morphology of
Mn,Si7 was studied using an SPM 9700HT scanning probe microscope.
For this purpose, a sample area measuring 500x500 nm was selected,
lines were drawn on this area in one arbitrary direction, and the thick-
ness of their full width was determined.

2. EXPERIMENTAL/THEORETICAL DETAILS

Polycrystalline HMS thin films were prepared using a magnetron sput-
tering system. A schematic diagram of the magnetron sputtering sys-
tem used in this work is presented in Fig. 2. A high vacuum was creat-
ed at a pressure of 107 Torr using a molecular turbo-pump (Pfeiffer
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Fig. 2. Scheme of a magnetron-sputtering device.

vacuum) in the chamber of the Epos-PVD-Desk-Pro magnetron device
for sputtering the Mn,Sir target. First, the surface of the silicon wa-
fers was mechanically cleaned with 20% dilute hydrofluoric acid, then
the silicon surface was cleaned again by ionizing argon gas inside the
chamber using an ‘ion gun’ treatment device installed in the chamber.
A direct current source was used to sputter the Mn,Si; target. The cur-
rent in the magnetron power supply is of 657 mA, power is of 221 W,
and voltage is of 336 V. The purity of the Mn,Si; target is of 99.9%.
The deposition rate varies from 0.4 to 14 A/s. The thickness of each
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layer was controlled on an ‘SP307’ monitor.

The electrical parameters of a thin layer of Mn,Sir samples with a
thickness of approximately 34.7-172 nm was studied on an ECOPIA
instrument (HMS-5000). The surface morphology was analysed using
atomic force microscopy. Structural analysis of the Mn,Si; crystal was
recorded on an XRD-6100 x-ray diffractometer; spectra were recorded
at room temperature. Spectrogram peaks based on Miller indices and
interplanar distances indicate newly formed manganese silicide com-
pounds. The thermoelectric parameters of manganese silicide were
measured using the ‘SBA-458’ measuring system. This setup allows
you to measure the Seebeck coefficient and electrical conductivity as a
function of temperature. The diagram of the measuring cell is shown
in Fig. 3.

The sample is placed on the ceramic supports, inside of which micro-
heaters are located. Two thermocouples and two current probes are
connected to the bottom surface of the sample. Electrical conductivity
is measured by the four-point method. This scheme allows current to
flow through the sample in the forward and reverse directions. During
the measurement, three current values are passed in each direction:
TInaxy 21max/3, Imax/3. The value of I, is selected based on the geometry
and material of the sample. The program determines three current
values, and applies each sample to the sample five times in the forward
direction and five times in the opposite direction. Next, the voltage
values Ux and Us are measured between two positive and two negative
thermocouple branches. Based on the measurements, a graph of volt-
age dependence on the missed current is plotted, and the electrical
conductivity is calculated.

To measure the Seebeck coefficient using two microheaters inside
the sample, a temperature gradient is created. After heating one side

o Current pin L
: Thermocouple Sample :
o I ' I R e
[ F I " [
@] j , ’ o
O
@ e = AU = e [
o] z AT = Support |@
e] nf = = _i IHeater o]
® i ®
o — “ Furnace—|@
O [

Fig. 3. Diagram of the SBA-458 Nemesis® measuring cell.
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of the sample, it cools. Then, the other side of the sample is also heated
and cooled. During this whole process, the values of the voltages Ua,
Us and Ur1, Ure are measured. As for electrical conductivity, Ua and Us
are the voltages between the positive and negative branches of thermo-
couples. These values are measured concerning the temperature dif-
ference AT, which is the temperature gradient between the two sides of
the sample. The value of AT is determined from the voltages Ur; and
Urs, coming from two thermocouples. Based on the measurement data,
a graph of voltage versus temperature is plotted and the Seebeck coef-
ficient is calculated. In this case, it is of + 2 degrees from the point giv-
en by the operator.

The efficiency of thermoelectric materials is determined by a dimen-
sionless quantity called the thermoelectric index [14]:

ZT =ca’t/A, 1)

where o is the electrical conductivity of the material, A is the thermal
conductivity, a is the Seebeck coefficient, and T is temperature. A ma-
terial with ZT =1 at room temperature is considered effective. As can
be seen in formula (1), if there is the higher the quality factor, there is
the higher the thermal conductivity and electrical conductivity of the
material [15]. These parameters are directly related to the electronic
properties of the material and, for convenience, include power factor.
The thermoelectric power factor characterizes the ability of a thermoe-
lectric generator to generate electrical energy in an external circuit and
is defined as:

P=c0?.

3. RESULTS AND DISCUSSION
3.1. Surface Morphology and Crystal Structure of Mn,Si; Thin Films

Figure 4 shows a 3D image of a manganese silicide nanofilm grown by
magnetron sputtering, obtained using an atomic force microscope. The
average roughness height of the HMS film is r.=34.7 nm, and the sur-
face is completely covered with a peak. Figure 5 shows a 2D image of a
Mn,Si7 nanofilm. Moreover, if we take images in only two dimensions,
we see that we cannot easily discern differences in surfaces. The height
of the islands is more visible in 3D. In both cases, evenly distributed
waves are generated under the surface over large areas. This means
that the thin surface layer is manganese silicide. AFM analysis shows
that evidence of formation is a nanosize film obtained by the ion-
plasma method. Figure 6 shows the formation profile of a manganese
silicide nanofilm grown by the solid-phase ion plasma method in a
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Fig. 4. 3D images of the surface of thin Mn4Sir films obtained by atomic force
microscopy.

magnetron sputtering device.

The qualitative composition of a thin film of manganese silicide, the
crystal structure of the substance, as well as the arrangement of atoms
in the unit cell have been determined. The texture of polycrystalline
materials has been studied. In addition, the phase composition of the
substance, phase diagrams, crystal sizes in the sample, radiation CuK,
(B-filter, Ni, A=1.54178 A, current and voltage mode—30 mA, 40 kV)
and constant rotation speed of the detector were assessed 0.05 degrees

Fig. 5. 2D images of the surface of thin Mn4Sir films obtained by atomic force
microscopy.
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30—§ F‘I

Fig. 6. Profile along the selected direction.

in steps of 4 degrees/min. The x-ray power was 2 kW. The results were
analysed using a database. The penetration depth of radiation CukK, is
about 1 mm (980 um) for light elements (carbon) and several microns
for heavy elements (Ag, Pt). For most inorganic substances, CuK, is
tens of microns (um) for simple compounds.

Figure 7 shows the spectral dependences obtained using the Mn4Sir
diffractometer method. In addition, Miller indices are given. We used
the Rietveld method to refine the structure from x-ray data [9-11].
The principle of the method is to use independent intensity measure-
ments at each point of the diffraction pattern to describe the line pro-
file using analytical functions instead of using the integrated reflec-
tion intensity. Object parameters, including structural, hardware and
other characteristics, are refined using the nonlinear least squares

Fig. 7. Crystal structure (tetragonal structure, space group Pm3m).
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Fig. 8. X-ray diffraction pattern of Mn4Sir crystal.

TABLE 1. Type and lattice parameters of silicide films.

In this work
Silicide : 3
Grille type Lattice parameters, A
Si Cubic a=5.45
CoSiz[5] Cubic a=>5.40
Mn4Sir Tetragonal a=5.7,¢=15.3

method. Using this refinement method, we determined the Miller indi-
ces (hkl). As mentioned above, x-ray diffractometry of polycrystalline
films allows quantitative elemental analysis.

Figure 8 shows x-ray diffraction analysis and spectral dependences
of a thin film of manganese silicide. XRD analysis at room tempera-
ture shows that peaks 17.292, 27.412, 36.321, 45.842, 55.792, 65.247
and 77.634 are visible from several angles. The main ideal peak ap-
pears at an angle of 27.412 degrees (104).

When heated to 700 K, the angle of the peaks in the image does not
change, but the intensity does. The release of some light volatile ele-
ments during heating and crystallization can be explained by the crys-
tallization of the sample. The x-ray phase analysis method presented in
the literature [12, 13] shows that in a sample heated to 800 K, x-ray
phase analysis peaks appear at certain angles, although the peaks are
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very small in intensity and contrast.

3.2. Measurement of Electrophysical and Thermoelectric Properties
of Samples

The electrical parameters of manganese silicide films of various thick-
nesses deposited on the surfaces of silicon and glass by the ion-plasma
method in high vacuum were measured on an ECOPIA instrument
(HMS-5000), and comparative data on the electrical parameters of thin
Mn,Si; coatings are presented (Table 2). Figure 9 shows the tempera-

TABLE 2. Mn4Sir film deposited on glass (1), Mn4Sir film deposited on silicon (2).

Mn4Sir coated on glass Mn4Sir coated on

Measurements surface (1) silicone surface (2)
Resistivity, Q-cm 4.1678-103 1.2453-10°3
Resistance, Q 612 454
Average Hall coefficient, 5.7642-102 92.8979.10°5
cm?®/C
Conductivity, S/cm 239.94 802.99
Sheet concentration, cm2 3.2488-101° 2.2036-1018
Bulk concentration, cm™ 1.0829-10%° 2.1541-1023
Mobility, cm?2/(V-s) 13.83 2.327-1072
Sheet resistance, Q/ 138.93 121.74
A—-C Hall coefficient, cm?/C 1.4251-10! 2.9439-10°°
B-D Hall coefficient, cm3/C -2,7224.1072 2.8519-10°°
Ratio vertical /horizontal 0.77849 0.97469

3800
545
N -,E 3200
& D 2600
T — S—
2000
455 - 14002
0.003 0.005 0.007 0.008 0.007

>

Fig. 9. Electrophysical parameters of Mn4Si7 thin films (resistance vs. current

and I-U curve).
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ture dependence of I-U curve and the electrical resistance of the samples.

The MnSi film deposited on a silicon substrate with a resistivity of 3—
5Q-cm had an n-type and the Seebeck coefficient was close to
—140 1V /K. The thickness of the films was about 146 nm. The resistance
decreased with increasing temperature. However, the relationship be-
tween resistance and temperature was very complex due to the shrink-
age effect of the substrate. The figures show the temperature depend-
ences of the electrical conductivity and Seebeck coefficient of thin
Mn,Si- films of various thicknesses grown in ion-plasma oats (Fig. 10).

With increasing temperature, the resistivity first decreased from
124 to 118 mQ:-cm, increased slightly after 400 K, and then, sharply
decreased. This behaviour indicates that Mn4Si; is a semiconductor.
Due to the average crystallinity of the film, the Seebeck coefficient
was not very low.

The Seebeck coefficient of the film with an initial thickness of
172 nm was larger than that of sample-1, but the Seebeck coefficient
increased faster after 560 K, which can be attributed to the crystallini-
ty of the film thickness.

The resistivity of the sample deposited on the silicon surface was
about 9.88 mQ-cm at room temperature. With increasing temperature,
the electrical conductivity increased slightly and then increased sharp-
ly above 530 K. The film was p-type at room temperature and n-type
after 460 K. Near the Mn,Si;/Si interface, the silicon substrate heavily
doped with manganese is n-type, and the donor state has separated
from the conduction band with the energy level. We can say that
E;=0.354¢V.

At temperatures above 580 K, the resist is thermally activated with
apparent activation energy of 0.492 eV. If we take the activation ener-

Sample 1
Tk
ample
1400- Sample 1 + 0
g
= 1000 B0y
ok b=
o) =
. = —80-
600- -
- e \|_
3 - ~120 !
200 E==tmAEREE IR L
300 400 500 600 300 | 400 500 | 600
T, K T, K
a b

Fig. 10. Temperature dependence of electrical conductivity and Seebeck coef-
ficients.
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gy of the material in this intrinsic region to be half the forbidden ener-
gy gap, this indicates an estimated energy gap of about 0.984 eV:

Eg = Eg(0) £, (2)

where E, is the energy band gap, T is the temperature, then the coeffi-
cient B=dE,/dT =-0.80-10*eV/K [16]. The Seebeck coefficient is
-1.321V/K at 300K and -136 nV/K at 530 K, respectively. With in-
creasing temperature, the concentration of electrons excited from the
donor state to the conduction band increases. As a result, the Seebeck
coefficient decreases and finally the sample changes from p-type to n-
type. For the sample prepared by the ion plasma method, the band gap at
room temperature was E,=0.354 eV, measured by the optical method.

Figure 11 shows the power factor as a function of temperature for
samples of four different thicknesses. As a result of measurements,
the power factor turned out to be small (P =1-4 mW /(m-K2)) and in-
creased very little in the temperature range of 300-450 K and in-
creased sharply in the range of 500-580 K (P = 850—-3690 mW/(m-K?)).
As the thickness decreases, the power factor increases. Using the mag-
netron sputtering method, a Mn,Si; film with a resistivity of
1.24-103 Q-cm was obtained at room temperature. The power factor
reached 3684 nW/(m-K?) at 575 K. Due to this high-power factor, the
n-type HMS material can outperform the p-type HMS material in the
development of thermoelectric generators.

4000+ Sample 1 —=—
1 Sample 2 —e-
o Sample 3 ——
) Sample 4 ¥
3000
:,“x-" -
‘-E’ 4
~ 2000-
3
=1
Q: -
1000+
| / “{7{
0-_¥ !-I ® T * _|’ r‘h—;o T T
300 350 400 450 500 550 600
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Fig. 11. Power factor dependence on temperature.
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4. CONCLUSION

A film of high-manganese silicide of various thicknesses was grown on
the surface of a silicon crystal in a magnetron sputtering installation
using the solid-phase ion-plasma method. The surface morphology of
Mn,Si; crystals depending on their state was studied using a Quanta
200 3D microscope (Scios FEI). The electrical parameters of a thin lay-
er of Mn,Si; samples with a thickness of approximately 34.7-172 nm
were studied on an ECOPIA device (HMS-5000). Structural analysis of
the Mn4Si; crystal was recorded on an XRD-6100 x-ray diffractometer;
spectra were recorded at room temperature. Spectrogram peaks based
on Miller indices and interplanar distances indicate newly formed
manganese silicide compounds. As a result of the research, it was es-
tablished that the electrical properties of Mn,Sir coatings grown on the
surface of glass and silicon by magnetron sputtering are higher on sili-
con. It has been established that when a Mn4Si; nanocluster is heated
and cooled, the Seebeck coefficient changes from -1.32 uV/K to -140
nV/K depending on the order of the nanolayer and the thickness of the
coating, and the resistance of the coating decreases upward up to 1.5
times. As a result of the analysis of the measured thermoelectric prop-
erties, we concluded that the ‘ion-plasma’ method is a more effective
method for producing high-quality thermoelectric materials. The re-
sulting films can be used in sensors for IR and UV detectors.
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Young’s Modulus of Sub-10 nm MgO Films via the Tunnelling-
Current Nanoindenter Method

V. O. Burlakov and O. V. Filatov

G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd.,
UA-03142 Kyiv, Ukraine

A novel method for determining the elastic properties of ultrathin dielectric
films based on conductive-tip nanoindentation is applied. The approach ena-
bles the extraction of film deformation from variations in tunnelling cur-
rent, thereby, eliminating contributions from the substrate, indenter, and
instrument compliance. A 6 nm MgO film deposited on a Fe film is investi-
gated as a model system. The load—displacement curve is calculated from the
obtained data of tunnel current, allowing evaluation of the Young’s modulus.
The measured modulus of the MgO film is of = 180 GPa, which is lower than
bulk values and is attributed to reduced density and structural features of
the deposited film. Repeated indentation results in an apparent increase in
the Young’s modulus up to = 380 GPa, associated with densification and re-
duced porosity. The applied method provides a high-resolution approach for
measuring the mechanical properties of dielectric films with thicknesses be-
low 10 nm.

Key words: nanofilms, Young’s modulus, mechanical properties, magnesium
oxide MgO, nanoindentation, tunnelling current.
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nozatauBoctu npuaany. Ilniska MgO ToBmuHO©0 ¥y 6 HM, HaHEeceHa Ha IJIiBKY
Fe, mocnimxyeTbca AK MomenbHA cucTeMa. KpuBa HaBaHTaKeHHA—3MillleHHS
PO3PaxOBYETHCSA HA OCHOBI OZEP’KAaHUX TAHUX CTOCOBHO TYHEJBHOTO CTPYMY,
110 A€ 3MOry omiHuTu mMomyJab IOura. Bumipanuit mogyas maisku MgO cra-
HoBUTH = 180 I'Tla, 1o HM:KUe 3a 06’eMHi 3BHAUEHHSA Ta MOKe OyTHU OB’ sI3aHO 3
IOHWKEHHAM T'yCTUHU Ta CTPYKTYPHUMU OCOOJIMBOCTSAMY HAaHECEHOI IJIiBKH.
IToBTOpHE iHIEeHTYyBaHHA IPUBOAUTH A0 MOMiTHOrO 30inbINIeHHA Monysid FOHT'a
nmo = 380 I'Tla, 1o moB’A3aHe 3 YIMiIbHEHHAM i TOHMKEHHAM IIOPUCTOCTH. 3a-
CTOCOBaHUM MeTOJ 3a0e3mneuye AieBuil miaxim mis MipAHHS MeXaHiuHUX BJac-
TUBOCTEH JieJIEKTPUYHUX IIJIiBOK TOBIIMHO MeHIIe 10 HM.

KarouoBi ciioBa: HaHOMIiBKY, Moayab FOHT'a, MexaHiuHi BIacTUBOCTI, OKCU[
Marwuiro MgO, HaHOIHAEHTYBaHHA, TYHEJIBHUI CTPYM.

(Received 10 April, 2026, in final version, 20 April, 2026 )

1. INTRODUCTION

Ultrathin dielectric films and multilayers with thicknesses below 10
nm are central to nanoelectronic, spintronic, and quantum technolo-
gies [1, 2]. Continued miniaturization of high-frequency devices and
next-generation CMOS systems requires dielectric layers only a few
atomic layers thick to achieve high capacitance and low power con-
sumption [3]. In such architectures, mechanical integrity is critical, as
the films must withstand stresses induced by thermal expansion mis-
match and applied electric fields without fracture or delamination [4,
5].

Beyond their electronic functionality, ultrathin films are also cru-
cial for nanoelectromechanical systems (NEMS), where elastic defor-
mation and dynamic response are determined by mechanical proper-
ties. Device miniaturization enhances sensitivity, enabling sub-
femtometer-displacement resolution and zepto-scale mass and force
detection [6—9].

Consequently, understanding the thickness dependence of elastic
properties at the nanoscale is of fundamental and technological im-
portance. At these scales, surface and dopant effects become domi-
nant, leading to mechanical properties that can deviate significantly
from bulk properties, exhibiting either softening or stiffening [10].
Thickness-dependent elasticity primarily arises from the high propor-
tion of surface atoms, which may decrease stiffness since surface at-
oms have less restrictions on their movement [11] or increase it
through electron charging redistribution and bond contraction [12,
13]. These effects have been both analysed (using continuum and atom-
istic approaches[13—-16]) and confirmed experimentally [16, 17].

Within the field of green electronics called spintronics, in which
magnetic tunnel junctions incorporating an MgO barrier layer serve as



YOUNG’S MODULUS OF SUB-10 NM MgO FILMS 529

key components in magnetic memory devices, magnetic sensors, radio-
frequency and microwave applications, as well as logic and non-
Boolean devices [18—20]. MgO seems to be one of the best candidates
for use as a barrier layer due to its high dielectric constant and wide
band gap. In addition, its cubic crystal structure ensures a relatively
low lattice mismatch with many metals and semiconductors [21]. MgO
thin films used as barrier layers enable high tunnelling magnetore-
sistance ratios via coherent spin-polarized tunnelling [22]. Therefore,
MgO is selected as a model system for the present study, since the de-
termination of its Young’s modulus is essential for evaluating the me-
chanical stability and reliability of ultrathin barrier layers in na-
noscale electronic and spintronic devices.

2. EXPERIMENTAL DETAILS

Accurate determination of the elastic properties of ultrathin films re-
mains experimentally challenging, as most conventional techniques
lack sufficient sensitivity for thicknesses below 10 nm [23, 24]. Com-
monly employed methods, such as nanoindentation, typically provide
reliable characterization for films with thicknesses on the order of sev-
eral hundred nanometres, particularly when combined with advanced
modelling [25, 26].

To solve this problem, a novel approach to determining the mechani-
cal properties of ultrathin dielectric films is presented. In this method,
a conductive tip replaces the traditional diamond tip. The dielectric
film under investigation is deposited onto a conductive substrate, and
a constant potential difference is applied between the tip and the sub-
strate (Fig. 1).

The current flowing through the tip—dielectric—substrate system is
continuously monitored during the indentation process. Variations in
the tunnel current result from changes in the dielectric film's thick-
ness and defect mobility under applied load. By analysing these chang-
es, a load—displacement curve is calculated, providing insights into the
mechanical behaviour of the dielectric film.

The indenter is fabricated from hardened steel and is characterized
by a truncated conical geometry with a tip area of A =4.8-107° m2. Prior
to the measurements, the applied load is calibrated using standard ref-
erence weights. The corresponding calibration data are obtained by
several measurements.

The dielectric film is a 6 nm thick MgO layer deposited under vacu-
um conditions onto a 100 nm thick Fe film. The tunnelling current be-
tween the tip and the underlying Fe film is measured using the electri-
cal circuit shown in Fig. 1. A Zener diode is employed to maintain a
constant bias voltage of 0.7 V. The tunnelling current is determined
from the voltage drop across the reference resistor, allowing for quan-
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Fig.1. Schematic representation of the tunnelling current nanoindenter
method: a constant bias voltage is applied between the conductive indenter
and the substrate, while the tunnelling current through the tip—dielectric—
substrate system is monitored during loading to determine the deformation of
the dielectric film.

titative analysis during indentation. The change in dielectric thickness
under applied load from the tip is inferred from the corresponding var-
iation in the tunnelling current.

3. RESULTS AND DISCUSSION

Reduced atomic co-ordination near a free surface leads to charge redis-
tribution and changes in bonding, resulting in elastic properties that
differ from those of the bulk material. While the surface region is only
a few atomic layers thick and can be neglected in micron-scale struc-
tures, its influence becomes significant at the nanoscale because of the
increased surface-to-volume ratio. As a result, the overall stiffness of
a nanoscale film cannot be accurately described using the bulk modu-
lus. In this context, the concept of an effective modulus is used to
characterize the averaged mechanical response of a structurally inho-
mogeneous system. Nanoscale films must be regarded as inhomogene-
ous, since surface regions contribute substantially to their elastic be-
haviour. Consequently, the effective modulus becomes size-dependent
and deviates from the corresponding bulk value[27, 28].

The Young’s modulus determined by indentation is typically evalu-
ated using the load—displacement (P—h) curve [29]. The indenter dis-
placement under loading is influenced by the deformation of the film,
the substrate, the indenter, and the instrument itself. This compli-
cates the isolation of the film deformation contribution to the total
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displacement 2. When a conductive indenter is employed, the dis-
placement (%¢) associated with the deformation of the dielectric film is
determined from variations in the tunnelling current. At room tem-
perature, the tunnelling current exhibits an approximately exponen-
tial dependence on the applied voltage. At low voltages (up to 0.3 V)
[30], thermal fluctuations significantly affect the current, introduc-
ing a source of error in the exponential approximation of the current—
voltage relationship.

The exponential dependence of the tunnelling resistance provides
high resolution in determining variations in the dielectric thickness.
Under loading with a conductive indenter tip, the electrical resistance
of the system is observed to vary in the range from 10 MQ to 1 kQ as
the dielectric thickness decreases from 5nm to 1 nm. The contact re-
sistance between the indenter tip and the metallic film, without the
dielectric film, is approximately 100 Q and decreases linearly with in-
creasing contact area. Its influence on the total tunnelling current is
therefore negligible. Consequently, the displacement (k) calculated
from variations in the tunnelling current I enables the determination
of the dielectric deformation, while excluding contributions from the
deformation of the substrate, the indenter, and the instrument.

During the experiment, the voltage across a reference resistor con-
nected in series with the sample is monitored. Variations in the dielec-
tric thickness affect both the current I in the circuit and the voltage U;
across the sample (Fig. 2). In Ref. [31], a series of I-U characteristics

2.52 nm || I P Ji: /
——2.31 nm J 1
&8-107F—2.10 nm |
——1.89 nm j f /
e - oo f
1.68 nm | | [ I‘ /

~1.47nm | ] J / /
——1.26 nm |/ [/ / /
1.05 nm [/ fanfiesd /
-7h——0.84 nm [/ et
——0.63 nm | I

A
@
b
=
5

Current I,

Voltage U, V

Fig. 2. Determination of dielectric thickness: the I-U: characteristic (data
line) measured during deformation is matched with calculated I-U curves for
different MgO thicknesses (2.52—0.21 nm lines).
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for different MgO thicknesses is experimentally obtained, and an em-
pirical relationship for their calculation over a wide range of dielectric
thicknesses is proposed. This relationship is used to determine the die-
lectric thicknesses by matching the measured I-U: characteristic with
the calculated I-U characteristics (Fig. 2).

The I-U: characteristics obtained during the deformation of MgO
intersects the calculated I-U characteristics corresponding to differ-
ent dielectric thicknesses with a step of 0.21 nm. Using the intersec-
tion points, the values of the exp(h:) on current I is constructed (Fig.
3). This relationship is approximated by a linear function in the select-
ed co-ordinates. The dielectric deformation is then determined from
the obtained functional relationship A: = f(In(1)).

Based on the obtained data, the load—displacement curve (P = f(k:))
is constructed (Fig. 4).

The loading is performed within the elastic deformation regime of
the dielectric film (up to 10 MPa). No residual imprints associated with
plastic deformation are observed during microscopic examination of
the film surface, and the unloading curve returns to the initial point.
The resulting diagram corresponds to the load—displacement response
characteristic of instrumented (kinetic) indentation. The Young’s
modulus of the film is determined from the slope of the unloading
curve in the range of (0.8—0.4)Pp..x. This portion of the curve is approx-
imated by a linear function: red dash line in Fig. 4.

14 | T L]

= Data
——— Linear fit

Plot: D

6F Weight: No weighting
Intercept: 21.55125 + 0.55531
Slope: —4.93698E7 + 1.69738E6

[ Residual sum of squares: 0.55208
Pearson’s r: —0.99647

| R-square (COD): 0.99296 n
Adj. R-slquare: 0.?91 78 g :

1.5 107 20 107 25107 3.0 107 35 107 4.0 167

Current I, A

b Equation: y=a+bx
X
M=

Fig. 3. Determination of dielectric deformation: the values of exp(ks) on tun-
nelling current I constructed from the intersection points of experimental I—
U: characteristic and calculated I-U curves. The solid line is a linear fit in the
selected co-ordinates.
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Fig. 4. Load—displacement curve of the MgO film obtained from tunnelling-
current measurements.

Conventionally [29], the evaluation of the Young’s modulus in in-
dentation is performed using equations that account for the defor-
mation of the indenter and the compliance of the measuring system. In
the present study, the calculation is simplified, since only the defor-
mation of the film is considered in constructing the load—displacement
curve. Using the value of the Poisson’s ratio of the MgO film [32], the
contact area, and the slope of the unloading curve, the Young’s modu-
lus is calculated as:

_Vr@-v*)ap
2JA  dn’

where E is the Young’s modulus, v is the Poisson’s ratio, A is the tip
area.

The Young’s modulus obtained for a 5 nm thick MgO film deposited
on a 100 nm thick Fe film is =180 GPa. For bulk MgO, the Young’s
modulus ranges from 250 to 350 GPa depending on the crystallograph-
ic orientation [33]. The density of polycrystalline MgO is known to af-
fect significantly the Young’s modulus, which may vary within the
range of 80—300 GPa[34]. Based on these data, the MgO film deposited
by vacuum sputtering is estimated to have a density of approximately
3.2 g/cm?3, which is about 10% lower than that of single-crystalline
MgO.

During repeated indentation at the same point, the load—
displacement curve is determined using the same procedure. The re-
sulting curve exhibits reduced hysteresis between the loading and un-

E 1)



534 V.0.BURLAKOV and O. V. FILATOV

T T T T T T

Data
— — - Linear fit

30F

Do
S

Load P, mN
b~
L]

A " 1 A L A 1 " 1 " 1 A
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Displacement z, nm

Fig. 5. Load—displacement curve obtained during repeated indentation at the
same location of the MgO film.

loading curves, as well as smaller displacement under the same applied
load (Fig. 5). The Young’s modulus of the MgO film obtained under re-
peated loading is =380 GPa, which exceeds the reported values for
bulk MgO [34]. The observed twofold increase in the Young’s modulus
can be attributed to the absence of plastic deformation and a reduction
in porosity during repeated indentation.

4. CONCLUSION

A conductive-tip indentation method based on tunnelling current
measurements is used to determine the elastic properties of ultrathin
dielectric films. The proposed approach enables direct determination
of dielectric film deformation by isolating its contribution from the
total displacement, overcoming limitations of conventional
nanoindentation techniques at the nanoscale.

Application of the method to MgO films with thicknesses below
10 nm demonstrates its capability to thickness changes and to calculat-
ing reliable load—displacement curves. The obtained Young’s modulus
of =180 GPa is consistent with bulk values of MgO with reduced densi-
ty.

Repeated loading leads to a significant increase in the measured
modulus to =380 GPa, which is associated with structural densifica-
tion and a decrease in porosity. These results indicate that the mechan-
ical properties of ultrathin films are strongly influenced by their
structural state and loading history.
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