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 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, 

 
a b 

Fig. 3. TEM microstructure of deformed samples: lath and partial recrystalli-
zation structure (a); lath structure contains high density of dislocations (b). 

  
a b 

Fig. 2. EBSD Images of ND−RD observation area at 600°С (a), 750°С (b). 
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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 promote 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 + c> 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 

 

Fig. 4. EBSD grain boundaries map of hot deformed sample. 
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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 β-Nb precipitate percentage, and some of Zr(Nb, Fe)2. 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 β-Zr and β-Nb, the 

others are relatively hard and brittle intermetallic compound precipi-
tates. β-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-

   
a d c 

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 et al. 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 α + β phase region. The β 

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 β-Zr. 
 TEM studies revealed that the precipitates in the hot-deformed 

samples were almost retained β-Zr structures at the grain boundaries 

(Fig. 6), and trace amounts of β-Nb and the Zr(Fe, Nb)2 phase (Fig. 7). 
The Nb/Fe value in the Zr(Fe, Nb)2 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 β-Zr and Zr(Fe, Nb)2, 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)2 and (Zr, Nb)4Fe2, as 

well as softer metallic precipitates β-Zr and β-Nb, etc. [19]. This indi-
cates that even at lower deformation temperatures, Zr−Sn−Nb zirconi-
um alloys may will produce β-Zr. Considering β-Zr and its string-like 

structures formed during subsequent processing, the adverse effects 

of distributed second-phase particles on the corrosion of zirconium al-

 

Fig. 6. Image of β-Zr precipitated in hot deformed samples. 
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loy necessitate measures during subsequent processing to eliminate 

residual β-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 α and α + β 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°С, fine particles with mainly composed of Nb indi-
cate high β-Nb precipitate percentage, and some of Zr(Nb, Fe)2. As 

temperature rises to the α + β two-phase region, residual β-Zr and trace 

amounts of β-Nb and Zr(Fe, Nb)2 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-

 
a d 

Fig. 7. Image of precipitated β-Nb (a), Zr(Fe, Nb)2 (b). 
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loy should employ large deformation and low-temperature annealing 

processes to obtain a fine, dispersed second-phase microstructure, 

thereby improving the alloy corrosion resistance. 
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збільшенням зерна аустеніту амплітуда сиґналу [30] збільшується 

до 0,7 мВ, а в разі накладання магнетного поля амплітуда сиґналу 

змінної форми може становити 10 мВ. 
 Зручними та надійними засобами ідентифікації ТМП є поширені 
методики ДСК, низькопольової магнетної сприйнятливости й елек-
троопору. В якості об’єкта дослідження запропоновано четверний 

стоп CuAl11,2Mn6,35Fe0,925, що демонструє типове ТМП з порівняно 

широкою температурною гістерезою. Трансформація ТМП у четве-
рних сполуках [31] засвідчила істотні зміни в морфології та кінети-
ці ТМП: від термопружнього до двостадійного перетворення, в тому 

числі із вибуховою кінетикою. За результатами ДСК стоп виявляє 

ознаки ТМП з такими параметрами: Ms = 10,1°C, Mf = −29,6°C, 

As = 3,4°C, As = 54,7°C, ∆M = Mf − Ms ≅ 40°C, ∆A = 57°C, ∆T ≅ 30°C. Мі-
кроструктура (рис. 1) характеризується утворенням голчастого ма-
ртенситу і за кімнатної температури характеризується великим ро-
зміром зерна у ≅ 3 мм переважно рівновісної форми. Треба зазначи-
ти, що температурні інтервали прямого й зворотнього МП мають 

протяжний характер, що є вірогідним наслідком неоднорідности 

хемічного складу зразків (рис. 2). 
 На сучасному етапі розвинуто та накопичено уявлення стосовно 

поведінки потрійних стопів Cu–Al–Mn за термомагнетного оброб-
лення (ТМО). В цьому контексті значну увагу привертають зразки, 
які зазнали термомагнетного оброблення. ТМО вносить істотні ко-
рективи в магнетну й електричну поведінку потрійних нанострук-
турованих сполук під час індукування МП стопу Cu–12,4 Al–5,03 

Mn (рис. 3). 
 Ріст електроопору за МП зумовлено більш дефектною структу-

 

Рис. 1. ДСК четверного CuAl11,2Mn6,35Fe0,925 стопу. 

Fig. 1. DSC of the quaternary CuAl11.2Mn6.35Fe0.925 alloy. 
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рою мартенситу, тоді як сиґнал χ/χmax (рис. 4) пропорційний розмі-
рам феромагнетних частинок Cu2AlMn, розміщених у парамагнет-
ній матриці, коли за зсувної деформації матриці виникає наведена 

анізотропія форми частинок. 
 Зменшення амплітуди сиґналу χ(Т) є еквівалентним зменшенню 

 

Рис. 2. Мікроструктура стопу CuAl11,2Mn6,35Fe0,925 в загартованому стані: 
1) збільшення у 130 разів, 2) без збільшення. 

Fig. 2. Microstructure of CuAl11.2Mn6.35Fe0.925 alloy in the tempered state: 
1) 130-fold increase, 2) without increase. 

 

Рис. 3. Температурні залежності електроопору стопу Cu–12,4 Al–5,03 Mn 

за різного ТМО. 

Fig. 3. Temperature dependence of the electrical resistance of the Cu–12.4 

Al–5.03 Mn alloy at different TMT. 
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намагнетованости I/I0 з температурою, що характеризується відпо-
відним відношенням I/I0 ≅ µH/(3kT) і за високих температур приз-
водить до деґрадації магнетного впорядкування. 
 Зміни в кінетиці та морфології МП стопу з однаковим хемічним 

складом ймовірно пов’язані зі зменшенням розміру феромагнетних 

наночастинок відповідно до термодинамічних розрахунків [32] або 

із збільшенням анізотропії форми, а саме, до більш орієнтованого 

напрямку росту наночастинок відносно напрямку магнетного поля. 
До такого висновку можна підійти, враховуючи істотне зменшення 

амплітуди сиґналу χ та ρ в зразках за ТМО. За паралельної орієнта-
ції головної осі зразка за ТМО магнетна сприйнятливість демонст-
рує плавний перехід через трансформацію структури, як за прямо-
го, так і зворотнього МП. Ізотермічний відпал за перпендикулярної 
орієнтації зразка із ТМО демонструє різкий перехід для прямого 

МП і двостадійну трансформацію за зворотнього ТМП. В роботі під 

час ідентифікації МП у стопах Cu–Al–Mn за накладання сталого 

магнетного поля не спостерігається зміщень температур переходу, а 

із збільшенням напружености прикладеного магнетного поля зрос-
тає амплітуда електроопору [33]. 
 Мінімізація вільної енергії з утворенням феромагнетної фази ви-
ділення відбувається в результаті конкурування між магнетостати-
чною та поверхневою. Якщо за термічного оброблення утворення 

форми фази виділення відбувається за конкуренції між пружньою 

 

Рис. 4. Температурні залежності низькотемпературної магнетної сприй-
нятливости стопу Cu–12,4Al–5,03Mn за різного ТМО. 

Fig. 4. Temperature dependence of the low-temperature magnetic susceptibil-
ity of the Cu–12.4Al–5.03Mn alloy at different TMT. 
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та поверхневою енергією, то за ТМО форма виділення залежить від 

конкуренції між поверхневою та магнетостатичною енергіями. 
Ефект ТМО в старіючих ФСПФ має анізотропний характер за фор-
мування феромагнетних наночастинок. 
 На рисунках 5, 6 представлено магнетну поведінку швидкозагар-
тованої стрічки стопу Cu–Al–Mn: температурну залежність намаг-
нетованости (рис. 5) та ізотермічні криві намагнетованости за різ-
них температур від 3 К до 380 К (рис. 6). У високотемпературній об-
ласті стоп перебуває в парамагнетному стані та в подальшому із по-
ниженням температури переходить у суперпарамагнетний стан (ві-
дсутність коерцитивної сили), а за температури у 26,6 К — до стану 

спінового скла. Наявність переходу суперпарамагнетик–спінове 

скло можна пов’язати з дипольною взаємодією частинок, які за зсу-
вної деформації в межах мартенситних кристалів зазнають наведе-
ної анізотропії форми. Відповідні розрахунки [34] свідчать, що на-
ведена напруженнями анізотропія на 2 порядки перевищує криста-
лографічну, що приводить до анізотропії форми частинок і фіксації 

магнетних властивостей саме через них. Із зменшенням температу-
ри зростає величина коерцитивної сили, що відповідає однодомен-
ному стану анізотропних частинок переважно малого розміру (від-
носно низька температура переходу). 
 Ефект ізотермічного старіння та часу витримки не має сильного 

 

Рис. 5. Криві температурної залежности питомої намагнетованости стопу 

Cu–12,4 Al–6,5 Mn в режимі ZFC та FC за 200 Е. 

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. 
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впливу на магнетні характеристики стопу CuAlMnFe, і, можливо, 
це пов’язане з превалюванням антиферомагнетного впорядкування 

над феромагнетним, а також сильною магнетокристалічною анізот-
ропією стопу, який за кімнатної температури перебуває в мартенси-
тному стані (рис. 7), що притаманне потрійним стопам CuAlMn 

(рис. 7, а). Наведена МП кристалічна анізотропія матриці блокує 

його насит в полі до 20 кЕ на противагу випадку, коли частинки ро-
зміщені в аустенітній матриці. 
 Аналогічна картина спостерігається у стопах Cu–Al–Mn(Co), де 

падіння намагнетованости по відношенню до стопу без Кобальту ся-
гає 5-кратного рівня. За думкою авторів, додавання Кобальту бло-
кує виділення фази Cu2AlMn, проте одночасно з цим вдвічі збіль-
шується пластичність стопів [35]. 
Механічні характеристики Cu–Al–Mn(Fe). На рисунку 8 представ-
лено діяграми вдавлювання CuAl11,2Mn6,35Fe0,925. Мікротвердість та 

модуль пружности за кімнатної температури: Н = 3,7 ГПа, 

Е = 61 ГПа. Величина відновлюваної деформації за кімнатної тем-
ператури — Re = ((3,44 − 2.44)/3,44)⋅100% = 29,069%. Відносно не-
великі показники відновлюваної деформації стопу Cu–Al–Mn(Fe) 

 

Рис. 6. Ізотермічні криві польових залежностей питомої намагнетованости 

Cu–12,4 Al–6,5 Mn за різної температури міряння. Вставка: залежності 
намагнетованости наситу та коерцитивної сили від температури. 

Fig. 6. Isothermal curves of field dependences of the specific magnetization of 

Cu–12.4 Al–6.5 Mn at different measurement temperatures. Inset: depend-
ences of saturation magnetization and coercive force on temperature. 
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пов’язані з наявністю двофазного стану (аустеніт + мартенсит), ко-
ли термодинамічна стійкість індукованого навантаженням МП під 

зовнішнім впливом зберігається під час розвантаження, на відміну 

від деформування фолій Cu–Al–Mn в повністю аустенітному стані 
(рис. 9). 
 Для полікристалічних зразків з мікрозеренною структурою від-
носне збільшення відновлюваної деформації фіксується із збіль-
шенням циклів навантаження–розвантаження через 1% отриманої 

деформації в результаті зміцнення матриці. Накопичення структу-
рних дефектів під час циклювання також сприяє поліпшенню дем-
пфувальних характеристик. 
 На рисунках 9, 10 представлено циклічні криві навантаження–
розвантаження (за деформування зразків із збільшенням деформа-

  
а б 

 
в 

Рис. 7. Петлі гістерезисні питомої намагнетованости: стопів Cu–12,4 Al–
5,03 Mn за старіння (200°С, 3 год.) (а), стопу CuAl11,2Mn6,35Fe0,925 за відпалу 

(100, 150, 200°С в залежності від часу старіння) (б, в). 

Fig. 7. Hysteresis loops of specific magnetization: Cu–12.4 Al–5.03 Mn alloys 

at 200°С 3 hours ageing (а); CuAl11.2Mn6.35Fe0.925, when annealed at 100, 150, 

200°С depending on the ageing time (б, в). 



 ФУНКЦІОНАЛЬНІ НАНОСТРУКТУРОВАНІ КОМПОЗИТИ 507 

ції на кожний 1%) за одновісного розтягу швидкозагартованих 

стрічок стопу за кімнатної температури (з температурами прямого 

МП Ms = −55°С, Mf = −95°С (в інтервалі ∆M = 40°С) та зворотнього 

МП As = −34°С, Af = −5°С (в інтервалі ∆A = 30°С)). 
 На деформаційних кривих прослідковується індукування марте-

 

Рис. 8. Діяграма вдавлювання стопу Cu–Al–Mn–Fe. 

Fig. 8. Indentation diagram of the Cu–Al–Mn–Fe alloy. 

 

Рис. 9. Криві напруження–деформація (циклічні вздовж осі стрічки) сто-
пу Cu–12,4 Al–6,5 Mn. 

Fig. 9. Cyclic stress–strain curves (along the strip axis) of the Cu–12.4 Al–
6.5 Mn alloy. 
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нситного перетворення, оскільки температура випробовування 

Т > Af. Збільшення відновлюваної деформації пов’язане з прийнят-
ною орієнтацією зразка по відношенню до зусилля, яке приклада-
ється, та зміцненням матриці за деформування. З кожним циклом 

відновлювана деформація збільшується: 1 — 70% (0–2%), 2 — 82% 

(2–4,5%), 3 — 75% (4,5–7%), в той час як коефіцієнт деформацій-
ного зміцнення dσ/dε в інтервалі 2 має сталу величину 5,22 і в тре-
тьому інтервалі збільшується вдвічі до 9 МПа. Модуль модуля в 

першому циклі становить Е = 5085 МПа. В останньому циклі відбу-
вається зрив напруження, що спричиняє розрив зразка. Для цього 

стопу має місце орієнтаційний характер деформування. Одновісний 

розтяг зразка поперек осі стрічки приводить до зміцнення на 20% 

через двократну втрату пластичности (рис. 10). Таке розходження в 

механічній поведінці стрічок пояснюється нерівномірністю по тов-
щині та неоднорідним розподілом хемічних складових в об’ємі зра-
зків. Робота в технологічному аспекті над структурними неоднорі-
дностями та стабілізацією товщини може відкрити додаткові мож-
ливості керування механічними та магнетними параметрами сто-
пів. 
Практичні застосування. Перспективність застосування стопів на 

мідній основі зазначено в багатьох наукових джерелах [35]. Вико-
ристовуючи високі механічні показники наноструктурованих Cu–
Al–Mn–Fe-стопів в комбінації з електромагнетними показниками 

 

Рис. 10. Криві напруження–деформація (поперек осі стрічки) стопу 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. 
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Cu–Al–Mn, цілком вірогідне застосування наноструктурованих 

композицій в смарт-пристроях, робота яких базуватиметься одно-
часно на сукупності можливостей актуатора та сенсора. В цьому 

контексті запропоновані нові підходи до використання функціона-
льних стопів ТМП (СПФ) в якості адаптивних пристроїв із змінною 

[36] та квазинульовою цупкістю з надпружніми стрижнями із Cu–
Al–Mn [37, 38], а також в елементах переміщень [39]. 
 Нова технологічна схема виготовлення СПФ на основі Cu–Al–Mn 

забезпечує значне поліпшення термосилових показників, підви-
щення якости та надійности за одночасної інтенсифікації процесу 

виготовлення їх в середньому в 10–15 раз і приводить до пониження 

собівартости продукції [40]. Новітні стопи Cu–Al–Mn мають широ-
кий інтервал робочих температур і можуть бути використані під час 

виготовлення інтеґральних мікросхем, в оптичних навіґаційних 

приладах, телескопах, оптичних прицілах, далекомірах, проєкцій-
них і знімальних апаратах, спектрометрах, спектрографах [41]. 
 Таким чином, в роботі представлено аналітичне підґрунтя мож-
ливостей СПФ на основі стопів міді та наведено експериментальні 
докази використання їх в якості інтелектуальних матеріялів різно-
манітного призначення. 

4. ВИСНОВКИ 

1. Проведено якісну та кількісну оцінку деформаційної поведінки 

Cu–Al–Mn(Fe)-стопів, яка засвідчила демонстрацію значних дефо-
рмаційних показників за реалізації ефектів надпружности та ефек-
ту пам’яті форми у відповідних сполуках. 
2. Зазначено істотний вплив магнетного поля на електричні власти-
вості під час індукування мартенситного перетворення, які безпо-
середньо залежать від впливу зовнішнього поля та попереднього 

термомагнетного оброблення зразків.  
3. Оброблення в магнетному полі стопу Cu–Al–Mn приводить до 

зміни кінетики та морфології за індукування мартенситного фазо-
вого перетворення. Можна стверджувати, що за термомагнетного 

оброблення зразки отримають наведену одновісну магнетну анізот-
ропію або зменшення розмірів феромагнетних частинок. 
4. Використовуючи високі механічні показники Cu–Al–Mn–Fe-
стопів в комбінації з високими суперпарамагнетними показниками 

Cu–Al–Mn-стопів, цілком вірогідне застосування таких нанострук-
турованих композицій у смарт-пристроях, робота яких базувати-
меться одночасно на сукупності можливостей актуатора та сенсора. 

 Роботу виконано в рамках проєкту «Фізичні основи створення 

матеріалів з керованими магнітоструктурними та термодинаміч-
ними характеристиками» (0122U001886) та за часткової підтримки 
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ґранту SSF Project UKR22-0042. 
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In this work, thin Mn4Si7 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⋅K2)) 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⋅K2)). 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 Eg = 0.354 eV. Studies show 

that Mn4Si7 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 Mn4Si7 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 Mn4Si7 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. 

У даній роботі методою твердотільної йонної плазми з використанням 

пристрою магнетронного розпорошення вирощено тонкі плівки Mn4Si7 та 

виміряно морфологію їхньої поверхні, кристалічну структуру, Міллерові 
індекси, параметри ґратниці, термоелектричні й електрофізичні параме-
три плівок. Зеєбеків коефіцієнт зменшився, і зрештою тип зразків зміни-
вся з p-типу на n-тип. Коефіцієнт потужности виявився малим (P ≅ 1–
4 мВт/(м⋅К2)) та дуже слабо збільшувався в діяпазоні температур 300–
450 К і різко зростав у спостережуваному нами діяпазоні 500–580 К 

(P ≅ 850–3690 мВт/(м⋅К2)). Зі зменшенням товщини збільшується коефі-
цієнт потужности. Ширину забороненої зони за кімнатної температури 

для зразка, виготовленого йонно-плазмовою методою, було виміряно оп-
тично, що становило Eg = 0,354 еВ. Дослідження показали, що шари 

Mn4Si7 розміром у ≤ 40 нм можуть бути вирощені на поверхні кристалу Si, 
утвореного магнетронним розпорошенням, але кристал Si не утворює по-
внорозмірний шар Mn4Si7. Під час термічного нагрівання за 300–750 К 

спостерігалося утворення нанорозмірних бульбашок у тонкому покритті 
Mn4Si7, вирощеному в умовах вакууму, а потім вони розривалися й утво-
рювалися нанорозмірні дефекти. За 750 К дефекти звужуються, утворю-
ючи єдине тонке покриття Mn4Si7. Результати мірянь свідчать про форму-
вання тонких плівок, вирощених методою твердотільної йонної плазми, 
та поліпшення їхніх термоелектричних і електрофізичних властивостей. 

Ключові слова: Міллерові індекси, міжплощинна віддаль, чітка монок-
ристалічна структура, Зеєбеків коефіцієнт, коефіцієнт потужности. 

(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 (MnSi1.7) and Mn2X (X = Si, Ge, Sn). There is 

little data on the thermoelectric properties of Mn4Si7 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 Mn4Si7 films have rarely been report-
ed. We developed and characterized n-type polycrystalline Mn4Si7 thin 

films to understand the basic thermoelectric properties of the movie. 
 When preparing the sample, a ready-made Mn4Si7 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 Mn4Si7 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 Mn4Si7 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 Mn4Si7 layer. During thermal heat-
ing at 300–750 K, the appearance of nanosize bubbles in a thin Mn4Si7 

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 Mn4Si7 coating (Fig. 1). 
 The surface morphology of Mn4Si7 crystals was studied under a mi-
croscope (Scios FEI, Quanta 200 3D). The surface morphology of 

Mn4Si7 was studied using an SPM 9700HT scanning probe microscope. 
For this purpose, a sample area measuring 500×500 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 10−6

 Torr using a molecular turbo-pump (Pfeiffer 
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vacuum) in the chamber of the Epos-PVD-Desk-Pro magnetron device 

for sputtering the Mn4Si7 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 Mn4Si7 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 Mn4Si7 target is of 99.9%. 
 The deposition rate varies from 0.4 to 14 Å/s. The thickness of each 

 

Fig. 1. Image of a thin Mn4Si7 film before and after heating to 300–750 K. 

 

Fig. 2. Scheme of a magnetron-sputtering device. 
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layer was controlled on an ‘SP307’ monitor. 
 The electrical parameters of a thin layer of Mn4Si7 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 Mn4Si7 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: 
Imax, 2Imax/3, Imax/3. The value of Imax 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 UA and UB 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 

 

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, 

UB and UT1, UT2 are measured. As for electrical conductivity, UA and UB 

are the voltages between the positive and negative branches of thermo-
couples. These values are measured concerning the temperature dif-
ference ∆T, which is the temperature gradient between the two sides of 

the sample. The value of ∆T is determined from the voltages UT1 and 

UT2, 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 = σα2τ/λ, (1) 

where σ is the electrical conductivity of the material, λ is the thermal 
conductivity, α 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 = σα2.  

3. RESULTS AND DISCUSSION 

3.1. Surface Morphology and Crystal Structure of Mn4Si7 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 rz = 34.7 nm, and the sur-
face is completely covered with a peak. Figure 5 shows a 2D image of a 

Mn4Si7 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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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 CuKα 

(β-filter, Ni, λ = 1.54178 Å, current and voltage mode—30 mA, 40 kV) 
and constant rotation speed of the detector were assessed 0.05 degrees 

 

Fig. 4. 3D images of the surface of thin Mn4Si7 films obtained by atomic force 

microscopy. 

 

Fig. 5. 2D images of the surface of thin Mn4Si7 films obtained by atomic force 

microscopy. 
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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 CuKα is 

about 1 mm (980 µm) for light elements (carbon) and several microns 

for heavy elements (Ag, Pt). For most inorganic substances, CuKα is 

tens of microns (µm) for simple compounds. 
 Figure 7 shows the spectral dependences obtained using the Mn4Si7 

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. 6. Profile along the selected direction. 

 

Fig. 7. Crystal structure (tetragonal structure, space group Pm3m). 
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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 

 

Fig. 8. X-ray diffraction pattern of Mn4Si7 crystal. 

TABLE 1. Type and lattice parameters of silicide films. 

Silicide 
In this work 

Grille type Lattice parameters, Å 

Si Cubic а = 5.45 

CoSi2 [5] Cubic а = 5.40 

Mn4Si7 Tetragonal а = 5.7, c = 15.3 
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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 

Mn4Si7 coatings are presented (Table 2). Figure 9 shows the tempera-

TABLE 2. Mn4Si7 film deposited on glass (1), Mn4Si7 film deposited on silicon (2). 

Measurements 
Mn4Si7 coated on glass 

surface (1) 
Mn4Si7 coated on 

silicone surface (2) 

Resistivity, Ω⋅cm 4.1678⋅10−3 1.2453⋅10−3 

Resistance, Ω 612 454 

Average Hall coefficient, 

cm3/C 5.7642⋅10−2 2.8979⋅10−5 

Conductivity, S/cm 239.94 802.99 

Sheet concentration, cm−2 3.2488⋅1015 2.2036⋅1018 

Bulk concentration, cm−3 1.0829⋅1020 2.1541⋅1023 

Mobility, cm2/(V⋅s) 13.83 2.327⋅10−2 

Sheet resistance, Ω/ 138.93 121.74 

A–C Hall coefficient, cm3/C 1.4251⋅10−1 2.9439⋅10−5 

B–D Hall coefficient, cm3/C −2,7224⋅10−2 2.8519⋅10−5 

Ratio vertical/horizontal 0.77849 0.97469 

 

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–
5 Ω⋅cm had an n-type and the Seebeck coefficient was close to 

−140 µV/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 

Mn4Si7 films of various thicknesses grown in ion-plasma oats (Fig. 10). 
 With increasing temperature, the resistivity first decreased from 

124 to 118 mΩ⋅cm, increased slightly after 400 K, and then, sharply 

decreased. This behaviour indicates that Mn4Si7 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 mΩ⋅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 Mn4Si7/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 

Ed = 0.354 eV. 
 At temperatures above 580 K, the resist is thermally activated with 

apparent activation energy of 0.492 eV. If we take the activation ener-

  
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) ± βτ, (2) 

where Eg is the energy band gap, T is the temperature, then the coeffi-
cient β = dEg/dT = −0.80⋅10−4

 eV/K [16]. The Seebeck coefficient is 

−1.32 µV/K at 300 K and −136 µV/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 Eg = 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⋅K2)). 
As the thickness decreases, the power factor increases. Using the mag-
netron sputtering method, a Mn4Si7 film with a resistivity of 

1.24⋅10−3
 Ω⋅cm was obtained at room temperature. The power factor 

reached 3684 µW/(m⋅K2) 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. 

 

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 

Mn4Si7 crystals depending on their state was studied using a Quanta 

200 3D microscope (Scios FEI). The electrical parameters of a thin lay-
er of Mn4Si7 samples with a thickness of approximately 34.7–172 nm 

were studied on an ECOPIA device (HMS-5000). Structural analysis of 

the Mn4Si7 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 Mn4Si7 coatings grown on the 

surface of glass and silicon by magnetron sputtering are higher on sili-
con. It has been established that when a Mn4Si7 nanocluster is heated 

and cooled, the Seebeck coefficient changes from −1.32 µV/K to −140 

µV/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. 

Застосовано новий метод визначення пружніх властивостей надтонких 

діелектричних плівок на основі наноіндентування провідним вістрям. 
Цей підхід уможливлює виокремити деформацію плівки за зміною туне-
льного струму, тим самим усуваючи внески від підкладинки, індентора та 
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податливости приладу. Плівка MgO товщиною у 6 нм, нанесена на плівку 

Fe, досліджується як модельна система. Крива навантаження–зміщення 

розраховується на основі одержаних даних стосовно тунельного струму, 
що дає змогу оцінити модуль Юнґа. Виміряний модуль плівки MgO ста-
новить ≅ 180 ГПа, що нижче за об’ємні значення та може бути пов’язано з 

пониженням густини та структурними особливостями нанесеної плівки. 
Повторне індентування приводить до помітного збільшення модуля Юнґа 

до ≅ 380 ГПа, що пов’язане з ущільненням і пониженням пористости. За-
стосований метод забезпечує дієвий підхід для міряння механічних влас-
тивостей діелектричних плівок товщиною менше 10 нм. 

Ключові слова: наноплівки, модуль Юнґа, механічні властивості, оксид 

Маґнію MgO, наноіндентування, тунельний струм. 

(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 
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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⋅10−9
 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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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 

 

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. 
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displacement h. When a conductive indenter is employed, the dis-
placement (hf) 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 MΩ to 1 kΩ as 

the dielectric thickness decreases from 5 nm to 1 nm. The contact re-
sistance between the indenter tip and the metallic film, without the 

dielectric film, is approximately 100 Ω and decreases linearly with in-
creasing contact area. Its influence on the total tunnelling current is 

therefore negligible. Consequently, the displacement (hf) 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 Uf 

across the sample (Fig. 2). In Ref. [31], a series of I–U characteristics 

 

Fig. 2. Determination of dielectric thickness: the I–Uf 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–Uf characteristic with 

the calculated I–U characteristics (Fig. 2). 
 The I–Uf 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(hf) 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 hf = f(ln(I)). 
 Based on the obtained data, the load–displacement curve (P = f(hf)) 
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)Pmax. This portion of the curve is approx-
imated by a linear function: red dash line in Fig. 4. 

 

Fig. 3. Determination of dielectric deformation: the values of exp(hf) on tun-
nelling current I constructed from the intersection points of experimental I–
Uf characteristic and calculated I–U curves. The solid line is a linear fit in the 

selected co-ordinates. 
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 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: 

 
2(1 )

2

dP
E

dhA

π − ν
= , (1) 

where E is the Young’s modulus, ν 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/cm3, 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-

 

Fig. 4. Load–displacement curve of the MgO film obtained from tunnelling-
current measurements. 
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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. 

 

Fig. 5. Load–displacement curve obtained during repeated indentation at the 

same location of the MgO film. 
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