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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.

3acTOCOBAaHO HOBUU METO]] BUBHAUEHHS IIPY'KHIiX BJIACTHMBOCTEH HAATOHKMX
JieJIEeKTPUYHUX ILJIIBOK HA OCHOBI HAHOIHAEHTYBAaHHSA IPOBIZHMM BicTpAM.
et migxixg yMOMKIMBIIIOE BUOKPeMUTH AedopMariro mIiBKu 3a 3MiHOIO TyHe-
JBHOTO CTPYMY, TUM CAMUM yCYBalOUM BHECKHU BiJ mMiAKJIagUHKY, iHAEHTOpPA Ta
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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
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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 =4.8-107° 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
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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.
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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)
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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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