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A model approach is proposed that allows to evaluate the influence of parameters of average
amplitude h and correlation length & of surface inhomogeneities on the dimensional
concentration of electronic states n(d) and specific conductivity o(d) of nanoscale metal films
at ballistic charge transport regime. According to Fishman- Calecki, the impact of surface
inhomogeneities on the regime of ballistic charge transport in nanoscale films of silver, gold and
copper was analyzed. The minimum thickness d; of the metal film for which the application of

proposed approach is valid was carried out within percolation theory.
Keywords: thin metal films, size effect, surface inhomogeneities, ballistic transport.

Introduction.

The study of electron transport phenomena in limited dimensions metal samples, allows
you to get information about fundamental properties of matter in a state when the impact of the
surface scattering becomes dominant in compare with the volume scattering of conduction
electrons. The experimental results of research allow forming nano-sized metal samples with
the desired kinetic properties. The problem of quantitative description of dimensional
dependences of kinetic coefficients of nanometer-thick metal films is relevant in the production
of metal layers with predetermined structure and electrical properties. The quality of agreement
of experimental data with the results of theoretical calculations is achieved only with
successful choice of model approach when describing kinetic phenomena in a nanosized metal
sample. The model should sufficiently take into account possible features of the sample
structure and its electronic structure. In most modern approaches of charge transport
phenomena description in metal layers, it is carried out for Sondheimer metal. At the same
time, it is considered to be homogeneous and isotropic with atomically smooth outer surfaces
(model of a plane-parallel layer) or a layer on the surface of which there are inhomogeneities of
macroscopic dimensions, the parameters of which can be described with the help of harmonic
or power functions. According to modern theoretical approaches [1-13], it is stated that in an
electrically continuous film, the structure of which (average linear dimensions of the
crystallites) does not change with the increase in the thickness of the metal film, the
dependence of the dimensional specific conductivity o(d) is described by a non-linear

function. In the interval of thicknesses (d >>1), where 4 is electron mean free pass, the
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dimensional dependence of the specific conductivity is linear o(d)~d and is well described
by the quasi-classical approaches of Fuchs-Sondheimer, Mayadas- Schatkes, Tellier-Tose-
Pichar, etc. [1,2], who assume film structure as plane-parallel layer on the surface of which
there are point defects. In films of smaller thicknesses, the linearity is violated and to describe
o(d) it is necessary to take into account the existence of macroscopic inhomogeneities on the
surface. The dependence of o(d) is described by the approaches of Namba, Wissman and

polycrystalline layer of nonuniform thickness [2]. Further decrease in d of the metal film,
realizes the ballistic mode of charge transport, with the majority of current carriers being
dispersed on surface inhomogeneities. The dimensional dependence o(d) can be described

according to the approach [3-9] by a power dependence, where o (d)~d%, where
21<a <6, here o (d)=1/[p(d)—-p,] is the residual conductivity and p, is film

resistivity of infinite thickness d >> 1.

According to our experimental data, it was shown that freshly deposited [2,10], thermo-
stabilized by low-temperature annealing mode, metals films [2], the above picture of o =0c(d)
description is observed in all cases. In particular, our experimental works show that in the
regime of ballistic charge transport in gold, silver and copper films, the value of « can vary in
the interval depending on the average of surface inhomogeneities h amplitude (Namba
approach [1]): if h<2nm than 1,9<a <21, and if h=(8—-10) nm than 28<a«a <31 [10].

The purpose of work, to show the influence of macroscopic inhomogeneities of the
surface - an isotropic, electrically continuous film of Sommerfield metal on the nature of the
dimensional dependence o =o(d) under conditions of ballistic charge transport [5, 11].

Thin metal film model

Let the metal film be considered homogeneous, isotropic and electrically continuous
metal plate, which for conduction electrons is a potential well of infinite depth and width d .
One of the surfaces of the film has periodic inhomogeneities, which can be described by a
harmonic function: y(x)=hcos(2zx/&), where h and & the amplitude and period of
recurrence of the surface inhomogeneities. Let us find the wave functions and eigenvalues of
the electron energy for the three-dimensional Schrédinger equation with the appropriate
boundary conditions. Note that it is possible to obtain a linear correction to the wave vector of
a particle and calculate the change in its energy [11] in the limiting case k, =k, =0. The

characteristic equation for this case will take the form [11]:

_ h? ) (27 2 2 2 : 1
ta(d) =3 kietg(dio) ko + kata(cko)etg(e)] k= kg—(ﬂ k= k0-4[7) 6

Let us consider two dimensional areas where Ky <27/¢& and Ko 227/¢&,
kos =78/dy,5=12,3,4... N, where s takes only integer values. From where we get the
dimensional condition for the maximum number of states in potential well of width d :

N, = Int(ked,/7) , kos is the wave vector of particle in a smooth quantum well (h, =0).

Let's write down the corrections to the wave vector and particle energy in the corresponding
dimensional region:
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The total energy of electron in a metal film, provided that the value of the Fermi energy
of the particle is constant, can be written:

kos <271&
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From (3), the electron quasi-momentum p will take the form:
Kos <27/ &

2 2 2 2
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Let's calculate the density of surface states in the phase space, knowing that for a 2D

electron gas dn,p = pdp/(2712) , from where, after differentiating (4), we get the following
expressions:
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For convenience and further generalization of the calculation results, we will replace:
Kos <271 & B=B; and ko >27/&: B=B,, the change in the density of surface states dn,

can be written as:
2 2 2
2[’?) 2{1”228} ) .
dd=-Z2"_ { h

__Pb _
dng = 2dp—— ppre; P 1+2d—zB:|dd. (6)
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It is known that the concentration of electrons in a massive sample is n, = k2 /(372),

taking into account that, according Pauli principle, 2 electrons can be in one level with
different spins, we get:

kehy ) kehy )
k2 n? T 3k? 1 n? T
2dn, =-2—=F ~(1+2B > |dd, = -2—F ~1+2B > |dd (7)
27, [deoj (deo) 27 3[de0)(de°) (deoj
T T T T T

As the thickness of the film d; increases, the number and density of electronic states will

also increase N, = Int(k-d, /), then for a certain thickness of the metal film we must sum up
all the allowed electronic states formed in the film of thickness d,. After the appropriate

replacement of d =k.d,/7 and h=k.h,/7:
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Expression (8) allows us to describe the size-concentration dependence of the allowed
states of the particle in the phase space in the interval of thicknesses for which the number of
electronic states remains constant. According to (8), the number of states decreases according
to the hyperbolic law with increasing d . Consider those values for which the density of states
is maximal and equal to N. AS shown on fig. 1, when the dimensional condition is fulfilled,

N./d =1, k, =kg, N, reaches its maximum value.
11
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Fig. 1. Dependence of k, / kg — the consolidated component of the electron quasi-momentum on the

consolidated thickness d =k dq /7 of the metal film
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After mathematical transformations, expression (9) will take the form:

n(x) _3N,(; Ne(N +D@N, +1) MB(hT . (10)
n, 2d 6N_d? d

When h=0 (which corresponds to an atomically smooth surface), expression (10) goes
to the asymptote:
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The result (11) is similar to the expression by Trivedi and Ashcroft [5] for a plane-parallel
metal film.

According to the approach of Fishman and Calecki [6-9], in the case when the
concentration of electrons in a nanoscale sample is N, >>1, the expression for the

conductivity o of a metal film in the regime of the quantum-ballistic size effect takes the
form:

o~d?1- ~de, (12)

_6 1
(3n775)% d
here o is the ballistic charge transport index, varying in the range from 2,1 (N, >>1) to 6
(N¢ =1).

Dependences « on h for different & and « on for different h are shown in fig. 2 and

fig. 3. The change in the coefficient « of parameters of surface inhomogeneities indicates
changes in the conditions of ballistic charge transport in a nanoscale metal film. In particular,
in fig. 2, we observe that when the value h of and is not constant, the indicator « increases,
the reverse trend of the course is manifested when the value & remains constant with h

increases (fig. 3).
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Fig. 2. Dependences of ¢ on average amplitude  Fig. 3. Dependences of ¢ on lateral length & at

of surface inhomogeneities h at different values  different values of the summed average amplitude
of the lateral length & . of surface inhomogeneities h .

This approach allows us to evaluate the magnitude of change in the exponent from h and
&, however, we predict that the influence of the parameters of the surface morphology changes

the exponent « in a fairly narrow range of values. It is no coincidence that already existing
models of quantum charge transport [3-9] use single-crystal CoSi; films with metallic nature of
charge transport as a test object [3-4, 6, 12], which makes it possible to test these approaches
[3-4, 6, 12] on a single-crystal film with metallic nature of charge transport.
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Nanoscale, single-crystal CoSi, films with metallic charge transport, the electron mean
free path length reaches A ~100nm, the surface specularity coefficient is p~90% (the

specularity coefficient p between film and silicon substrate surface is ~100% ), and the

average amplitude of surface inhomogeneities within Soffer model [1] is h~0,04nm. The

CosSi, films can be considered homogeneous, continuous (without breaks), the structure of
which meets the requirements of the plane-parallel layer model [1].

When metal film is deposited on a dielectric substrate, in particular films with a bulk
thickness of 1-2 nm, the processes of coagulation of metal condensation nuclei on the surface
of the substrate due to the action of surface tension forces, as well as the physical, chemical
and temperature conditions of the surface of the substrate, significantly change growth
conditions of a real film in comparison with plane-parallel metal film model. As mentioned
above, the parameter « for gold, silver and copper films, freshly deposited at T = 78 K [10],
varies in range 1,9 <a <31. The use of models of quantum charge transport makes it possible

to evaluate experimental data in a fairly narrow range of & and h values. It is possible to

quantitatively describe the experimentally observed dimensional behavior by establishing the
interval of electrical continuity thicknesses of the studied nano-sized, polycrystalline metal
films using the percolation approach [13-14]. In the vicinity of the percolation transition, the
correlation length in the mode of layer-by-layer formation of a metal film is given by power-
law function [14]:

~(d-do)”, (13)
where » is the percolation index, d is the metal films mass thickness, d. is metal film mass

thickness at which metal islands form the first ohmic conductive channel. The dimensional
behavior of the dynamic conductivity o, and the dielectric constant ¢ of metal film in the

vicinity of percolation, differs significantly from the dimensional behavior of electrically
continuous or dispersed metal films. In particular, during the transition from the dispersed to
the solid state film, the dielectric constant & changes its sign from positive to negative with
values that correspond to transition to the continues state of metallic condensate [13].

Conclusions

1. The impact of surface inhomogeneities parameters on percolation exponent was
established, which confirms the change in the conditions of current transition in nanoscale
metal film in the regime of the ballistic dimensional effect.

2. A quantum-mechanical description of ballistic charge transition in nanoscale gold,
silver and copper films showed that the presence of surface inhomogeneities on nanoscale
metal film, reduces concentration of conduction electrons, which leads to increase in the
Fishman-Calecki parameter « >21 and decrease in the electrical conductivity o(d) of

polycrystalline metal films.

REFERENCES

[1] Stasyuk Z. V., Lopatinsky A. 1. Size kinetic phenomenon in thin metal films. Physics and
chemistry of solid state. 2001. V.2, Ne4. p.521-541. (in ukr.)

[2] Shpak A.P., Bihun R.1., Stasyuk Z.V., Kunitskyi Yu.A. Structure and electrical conductivity
of ultrathin films copper, gold and silver films. Nanosystems, nanomaterials and



22 R. Bihun, M. Buchkovska, B. Penyukh et al.
ISSN 2224-087X. Electronics and information technologies. 2023. Issue 22
nanotechnologies. 2010. Vol. 8, No. 2. p. 339-388. (in ukr.)

[3] Tesanovic Z., Jaric M. Vol., Maekawa S.Quantum transport and surface scattering. Phys.
Rev. B. 1986. Vol.57, Ne21. P. 2760-2763.

[4] Tesanovic Z. Surface scattering effects in quantum transport. Solid State Phys. 1987.
V.20, Ne6. P. L829-1L834.

[5] Trivedi N., Ashcroft N.W. Quantume size effect in transport properties of metallic films.
Phys. Rev. B38. 1988. VVol.4, Ne17. P.12298-12309.

[6] Fishman G. D. Calecki D. Surface-induced resistivity of ultrathin metallic films: A limit
law. Phys. Rev.Lett. 1989. Vol.62, Nell. P. 1302—-1305.

[7] Calecki D. Galvanomagnetic phenomena and surface roughness in thin metallic films.
Phys. Rev. B. 1990. Vol.42, Ne11. P.6906-6915.

[8] Calecki D., Fishman G. Surface-limited resisitivity in 2D-semiconductors and 2D-metals:
Influence of roughness modeling. Surf. Sci. V. 220. P.110-112 (1990).

[9] Fishman G., Calecki D. Influence of surface roughness on the conductivity of metallic
and semiconducting quasi-two-dimensional structures. Phys. Rev. B. 1991. V.43, Nel4.
P. 11581-11585.

[10] Bihun R.I., Kunitsky Yu.A., Stasyuk Z.V. Nanosystems, Nanomaterials,
Nanotechnologies. 2010. Vol. 8, Ne 1. ¢. 129-137. (in ukr.)

[11] Pogrebnyak V.A. Electronic resonances in a quantum well with a periodically uneven
boundary. Solid state physics. 1999. vol. 41, issu. 10, pp. 1867-1870.

[12] Hensel J.C., Tung R.T., Poate J.M., Unterwald F.C. Specular Boundary Scattering and
Electrical Transport in Single-Crystal Thin Films of CoSi.. Phys. Rev. Lett. 1985. Vol. 54,
Ne 16. P. 1840-1843.

[13] J. Kyoung. Direct in site observation of the percolation transition in VO, thin films by
peak-shift spectroscopy. Optical Materials Express. 2022. Vol. 12, Issue 3. pp. 1065-
1073.

[14] M. Walther, D. Cooke, C. Sherstan, M. Hajar, M. Freeman, F. Hegmann. Terahertz
conductivity of thin gold films at the metal-insulator percolation transition. Phys. Rev. B.
2007. Vol. 76. p. 125408(1-9).

BILJIMB MOBEPXHEBUX HEOJHOPIJTHOCTEMN HA BAJIICTUYHE
HNEPEHECEHHSA 3APSAY B HAHOPO3MIPHUX METAJIEBUX ITJIIBKAX

P. Biryn, M. ByukoBcbka, b. Ileniox, O. Konnak, B. Anomiii, A. ®apeHiok

Jlveiecvrutl nayionanvruil ynieepcumem imeni leana @panka,
eya. [lpacomanosa 50, 79005 Jlvsis, Ykpaiua,
mariya.buchkovska@Inu.edu.ua, roman.bihun@Inu.edu.ua, bohdan.penyukh@Inu.edu.ua,
0.koplak71@gmail.com, viktor.apopii@Inu.edu.ua.

[Tpo6nema KijbKiCHOTO ONMUCY PO3MIPHUX 3ANISKHOCTEH KIHETHYHUX KOS(Iili€HTIB METaleBHX
IUTIBOK HAHOMETPOBOI TOBILMHH aKTyaJbHA NPU BUTOTOBJICHHI HOHOPO3MIPHHX, METAIEBHX LIApiB
3 Hamepel 3aJaHUMHU CTPYKTYpPOIO Ta EJIEKTPHYHAMH MapaMeTpamMH. SIKiCTh y3Tro/pKeHHs
EKCIIePUMEHTAJIbHUX JaHUX 3 Pe3yJbTaTaMH TEOPETHYHHX PO3PAXyHKIB AOCATAETHCS JIUIIE TIPH
KOPEKTHOMY BHOOpI MOJENBHOIO IMIIXOAYy TPH OMNHUCI SBUIL TEPEHECEHHS 3apsiay B
HAHOPO3MIPHOMY MeETalleBOMY 3pa3Ky. MoJenpHUil MiIXiA HOBHHEH B JOCTaTHHOMY 00Cs3i,
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BPaxOBYBaTH OCOOJIHMBOCTI IIOBEPXHEBOI OyMOBHU IUTIBKH MeTaly Ta HOro eJleKTpoHHOI OynoBu. B
OLIBIIOCTI Cy9acHUX MOJIENBHHX ITJIXOIIB NPH OIMKCI SBHUII IEepPEHECEHHs 3apsy B METAICBHX
miapax MpOBOIATH Ul IUTIBKM 30MMep(enpaiBCbKOro MeTamy. [Ipu 1bOMy BBaXKa€Tbes, LIO0
IUTIBKa METaJly € OJHOPIAHOI0 Ta 130TPOMHOI0 3 ATOMHO-TJIAAKMMHU 30BHIIIHIMH MOBEPXHIMHU
(Mozenp MIoCKOMapaIedbHOro Mmapy) abo mapoM, Ha HOBEPXHI SKOTO iCHYIOTh HEOAHOPIAHOCTI
MaKpOCKOIIIYHUX PO3MIpiB, MapamMeTpu SKUX MOKHA OMHUCATH 3 JAONOMOTOI0 T'apMOHIYHHMX UYHU
CTENEHEeBHUX (QYHKIIH.

KBasiknacnuHe nepeHeceHHs 3apsiIy OINHUCYETHCS MOJIESISIMU KJIIACHIHOTO PO3MIPHOTO eeKTy,
OCKITBKM 30HHA €HEpreTHYHa CTPYKTypa MeTajeBoi IUIBKM 3aJIMIIAETHCS aHAJIOTIYHOIO 30HHIH
EHepreTHYHI CTPYKTYpl MAacHBHOTO METaJeBOTO 3pa3Ky. Koy HOBXHHA BiJIBHOTO IIPOOIry
CNICKTpOHAa A cTae OUIBIIOI Bill TOBIIMHM IUIIBKM Meraly d, KBasikjacHuHE NEpeHECEHHS
3apsay HEepexoIuTh B PEXHM OalliCTHYHOTO €JIEKTPOHHOro TpaHcnopTy. OcoONHMBICTIO BOTO
MIEpEeHECEHHS 3apsAny, € NepeBaKaroUMii BIUIMB TOBEPXHEBOrO po3ciroBaHHs. [Ipo ocobmmBocTi
BIUTMBY MaKpOCKOMIYHUX MMOBEPXHEBUX HEOJHOPIAHOCTEH Ha OaJicTHUHE NMEPEHECCHHS 3apsay B
HAaHOPO3MIpHUX IUTIBKaX MeTadi icHye Mano iHdopmamii. B pexmmi KBa3iKJIacHYHOTO Ta
KIIACHYHOTO TEPEHECEHHS 3apsy 3aJHIIKOBAa MPOBICTH JIHIHO 3pOcTae i 3 pOCTOM TOBIIUHU

IUIBKY METaNy Oy ~ O , B TOM Yac sK B pexxuMi GaliCTHYHOrO IEPEHECEHHS 3apsty Ops ~ 0%,
Jie o 3MiHIOEThCs B iHTepBaN 21<a <6.

3anponoHOBaHO MOJCNBHHUMA MiIXiJ, IO J03BOJSIE OLIHWTH BIUIMB MapaMETpiB CEPeaHBOT
ammntymu W Ta kopensuifiHoi DOBKHMHM & NOBEPXHEBUX HEOIHOPIAHOCTEH Ha PO3MipHY
KOHIeHTpamio enektporrux craniB N(d) Tta mmromoi mposimmocti o(d) wamOpO3MipHMX

WIBoK MetaniB. 3rigHo dimmana-llanenskoro [6-9], mpoaHami30BaHO BIUIMB ITOBEPXHEBHX
HEOJHOPITHOCTEH Ha PEXUM OaJTiCTHYHOTO IIEPEHECeHHs 3apsay B HAaHOPO3MIPHHX IDTiBKax
cpi6ma, 3om0Ta Ta Mini. MiHiManbHa ToBuMHA IUiBKM Mertany O, st skoi 3acTocyBaHHs
MiAXO0y MOXKJIMBE, 3/IiiCHEHE B paMKaX MEePKOJIALIHHOTO MiAXO0IY.

Knrouosi crosa: TOHKa IUTIBKA METally, MOBEPXHEBI HEOJHOPITHOCTI, TIEPEHECEHHS 3apsay B
HAHOPO3MIpHIH TUTIBII MeTalry, OaliCTHYHE TIEPCHECCHHS 3apsay.

Cmamms naditiwina 0o peoaxyii 10.06.2023
Iputinama oo opyxy 30.06.2023



