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Modern technologies of electronics and sensor technic make it possible to obtain nanometer-thick film
materials with unique properties that are not typical for the bulk state. It was experimentally established
that the transition from bulk to film material leads to changes in its physical properties. The main reasons
for this are related to: the different structure of materials; size effects that arise as a result of limiting the
average length of the free path of electric current carriers by the outer surfaces of the film or the geometric
dimensions of the crystallites; by changing the frequency and energy characteristics of the atoms of the
crystal lattice under the influence of the temperature factor. Based on the temperature dependences of the
resistivity of single-layer films of noble metals the features of high-temperature electron-phonon interaction
were analyzed. We established that the angular coefficient of the linear section of the temperature depend-
ences of the single-layer metal films resistivity increases with a decrease in their thickness. When the film
thickness decreases, the average phonon energy increases, which leads to an increase in the efficiency of
electron-phonon scattering and, as a consequence, an increase in resistivity.
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1. INTRODUCTION

The modern development of microelectronics and
sensor technology makes it possible to obtain nanome-
ter-thick film materials with unique properties that are
not typical for these materials in a massive state. It was
experimentally established that the transition from
massive to film material leads to changes in its physical
properties [1-5].

The main reasons for this are related to the different
structure of the films; with the influence of the thickness
or size of the crystallites, which manifests itself in di-
mensional effects arising from the limitation of the av-
erage length of the free path of electric current carriers
by the outer surfaces of the film or the geometric dimen-
sions of the crystallites, as well as with a change in the
frequency and energy characteristics of the atoms of the
crystal lattice under the influence of temperature and
mechanical factors.

The question of the peculiarities of the temperature
dependence of the resistivity of film materials and tem-
perature effects on the parameters of electrical trans-
mission remain relevant, since they are of great im-
portance in predicting the performance characteristics
of sensitive elements of microelectronic sensors, which
are widely used in integrated microelectronics [6-10], de-
vices and medical equipment (see, for example, [11]).

In work [12] carried such an investigation based on
first principles, combining electron-phonon and surface

* Correspondence e-mail: l.odnodvorets@aph.sumdu.edu.ua

2077-6772/2024/16(1)01006(4)

01006-1

scatterings in the relaxation time approximation of
Boltzmann's transport equation. We discuss the validity
of different proxies of the resistivity at low dimensions
(both for thin films and rectangular nanowires), includ-
ing the so-called product, that do not require the compu-
tation of the electron-phonon relaxation time.

A systematic investigation of the differences in
charge transport mechanism in ultra-thin nano-island
like films of palladium with thickness varying between
5 nm and 3 nm have been conducted [13]. The thicker
films were found to be metallic in a large temperature
range with a dominant Bloch-Griineisen mechanism of
charge transport arising due to electron-acoustic phonon
scattering. In work [13] these films were also found to
exhibit an additional electron-magnon scattering. At
temperatures below 20 K, the two films displayed a
metal-insulator transition.

The aim of the work was to establish the influence of
the Debye temperature change (Op) on the effectiveness
of charge carrier scattering in the thermoresistive prop-
erties of single-layer metal films as elements of sensor
electronics.

2. EXPERIMENTAL DETAILS

A vacuum chamber VUP-5M type was used to form
single-layer metal films of Pd, Pt, and Ag
(p ~10-3-10-*Pa) and a high-vacuum installation based
on a turbomolecular pump Pfeiffer-Balzers TPH-330
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(p ~ 10-5 Pa). Film materials were formed by condensa-
tion of metals using the thermoresistive method. Thick-
ness (d) varied from 10 to 100 nm. The rate of deposition
of metals was 1-1.5 nm/s. Cooling speed — 3 K/min. With
the help of digital multimeters of the type UT70D and
UT70B the electrical resistance of the films and the tem-
perature of the substrate were monitored. Experimental
data from multimeters RS232 and RS485 through the
interface were transferred to the computer. The thick-
ness of the films was monitored in situ by the quartz res-
onator method.

3. RESULTS OF EXPERIMENTS AND
CALCULATIONS

Studies of the temperature dependence of the specific
resistance for metal films show (see, for example, [14, 15]),
that depends p(7) features appear at characteristic temper-
atures, the value of which depends on the thickness of the
films. The peculiarities of the temperature dependence of
the resistance, which is due to scattering on the outer sur-
faces of the film, is determined by the degree of dispersion
of the crystals.

The size dependences of the specific resistance were de-
termined experimentally and are shown on Fig. 1.
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Fig. 1 - The size dependences of resistivity p for films Pt(1) and
Pd (2)

The analysis of the experimental results obtained by us
showed that the specific resistance of single-layer films of
noble metals (Pd, Pt and Ag) is determined by the techno-
logical conditions of production and annealing. Asymptotic
values p., obtained by extrapolating the thickness to infin-
ity (d — ), equal: for films Pd — p«(Pd) = 2.5:10-7 Ohm'm;
for films Pt — po (Pt) =6.1:10-7 Ohm'm and for films Ag —
po(Ag) =16.2:-10-7 Ohm-'m.

The resistance of conductors arises as a result of the
scattering of conduction electrons and holes on elec-
trons, phonons and defects in the crystal structure. For
bulk samples of transition d-metals, the temperature de-
pendence of the resistivity (Debye-Gruneisen theory) is
expressed as ratio (1):
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where o is residual resistance associated with scattering
of electric current carriers on lattice defects, which does not
depend on temperature; A, B, C is proportionality coeffi-
cients; @op is a Debye temperature for bulk material;
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The addition, proportional to 72, is associated with
electron-electron scattering and appears only when
T < 10 K. Additions, which proportional accordingly 7°
and 7°, due to the scattering of an s-electron by a phonon
into the d-zone or s-zone.

In the case of metallic film materials, the ratio (1)
turns into the form:

3
p(T)=p3+a-T2+C*-(®L] -ja[%], ()

D

where a, b, ¢ are coefficients of similar A, B, C; Op are the
Debye temperature in films; ¢* = b + ¢ is the effective pa-
rameter of the electron-phonon interaction.

Parameter c¢* is determined by the formula:

o 1
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where tga is a the tangent of the angle of inclination of
the linear section p(7).

If you build a dependency p(7) in the rectifying coordi-
nates, then it can be determined a and ¢* for different thick-
nesses. Since the temperature interval of our measure-
ments is such that 0.625 < @p/T < 4.944, then the propor-
tionality coefficients near the corresponding terms turn out
to be functions that weakly depend on the temperature at
a fixed thickness. A ratio (2) can be used only for estima-
tion, more accurate values are obtained in the determina-
tion ¢* by the tangent of the angle of inclination of the cor-
responding straight line in the correcting coordinates from
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EFFECT OF ELECTRON-PHONON INTERACTION ON THE RESISTIVITY...

The ratio (1’) takes into account that in thin samples
(foil, wires and films) the law po ~ T® passes into law
p ~T? at low temperatures, and this makes it possible to
combine the terms responsible for the Mott term
s-d — scattering and s-s — scattering. In addition, it
should be emphasized that the Debye temperature in
film materials differs from ®op.

Fig. 2 shows that for films Pd, Pt and Ag value tgo in-
creases with decreasing film thickness d due to the
strengthening of the electron-phonon interaction, since the
average energy of the phonon in general increases.

For single-layer films of noble metals Pd, Pt and Ag
(Fig. 2) an increase in the angle of inclination of the tem-
perature dependences is observed p(7) when reducing the
thickness of the film material: from 1.9-10 - 10 to 210 -9
Ohm'm/K (for Pd films with the thickness to 35 nm); from
6:10-10t0 3,7-10~9 (for Pt films with the thickness to 50 nm)
and from 0.3-10-10 to 1.3-10~ 1 Ohm-m/K (for Ag films with
thickness to 85 nm). All this indicates an increase in the
role of electron-phonon interaction in thermoresistive prop-
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erties in the interval of intermediate operating tempera-
tures. It should also be borne in mind that relation (1) de-
scribes the temperature dependence of the resistivity of
non-ferromagnetic samples in the most general case, there-
fore it does not take into account peculiarities at the points
of magnetic transitions and at the Debye temperature.

Electron-phonon scattering plays a major role in the
resistivity of thin films, and the shift of the phonon spec-
trum in films, compared to bulk samples, is one of the
reasons for the decrease in the value of the Debye tem-
perature in the film. Depending on the thickness of the
film, the Debye temperature has a value @p(Pd) = 540-
565 K; &p(Pt) = 510-530 K and @p(Ag) = 490-505 K.

All of the above is confirmed by the results of calcula-
tions based on the experimental dependences of the resis-
tivity on the temperature of the electron-phonon interac-
tion parameters for single-layer Pd and Pt metal films
(Table 1). It was found that when the thickness decreases
from 50 to 20 nm parameter in Pd and Pt films ¢* in the
temperature range 300-800 K grows in 1.2-1.6 times.

Table 1 — Calculations results of electron-phonon interaction parameters for Pd and Pt films

T, K 11079, 21079, T, K 11079, 21079,

Ohmm Ohmm Ohmm Ohmm
Pd Pt

d=35nm d=20nm d=50 nm d=20nm
300 0.365 0.435 300 0.358 0.430
400 0.353 0.418 400 0.346 0.417
500 0.347 0.400 500 0.334 0.405
600 0.331 0.382 600 0.321 0.395
700 0.324 0.372 700 0.313 0.376
800 0.315 0.364 800 0.302 0.361

¢, =0.33910° ¢, =0.39510° ¢, =0.32910° ¢, =0.39710°

Ohmm Ohmm Ohmm Ohm'm

4. CONCLUSION

Based on the temperature dependence of the resistiv-
ity of single-layer metal films, the features of the high-
temperature electron-phonon interaction and its influ-
ence on the Debye temperature were analyzed. We found
that the angular coefficient of the linear section of the
temperature dependences of the resistivity of single-layer
metal films Pd, Pt and Ag increases with a decrease in

REFERENCES

Lal. Ratan, Phys. Rev. B 68, 115417 (2002).

2. G. Kastle, H.-G. Boyen, A. Schroder, A. Plettl, Phys. Rev. B
70, 165414 (2004).

3. G. Verschoren, A.N. Dobrynin, K. Temst R.E. Silverans,
C. Van Haesendonck, P. Lievens, B. Pipeleers, S.Q. Zhou,
A. Vantomme, W. Bras, Thin Solid Film 516, 8232 (2008).

4. Yujie Quan, Shengying Yue, Bolin Liao, Nanoscale Mi-
croscale Thermophysio Eng. 25 No 2, 73 (2021).

5. Yu.O. Shkurdoda, L.V. Dekhtyaruk, A.G. Basov,

A.P. Kharchenko, A.M. Chornous, Yu.M. Shabelnyk, Eur.

Phys. J. B91 No 12, 300 (2018).

=

6. V.B. Loboda, V.M. Kolomiets, S.M. Khursenko,
Yu.O. Shkurdoda, J. Nano- Electron. Phys. 6 No 1, 01032
(2014).

7. S.I. Protsenko, L.V. Odnodvorets, I.Yu. Protsenko,

A.K. Rylova, D.I. Tolstikov, J. Nanomater. 2022, 2862439
(2022).
8. Y. Bereznyak, L. Odnodvorets, D. Poduremne, 1. Protsenko,

their thickness. This indicates an increase in the role of
surface electron scattering effects in thermoresistive
properties at temperatures higher than the Debye tem-
perature.

ACKNOWLEDGEMENTS

The work was performed with the financial support of
state grant Ne0122U000785 (2022-2024 years).

Yu. Shabelnyk, Springer Proceedings in Physics 210, 17
(2018).

9. V.B. Loboda, V.M. Zubko, S.M. Khursenko,
V.0. Kravchenko, A.V. Chepizhnyi, J. Nano- Electron.
Phys. 15 No 5, 05014 (2023).

10. Y. Bereznyak, M. Opielak, L. Odnodvorets, D. Poduremne,
I. Protsenko, Yu. Shabelnyk, J. Nano- Electron. Phys. 11
No 2, 02026 (2019).

11. I.M. Lukavenko, J. Nano- Electron. Phys. 12 No 1, 01014
(2016).

12. Benoit Van Troeye, Kiroubanand Sankaran, Zsolt Tokei,
Christoph Adelmann, and Geoffrey Pourtois, Phys. Rev. B
108, 125117 (2023).

13. Adithya Jayakumar, Viney Dixit, Sarath Jose, Vinayak B.
Kamble, D. Jaiswal-Nagar, Sci. Rep. 11, 22298 (2021)

14. I.Yu. Protsenko, L.V. Odnodvorets, A.M. Chornous,
Metallofiz. Noveishie Technol. 20 No 1, 36 (1998).

15. V.B. Loboda, I.E. Protsenko, Kristall und Technik 16 No 4,
489 (1981).

01006-3



http://dx.doi.org/10.1103/PhysRevB.68.115417
http://dx.doi.org/10.1103/PhysRevB.70.165414
http://dx.doi.org/10.1103/PhysRevB.70.165414
http://dx.doi.org/10.1016/j.tsf.2008.02.055
https://doi.org/10.1080/15567265.2021.1902441
https://doi.org/10.1080/15567265.2021.1902441
https://doi.org/10.1140/epjb/e2018-90315-2
https://doi.org/10.1140/epjb/e2018-90315-2
https://jnep.sumdu.edu.ua/en/component/content/full_article/1166
https://doi.org/10.1155/2022/2862439
http://dx.doi.org/10.1007/978-3-319-91083-3_2
https://doi.org/10.21272/jnep.15(5).05014
https://doi.org/10.21272/jnep.15(5).05014
https://doi.org/10.21272/jnep.11(2).02026
https://doi.org/10.21272/jnep.11(2).02026
https://doi.org/10.21272/jnep.12(1).01014
https://doi.org/10.1103/PhysRevB.108.125117
https://doi.org/10.1103/PhysRevB.108.125117
https://doi.org/10.1038/s41598-021-01787-1
https://www.scopus.com/record/display.uri?eid=2-s2.0-0342476101&origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-84984326242&origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-84984326242&origin=resultslist

L.V. ODNODVORETS, I.YU. PROTSENKO ET AL. JJ. NANO- ELECTRON. PHYS. 16, 01006 (2024)

Edexr enexkrpon-gpoHouHOI B3aeMoii B IMTOMOMY OIIOPi MeTAIEBUX ILJIiBOK
AK €JIEMEHTIB CEHCOPHOI eJIeKTPOHIKU

JI.B. Oguonsopers, 1.IO. IIpomenxo, 10.M. [llabensHux,
H.B. Mansosana, B.®. Hedemuenro, A.K. Punosa

Cymcoruti Oepocasruil ynigepcumem, 40007 Cymu, Yrpaina

CyJacHi TeXHOJIOTII eJIEKTPOHIKY 1 CEHCOPHOI TeXHIKHU JO3BOJISIOTH OTPUMYBATHU ILIIBKOBI MaTepiaau Ha-
HOMETPOBOI TOBIIWHY 13 YHIKAJILHUMU BJIACTUBOCTSIMU, sIK1 HE € TUIIOBUMU JIJIsI MACUBHOrO craHy. Excrepu-
MEHTAJIbHO BCTAHOBJIEHO, III0 IIePEeXiJ Bil MACHBHOIO JI0 IJIIBKOBOTO MaTepiay IPU3BOIUTD J0 3MIiH HOro ¢i-
3uvHUX BiiacTuBocTei. OCHOBHI HPUYMHY IIHOTO IIOB’A3aHI: 3 PI3HOI0 CTPYKTYPOIO MATEPIaJIiB; PO3MIPHUMK
edeKTaMu, SIKi BUHUKAIOTH y Pe3yJIbTaTi 00MeskeHHs CepeIHbOI JOBKUHHA BIILHOTO MPOOITY HOCITB eJIeKTPHY-
HOT'O CTPYMY 30BHIIIHIMHY IIOBEPXHSAMU ILTIBKY 200 TeOMETPUYHUMH PO3MIPAMHU KPUCTAJITIB; 3MIHOI YaCTOT-
HUX 1 eHepreTUYHUX XapaKTePUCTUK aTOMIB KPHMCTAJIIYHOI PEIIiTKY i Jiel0 TeMIiepaTypHoro gaxkropy. Ha
OCHOBI TeMIIEPATYPHUX 3AJIEKHOCTEN IIMTOMOTO OIIOPY OJHOIIAPOBUX METAJIEBUX ILIIBOK 0JIATOPOJTHUX MeTa-
miB (Pd, Pt i Ag) mpoanasizoBaHi 0COOJIMBOCTI BHCOKOTEMIIEPATYPHOI eJIeKTPOH-(poHOoHHOI B3aemomil. Hamu
YCTaHOBJIEHO, IO KYTOBUY KOeiIlieHT JIHIHHOI JIITHKYE TEMIIEPATYPHHUX 3aJIeKHOCTEH IINTOMOIO OIOPY OX-
HOIIIAPOBUX IIIBOK 3pOCTAae IIPU 3MEHIIeHH] IX ToBmmHYu. [Ipu aMeHIITeHH] TOBIIWHY IIIBKU CepeIHs eHepris
¢oHOHA 301IIBLIYETHCS, 110 IPU3BOIUTH JI0 IMIABUIIEHHS e(peKTHBHOCT] eJIEKTPOH-(POHOHHOTO PO3CIIOBAHHS 1,
SIK HACJIJIOK 1IHOTO, — 3POCTAHHS IIUTOMOT'O OIIOPY.

Knrouogi cinora: Onnomraposi merasesi miisku, Posmipai edertu, Temneparypa Jebas, Edexr esexrpon-
doHOHHOI B3aeMomii.
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