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The results of studies of the electrophysical properties of nanoscale functional materials based on Fe and
Ge under phase formation conditions was presented. It was established that during annealing of two- and three-
layer films based on Fe and Ge with a total thickness of up to 100 nm, iron germanides are formed in the form
of FeGe, FeGez or Fe:Ge phases, which are thermally stable in a wide temperature range. Based on the
experimental temperature dependences of resistance, the phase transition temperature from amorphous to
crystalline state was determined: T4 = 580-600 K. At the annealing of film samples based on Fe and Ge with
a fixed thickness of the Fe layer, an increase in the resistivity is observed in the first heating cycle in the
temperature range of 300-700 K, which indicates intensive healing of defects and its sharp decrease in the range
of 700-900 K. This feature of the temperature dependence of resistance is explained by the phase formation
processes and is confirmed by electron microscopic studies. The TCR is (3-9)-10-4 K-, which indicates the high
thermal stability of iron germanide films. It is shown that films Fe:Ge, FeGe and FeGe: films are promising
materials for use in multifunctional sensors for engineering and medical applications for continuous monitoring

systems of physical parameters.
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for affordable and clean energy systems.
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1. INTRODUCTION

The development of sensor electronics requires the
implementation of new functional materials based on
metals and semiconductors, in which, unlike magnetic
semiconductor structures formed by introducing magnetic
impurities into a semiconductor, it is possible to
implement the mechanism of spin-dependent electron
scattering, the formation of granular solid solutions (s.s.)
and binary phases [1-3].

The relevance of studying the properties of
multicomponent film systems based on metals and
semiconductors after homogenization is becoming
increasingly widespread, since such materials can provide
high temperature stability of elements and their
compatibility with electronic elements of integrated
circuits, which is ensured by close values of crystal lattice
parameters and makes it possible to form
heterostructures — epitaxial layers with a low dislocation
density.

The study of the temperature dependences of the
resistance for two-component films based on Fe and Ge
remains relevant, since their application mainly involves
the possibility of obtaining temperature stability of the
operating characteristics of sensor elements for affordable
and clean energy systems.

In-depth study of the electrophysical properties of such
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materials is stimulated by the possibility of obtaining
important information necessary for solving certain
important problems of solid-state physics.

The study of the relationship between the
electrophysical properties and phase composition of such
systems is also related to the question of the possibility of
their practical application as media for recording
information with increased density and highly sensitive
elements of multifunctional sensors for engineering and
medical systems [4-7].

Today, the properties of multilayer film systems based
on metals have been studied in sufficient detail. However,
the electrophysical (resistivity, temperature coefficient of
resistance — f) properties of two-component film alloys
based on metals and semiconductors as promising
functional materials remain poorly studied.

The aim of the work was to study the electrophysical
properties of film iron germanides from the point of view
of their practical application as sensor electronics
elements.

2. RESULTS AND DISCUSSION
2.1 Phase Formation Processes

When studying the phase state and microstructure of
single-layer Ge films as a component of two-component
systems based on Fe and Ge, we found that Ge films at
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relatively low temperatures have an amorphous structure
and crystallize at a certain temperature.

In single-layer Ge films, a phase size effect is observed
[8-10], as a result of which in crystallized films with a
thickness of up to 10 nm, a high-temperature S-phase of Ge
is observed at temperatures below 600 K. At thicknesses
greater than 10 nm, only a low-temperature a-phase is
formed. Its lattice parameter varies within 0.563-0.565 nm
(diamond-type lattice), which is in good agreement with the
literature data ao = 0.5657 nm for bulk Ge [11].

Some decrease in the lattice parameter in thin samples
is typical and is also associated with the phase size effect.
The high-temperature p-phase (lattice type f-Sn) has
lattice parameters a = 0.592 and ¢ = 0.697 nm. The lattice
parameter of the Fe and Ge films is very close to the ao for
bulk samples. This is a qualitative confirmation of the fact
that impurity atoms are almost absent in the sample
volume.

Additional confirmation of the oxidation processes is
the observation of moire patterns, since GeOz is not
formed in the form of separate crystallites, but on the
surface of already formed ones. The formation of moire
patterns occurs due to the close values of some interplanar
distances of «-Ge and GeO:z (for example, da20
(a-Ge) = 0.2096 nm and dzo0 (GeO2) = 0.2102 nm).

On the diffraction patterns of the three-layer systems
Fe(10)/Ge(x)/Fe(10)/S (S — substrate) (Fig. 1), annealed to
a temperature T, = 870 K, in case of cre < cge solid solution
lines of Fe atoms in Ge are fixed (s.s.(Ge, Fe)) with traces
GeOg2, such films have a finely dispersed structure
(crystallite sizes 25-30 nm). In three-layer systems, which
annealed to 1070 K, based on s.s. (Ge, Fe) iron germanides
FeGex, ne 1 <x < 2 are formed.

Fig. 1 — Microstructure and diffraction patterns on insets
from the Fe(10)/Ge(20)/Fe(10)/P (phase FeGe) film in the initial
state: unannealed (a) and annealing to 800 K (b)
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We have established that if the FeGe phase is formed on
the basis a-Fe, an increase in the lattice parameter of the
bee-Fe by 0.009 nm and a decrease in the parameter of the
fee-Ge by 0.0001 nm is observed. In the process of annealing
to 600K, the so-called Fe(Ge) decays with the formation of
the FeGe2 phase and the release of o-Fe, which leads to a
sharp drop in resistance. Also, in the process of annealing,
the healing of the crystalline structure of the film and the
formation of the so-called labyrinth structure, which is
visible in microscopic images of the structure. Further
annealing to 800 K leads to the further formation of the
FeGe: phase in the mass of free a-Fe.

Iron germanide films FeGe and FeGesz, which are widely
used as diode and contact structures of integrated
microelectronic devices, are formed in a wide temperature
range at a total concentration of Ge atoms from 50 to 70
at. % and are characterized by close to ideal stoichiometry
and practically no homogeneity region. In a binary system
based on Fe and Ge, during annealing [12], both magnetic
(FeGesz, FeGe and FeGez) and non-magnetic (FesGe, FesGes,
FesGes and FesGes) equilibrium phases are formed.

The FesGe (¢) phase is formed in the temperature range
~ 1050-400 °C; the Fes,2Gez (f) phase is formed with an
open maximum at 1170 °C in the concentration range
34—40 at. %. With a further decrease in temperature, the
region of its homogeneity slightly narrows to a temperature
of 800 °C, after which it remains practically constant.

Depending on the annealing temperature and the
concentration of iron atoms in film systems equilibrium
phases are formed: FesGe, FesGes, FesGes, FesGes, FeGe
and FeGes.

2.2 Electrophysical Properties: Resistivity and
Temperature Coefficient of Resistance

A characteristic feature of the temperature
dependences of the resistivity p(7) and the temperature
coefficient of resistance B(T) for Ge and Fe-based systems
is the large p and, accordingly, the relatively small . This
can be explained by the formation of confined solid
solutions of Ge atoms in the Fe layer.

The dependence of the resistivity (Fig. 2 and 3) on the
first annealing cycle is characterized by a constant decrease
in the resistivity, which indicates the processes of defect
healing, recrystallization and phase formation. The
subsequent heating-cooling cycles are the same, which
indicates the stabilization of the electrophysical properties.

The results studies have shown that the finely
dispersed structure, the formation of impurities due to
interaction with atoms of the residual atmosphere, and
the processes of phase formation under conditions of
mutual diffusion of component atoms affect the nature of
the temperature dependences of the resistivity and TCR.

In general, the results of the studies indicate that
during the thermal annealing of samples with a fixed
thickness of the Fe layer, an increase in the resistivity is
observed in the first heating cycle in the temperature
range AT1 = 300-700 K, which indicates intensive healing
of defects and its sharp decrease at AT> = 700-900 K, which
we explain by phase formation processes.

The results of the studies indicate that the transition
of the film from the amorphous state to the crystalline
state occurs at temperatures Tu—c = 580-600 K, depending
on the thickness of the sample.
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Fig. 2 — Temperature dependence of resistivity for the film
system Fe(10)/Ge(20)/Fe(10)/S (FeGe phase) upon annealing to
600 K (a) and 800 K (b).
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Fig. 3 — Temperature dependences of resistivity for film systems
in the initial state Fe(10)/Ge(6)/Fe(10)/P (a) and
Fe(10)/Ge(30)/Fe(10)/P (b). After annealing — Fe2Ge (a) and FeGez
(b) phases.

3. CONCLUSIONS

1. It has been established that during heat treatment
of two- and three-layer films based on Fe and Ge with a
total thickness of up to 100 nm, iron germanides are
formed in the form of FeGe, FeGe:z or Fe2Ge phases.

2. Based on the experimental temperature
dependences of resistance, the temperature of the phase
transition from the amorphous to the crystalline state was
determined: Tu—.= 580-600 K.

3. In the process of annealing of film samples with a
fixed thickness of the Fe layer, an increase in the
resistivity is observed in the first heating cycle in the
temperature range AT1 = 300-700 K, which indicates
intensive healing of defects and its sharp decrease at
AT: = 700-900 K, which we explain by the processes of
phase formation and is confirmed by electron microscopic
studies. It was obtained that the f=(3-9)10-4 K- 1.

4. At the metal-semiconductor junction, an electric
field is created, the vector of which is directed from the
semiconductor to the metal. The electric field almost does
not penetrate the metal, but is localized in the near-
surface layer of the semiconductor.
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Enexrpodisuuni BiracTupocTi HaHOPO3MipHUX (PyHKIiOHAJIBHUX MaTepiaiB
Ha ocuoBi Fe i Ge 114 ceHCOpHOI e/IeKTPOHIKH

0.B. Bnacenxo, B.M. Marysunit, [1.P. I'upasenxo, B.®. Hedemuenxo, O.0. ITacexko,
JI.B. Oguonsopens, I.M. JIykasenko

Cymcoruti Oeporcasruil ynisepcumem, eya. Xapkiscoka, 116, 40007 Cymu, Yrpaina

Y poGori HaBemeHi pe3yJabTaTH JOCTIKEHB eJIeKTPO(I3WIHUX BJIACTUBOCTEH HAHOPO3MIPHHUX
dyurmionanpaux Marepiamis Ha ocHoBl Fe i Ge B ymoBax (hasoyTBOpeHHs. YCTAHOBJIEHO, IO IIT Yac
TepMOOOPOOKH JBO- TPUINAPOBUX ILIIBOK HA ocHOBI Fe 1 Ge sarambHom ToBIMHOWL 10 100 HM BigOyBaeThCs
dopmyBanHs repmaniniB 3amsa y Burisgl a3 FeGe, FeGe: abo FesGe, siki TepmocTabiibHl B IIUPOKOMY
imTepBasi Temmeparyp. Ha ocHOBI ekcrepHMeHTAIBHUX TEMIIEPATYPHUX 3aJIEKHOCTEH OIOpYy BHU3HAYEHA
TeMIlepaTypa (pa3oBoro Iepexony i3 aMopdyHOTo 0 KpucTasiiyHoro craHy: Tu—. = 580-600 K. V mporieci
TePMOBIIIATIOBAHHS IUIIBKOBUX 3paskiB Ha ocHoBl Fe 1 Ge 3 hikcoBaHo0 ToBIIMHOWL mapy Fe criocrepiraerbes
3poCTaHHS IIUTOMOTO OIIOPY HA IepIIOMY IIUKJIL HarpiBauHs B iHnTepBaJi remmeparyp 300-700 K, mo Brasye
Ha IHTEeHCUBHE 3aJIiKOBYBaHHS JNed)eKTiB Ta Horo piske craganasa B iHTepsaii 700-900 K. Taxa ocobsimsicTs
TEeMIIEPaTyPHOI 3aJIeKHOCTI OIOPY TMOSCHIOETHCI HAMU MIPOIecaMu (PA30yTBOPEHHSI 1 MIATBEPIKYETHCS
€JIEKTPOHHO-MIKpocKomiuauMu fociaimrenasavu. Bemmumaa TKO crmamae (3-9)-10 -4 K- 1, mo Brasye Ha
BHCOKY TE€PMiuHY cTa0lIBHICTD ILUTIBOK repMaHimiB 3amisa. [lokasano, mo Bk repmaninis samniza Fe:Ge,
FeGe and FeGe: € nepcnexTuBHIMYU MaTepiajaMu JJisi BAKOPUCTAHHS B 0araToQyHKI[IOHAIBHUX CEHCOPaX
1H3KEHEePHOTO Ta MEJIMYHOI0 3aCTOCYBAHHS JIJIsSI CUCTEM 0e3IepepBHOI0 MOHITOPUHTY (DI3UIHUX IIapaMeTpiB.

Knrouogsi cnoea: [Lnieku repmaninie meramnis, ®asu FeGe, FeGe: ta Fe:Ge, Enexrpodisuuni Binactusocri,
Temmeparyprauit Koedirient onopy, [lepexin amopdumii cran — kpucramiuauit crad, CeHCOPHI eleMeHTH 11
IIOCTYITHUX TA YUCTUX €HEPreTUYHUX CUCTEM.
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