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Calculations of the dependencies of carrier concentration and specific electrical conductivity at room
temperature for the undoped and doped germanium nanofilms, grown on the Gew)Sii-x) substrate with
crystallographic orientation (001), on a film thickness and substrate composition, have been provided based on the
theory of electrical conductivity for the two-dimensional semiconductor nanostructures. It was established that the
dielectric-semiconductor transition for thin germanium films with a thickness of d < 7 nm can be achieved either
by increasing the film thickness, which reduces the effectiveness of quantum size effects or by increasing the silicon
content in the Gex)Si(1x) substrate. The latter increases the internal mechanical stress in the film and, consequently,
the concentration of intrinsic current carriers. Doping such germanium film by the donor impurities with the
ionization energy E; < 150 meV also leads to the implementation of the dielectric-semiconductor transition. The
presented calculations of the electrical properties of germanium thin films can be utilized in developing the
scientific foundations for their synthesis and in designing channels of the n-MOSFET and n-MODFET transistors,
lasers based on heterojunctions, and electro-optical modulators based on such films.
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Introduction

Silicon integrated circuit manufacturing technologies
have reached a level where further performance
improvements can no longer be achieved solely through
geometric scaling [1]. Therefore, scientists have
concluded that in many new electronic device structures,
silicon can be replaced by germanium, which has higher
mobility of current carriers and allows heterostructures of
various compositions and practically arbitrary layer
thicknesses to be obtained on silicon or silicon-germanium
alloy substrates [2-5]. Significant internal mechanical
strains exist in heterostructures obtained based on silicon
and germanium, associated with the considerable
difference in the lattice constants of these materials. This
allows for the growth of very thin germanium films on Si
or Gex)Si(1-x) substrates, which can be used to create lasers,
electro-optical modulators and MOSFET transistors [6-
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11]. The integrity, quality, and homogeneity of the
electrical and optical properties of these germanium films
are determined by their crystallinity and dislocation
density [12-15]. The degree of crystallinity, dislocation
density, and dislocation flow, as well as the magnitude of
internal strains in the film, depend on the technological
conditions of its growth (temperature and growth
atmosphere, subsequent heat treatment, the presence of
uncontrolled impurities and doping) [16-21]. In particular,
studies [20, 21] demonstrated that additional doping of
germanium films by the donor or acceptor impurities
reduces the dislocation density, which also depends on the
nature of the doping impurity. Therefore, selecting the
optimal technology for producing germanium films can
ensure high electrical performance. Another significant
factor influencing the electrical properties of very thin
germanium films is the presence of quantum size effects.
In previous studies [22-24], it was established that the
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electrical conductivity of the germanium nanofilm with a impact of internal mechanical strains and the degree of
thickness of d<7 nm, growing on the Gex)Si(1-x) substrate doping with donor impurities with different ionization
with a crystallographic orientation of (001), strongly energies on the mechanisms and the possibility of
depends on quantum size effects. The efficiency of these implementing such a transition at room temperature have
effects is, in turn, a function of the degree of doping of the not been investigated.

nanofilm by the donor impurities. The film's conductivity That is why the purpose of this work is to conduct
is also determined by the substrate composition. The such studies, as they are more practically relevant for
magnitude of internal mechanical strains in the nanofilm modelling and developing various nanoelectronics
increases with the increasing silicon content in the elements based on germanium nanofilms, which primarily
substrate, under the influence of which a deformational operate at temperatures near room temperature.

reconstruction of the nanofilm band structure occurs. In

particular, (Li-A;) inversion of the absolute minimum type . .

of the conduction band of the germanium nanofilm was I. Theoretical calculations
obtained under the action of significant internal

deformations. The mechanism of this inversion and its The calculations of the band structure for both
influence on the electrical properties of bulk germanium  undoped and donor-doped germanium nanofilms, grown
single crystals were extensively studied in [25-27]. In on the Gew)Si(1-x) (001) substrate, were performed in works
[23], the dielectric-semiconductor transition was first [22, 28]. According to [28], the expressions for the carrier
achieved in germanium nanofilms at sub-room concentration in the strained germanium nanofilm are
temperatures. However, comprehensive studies on the given by:
h2n? h2n2

T emElkraz Ly EF—ELy A1, 41 Ep-Ep,

2 8m,+kTd 2mm |~ kT [ —— 2 sm; TkTd 2mm’; “kT A
ny, = =Zwae T s gy = (2 Tge T T e (1)

___h2%n? Ep-Ey ___h%n? Ep-Ey

P = (22%‘;19 Smlde2>2”_’:21kT .e kT 1,p2 = <§Z$1°:1€ Bmszdz)—zm’?zsz -e kT 2. 2)

Here, n; and n,, are the electron concentrations in the L; - and A; - conduction band minima of the Ge nanofilm; p,
and p, are the concentrations of "light" and "heavy" holes for the valence band branches; d is the nanofilm thickness;
mi! = 0.082my, m* = 1.58m,, my? = 0.32mg, m|* = 1.65my, m; = 0.044my, m, = 0.28m, are the effective
masses of conduction in the L; -and A; - minima and for the "light" and "heavy" hole bands, respectively [29 — 31]; m,
is the free electron mass; Er is the Fermi energy; E, , Ea,, Ey,, Ey, are the energy positions of the corresponding

conduction band minima and valence band branches in the strained germanium nanofilm.
The electron and hole concentrations of in the conduction and valence bands, as well as the intrinsic current carriers,
are given by:

n=ny +n,,p =p;+ D0, n(e) =/np. 3)
The concentration of intrinsic current carriers in an unstrained germanium nanofilm is given by:
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Here m, = 0.193m, is the effective mass of follows [23]:
conductivity for holes, E;(0) = 0.66 eV [29].

The specific conductivity for unstrained ¢(0) and
strained o (&) nanofilms is given by:

o(e) _ ni(e) bg(1+B)+bsB+bs
a(0) ~ ny(0) (1+B)(1+by)

(6)

The designations for the quantities B, by, bs, bg, b,

a(0) = qni(O)(uLl +,up), in expression (6), as well as detailed calculations, are
o(e) = qn;(e) (un (e) +uy (e)), (5) presented in [23]. The electron concentration in the doped
germanium nanofilm by the donor impurity is determined
where u;, i, are the mobility in the unstrained nanofilm; by the expression [26]:
un(e) and p,(e) are the effective electron and hole
mobility in the strained nanofilm. n(e) = ax. )
The relative change in the electrical conductivity of Ep
the strained germanium nanofilm can be represented as Here x = e¥T is the solution of the next equation:
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and Ny is the concentration of the donor impurity, E; is
the energy of their ionization.

Expression (6) for the case of a doped germanium
nanofilm can be represented as follows:

a(e) _ n@un(&)+p&up(e)

= . 10
a(0) n(0) L, +p(0)1p(0) (10)
According to [23],
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Then, considering expressions (3) and (10), the
relative change in the specific electrical conductivity of
the strained germanium nanofilm, doped by the donor
impurity, is given by:
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where y;  and p,, are the electron mobilities in the L, -
and A;-valleys of the conduction band, p; and u, are the
mobilities of "light" and "heavy" holes, and up(0) is the
hole mobility in the unstrained nanofilm. Expressions for
calculating these mobilities under conditions of electron
and hole scattering by acoustic phonons are provided in
[23]. The energy position E; of the donor impurity in the
strained germanium nanofilm was determined using the
solutions to the electroneutrality equation obtained in [28].

II. Results and discussion

Fig 1 shows the dependencies of the intrinsic carrier
and electron concentration on the thickness of undoped
and doped by the shallow donor impurity germanium
nanofilm, respectively. The calculations were performed
at T=300 K and for the case of nanofilm growth on a
GexSi(1—x) substrate with crystallographic orientation
(001). As previously established in our studies [22-24], for
such nanofilms with a thickness d<7 nm, quantum size
effects become significant, strongly influencing the carrier
concentration and electrical conductivity.
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As illustrated in Fig. la, an unstrained germanium
nanofilm (x = 1) with a thickness of d = 2 nm exhibits
dielectric properties. Increasing its thickness to 7nm
induces a dielectric-to-semiconductor transition. This
transition can also be achieved by increasing the silicon
content in the substrate, which in turn elevates the internal
mechanical strains in the nanofilm. These strains reduce
the band gap width of the nanofilm, leading to a rise in the
concentration of intrinsic current carriers [22, 23].
Another method to implement the dielectric-
semiconductor transition in a germanium nanofilm is
doping by the donor impurities. As shown in Figs. 1b, lc,
and 1d increasing the concentration of dopants raises the
electron concentration in the conduction band of the
nanofilm due to the complete ionization of shallow donors
at room temperature. Notably, for silicon contents of
100% and 75% in the Gex)Si(-x) substrate, the doping
level (ranging from 10" to 10 cm™) has a minimal
impact on the dielectric-to-semiconductor transition. In
these cases, the primary driver of the transition is the
significant internal mechanical strains in the germanium
nanofilm, which drastically increase the concentration of
intrinsic current carriers, which is many times greater than
the concentration of the doping impurity. Therefore, to
impart semiconductor properties to germanium nanofilms
grown on a germanium substrate (unstrained nanofilm) or
substrates with lower silicon content (and correspondingly
lower internal strains), it is necessary to dope the nanofilm
with donor impurities at concentrations across a broader
range of Ge(x)Si(1-x) (001) substrate compositions. As noted
in [23], increasing the silicon content in the substrate
slightly reduces the carrier mobility relative to the
corresponding changes in their concentration. Thus, the
qualitative and quantitative dependencies of the specific
electrical conductivity of the germanium nanofilm on its
thickness will primarily be determined by changes in
carrier concentration and the efficiency of quantum size
effects. According to Fig. 2, the relative specific electrical
conductivity of undoped germanium nanofilms decreases
with increasing thickness, whereas that of doped
nanofilms increases. This can be explained by the fact that
in undoped and unstrained nanofilms, as shown in Fig. 1a,
quantum size effects are most pronounced, which lead to
a significant change in the concentration of intrinsic
current carriers (by nearly four orders of magnitude) when
the film thickness varies from 2 nm to 7 nm. In strained
nanofilms, with a higher intrinsic carrier concentration,
the efficiency of quantum size effects is lower.
Accordingly, the specific electrical conductivity of
strained nanofilms o (&) decreases less significantly with
increasing thickness than that of unstrained films ¢ (0).
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Fig. 1. The dependencies of the intrinsic carrier concentration and electron concentration for the undoped and doped
by the shallow donor impurity germanium nanofilm grown on a Gex)Si(i-x) (001) substrate on its thickness: (a) is
undoped nanofilm; (b), (c), (d) is doped nanofilm with concentrations N; = 10! cm™3, 102 cm™3, 1013 cm™3,

respectively.
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Fig. 2. Dependencies of the relative change in specific electrical conductivity for the undoped and doped germanium
nanofilm by the shallow donor impurity, grown on a Ge(x)Si(1-x) (001) substrate on its thickness: (a) undoped

nanofilm; (b), (c), (d) is doped nanofilm with concentrations N; = 10** cm™3, N; = 102 cm™3, N; = 103 cm™3,

respectively.
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This explains the relative decrease in the specific electrical
conductivity o(g)/0(0) of wundoped germanium
nanofilms (Fig. 2a). Doping germanium nanofilms by the
donor impurities reduces the role of quantum size effects
on their electrical properties [24]. In this case, the
character of the dependences of the specific electrical
conductivity, both for an unstrained and strained nanofilm,
on its thickness will be different and, as a result, the
relative value of the specific electrical conductivity
o(€)/a(0) will increase with increasing nanofilm
thickness (Fig. 2 b, 2 ¢, 2 d). Calculations show that these
results are valid for donor impurities with ionization
energies of E; < 150 meV, which are fully ionized at
room temperature in both unstrained and strained
germanium nanofilms. At higher ionization energies, the
donor energy levels are not fully ionized, leading to a
reduction in electron concentration in the conduction band
[24]. Moreover, increasing the silicon content in the
substrate, and hence the internal mechanical strains in the
nanofilm, further increases the ionization energy of the
donor impurities.

Figure 3 presents the dependencies of electron
concentration on the thickness of a germanium nanofilm
doped by the deep donor impurity at a concentration of
Ny =103 cm™3 at T = 300 K. The calculations were
performed for donor impurity ionization energies
E; = 150meV, E; = 250meV and E; = 300 meV. As
follows from the presented figures, increasing the
ionization energy of the donor impurity from 150 to
300 meV leads to a decrease in the electron concentration
in the conduction band of the unstrained germanium
nanofilm. This is explained by an increase in the degree of
deionization of the donor level. Additionally, unlike the
case of a shallow donor impurity, for a germanium

nanofilm with a thickness of d < 3 nm, an increase in
silicon content in the Ge(x)Si(1-x) substrate to 50%, and the
corresponding increase in internal mechanical strains,
results in a reduction of electron concentration in the
conduction band of the strained nanofilm compared to the
unstrained one. In this case, changes in the electron
concentration within the nanofilm are determined by two
mechanisms: 1) an increase in the concentration of free
current carriers, and 2) a decrease in the electron
concentration in the conduction band due to an increase in
the ionization energy of the donor impurity under the
deformation, which leads to an increase in the degree of
filling of the donor level by electrons.

The second mechanism is dominant for the strained
germanium nanofilm with the thickness of d < 3 nm with
the silicon content in the Gex)Si(1-x) substrate of up to 50%,
and for a silicon content of more than 50%, the first.
Qualitatively similar dependences of the relative changes
in the specific electrical conductivity o(g)/c(0) on the
thickness of the germanium nanofilm were also obtained
for the case of its doping by the deep donor impurity
(Fig. 4).

The increase in the relative specific electrical
conductivity with a higher silicon content in the
Gex)Si(1-x) substrate is explained by the increase in the
concentration of intrinsic current carriers. Impurity energy
levels with the ionization energy E; > 350 meV will be
filled by the electrons, and, accordingly, doping will not
be affected on the dependencies of electron concentration
or relative specific electrical conductivity on the thickness
of the nanofilm. In this case, the mechanisms of quantum
size effects will operate in the same manner as in undoped
germanium nanofilm.
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Fig. 3. Dependencies of electron concentration on the thickness of germanium nanofilm, doped by the deep donor
impurity, for different ionization energies E; of the doping impurity (in meV): (a) — 150, (b) — 250, (c) — 300.
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Fig. 4. Dependencies of the relative change in specific electrical conductivity on the thickness of germanium
nanofilm, doped by the deep donor impurity, for different ionization energies E,; of the doping impurity (in meV):
(a) — 150, (b) — 250, (c) — 300.

Conclusions

The dielectric-semiconductor transition for undoped
germanium nanofilms can be achieved through two
methods: 1) by increasing the film thickness from 2 nm to
7 nm, which significantly weakens the role of quantum
size effects; 2) by increasing the silicon content in the
Gex)Si(1-x) substrate, which leads to an increase in the
magnitude of internal mechanical strains in the nanofilm
and, accordingly, the concentration of intrinsic current
carriers in it. For doped germanium nanofilms, this
transition can be realized by doping it with both shallow
and deep donor impurities. At ionization energies of the
donor impurityE,; > 150 meV, its deionization will occur,
which leads to a decrease in the electron concentration in
the conduction band of the nanofilm and, accordingly, the
influence of the role of doping on the dielectric-
semiconductor transition. Therefore, such transition is
more effective when doping by the deep donor impurities
at a concentration of Ny > 103 cm™3. The dielectric-
semiconductor transition mechanisms for the germanium
nanofilm, doped by the donor impurity with the ionization
energy E; > 350 meV will be the same as for an undoped
nanofilm, and doping by such impurities in this regard

loses any meaning.

The presented calculations of the electrical properties
of thin unstrained and strained germanium nanofilms must
be taken into account in their synthesis, as well as in the
development of various nanoelectronic elements based on
them, in particular, the channels of n-MOSFET and n-
MODFET transistor, heterojunction lasers, electro-optic
modulators. In this case, first of all, the resistivity (specific
electrical conductivity) of the raw material is important in
the design of such elements, which justifies the practical
significance of the obtained results.
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Enexrpuyni BjaacTuBocTi TOHKUX IWTIBOK Ge/Gex)Si(-x) HA Mexi mepexoxy
HANIBIIPOBIAHUK-IieJIEKTPUK

L yyvkuti nayionanonuti mexuiunuii ynieepcumem, m. Jlyyvk, Ypaina, luniovser@ukr.net;
2Bonuncvkuii nayionanshuii yuieepcumem imeni Jleci Yxpainku, m. Jlyyok, Yxpaina, shygorin.pavlo@vnu.edu.ua;
3Hayionanvnuii ynisepcumem «JIvsiscoka nonimexuixay, m. Jlvsis, Yxpaina, bohdan.y.venhryn@lpnu.ua

Ha ocHOBi Teopii eNeKTpPONpOBITHOCTI IBOBHMIPHHMX HAIiBIPOBITHUKOBHX HAHOCTPYKTYp HPOBEICHO
PO3paxyHKH 3aJeXKHOCTEH KOHIEHTpAlil HOCIiB CTpyMy Ta IHTOMOI €JIEKTPOIPOBITHOCTI INpPU KIMHATHIH
TeMIeparypi JUls HEJICroBaHOI Ta JICTOBaHO! HAHOIUTIBKM TepMaHito, BHpomieHoi Ha migknamini Gex)Siix) 3
kpucranorpagiuaoro opieHTauiero (001), Bix ii TOBIIMHM Ta CKIAAy MiAKIaIKd. byno BcTaHOBIEHO, IO Mepexif
JieNeKTPUK-HAMBIPOBIAHUK [UIA TOHKUX IDTIBOK T€PMaHi0 TOBIIMHOK d<7 HM MOXKHa peati3yBaTd 3a PaxyHOK
30LIBIIEHHS i1 TOBIIMHY, IO TIOB’SI3aHO 31 3MEHIIEHHS ¢()eKTHBHOCTI KBAHTOBO-PO3MIpHUX e(pekTiB, a00 BMicTy
kpemHio B miakmaani Gex)Si(1-x), BHACTIJOK YOT0 BiIOyBa€eThCA 3pOCTaHHS BEIUYHHHU BHYTPIIIHIX MEXaHITHUX
HaInpy>keHb B ILTIBI Ta, BIANOBIAHO, KOHIIGHTpALil BIaCHUX HOCIIB cTpyMy. JleryBaHHs Takoi IUTIBKM T'epMaHilo
JOHOPHOIO TOMIIIKOIO 3 eHeprieto ioHizamii Ed<150 meB Takox npu3BoauTh 10 peaiisamnii mepexoay IieIeKTpHK-
HamiBIpoBiTHUK. [IpeacTaBieHi po3paxyHKH eJIeKTPUYHHUX BIACTHBOCTEH TOHKUX IUTIBOK T€PMaHII0 MOXYTh OyTH
BUKOPHCTaHi IPH Po3poOli HAYKOBHX OCHOB IXHBOT'O CHHTE3Y Ta IIPU KOHCTPYIOBaHHI Ha OCHOBI TaKHX IUTIBOK
kaHaniB n-MOSFET ta n-MODFET TpaH3ucropiB, na3epiB Ha TeTEpPONEPEXOAaX Ta EIEKTPOONTHIHUX
MOJTyJISITOPIB.

KiwouoBi cioBa: edextst po3MipHOTO KBAaHTYBaHHSA, MEpEXifl MieNeKTPHK-HAIIBIPOBITHUK BHYTPIIIHI
MeXaHIUHI HamnpyXeHHS, TOHKI IDTIBKH TepMaHilo, KOHILEHTpALis BIACHUX HOCIiB CTpyMy, IHUTOMa
€JIEKTPOTIPOBI/IHICTb.
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