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Dependences of the concentration of intrinsic current carriers, electron and hole mobilities and specific
conductivity for strained germanium nanofilms grown on the Si, Ge(.64Si(.35) and Ge(.9)Si0.1) substrates with
crystallographic orientation (001), on their thickness at different temperatures were calculated on the basis of the
statistics of non-degenerate two-dimensional electron and hole gas in semiconductors. The electrical properties of
such nanofilms are determined by the peculiarities of their band structure. It is established that the effects of
dimensional quantization, the probability of which increases with decreasing temperature, become significant for
germanium nanofilms with the thickness of d <7 nm. The presence of such effects explains the significant
increase in the specific conductivity and the decrease in the intrinsic concentration of current carriers for these
nanofilms. The electron and hole mobility in the investigated germanium nanofilms is lower in relation to such
unstrained nanofilms. Only for the strained germanium nanofilm with the thickness of d > 50 nm grown on the
Ge(.9)Si(0.1) substrate, an increase in the hole mobility at room temperature of more than 1.5 times was obtained.
The obtained results of the electrical properties of strained germanium nanofilms can be used in producing on
their basis new elements of nanoelectronic.
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materials whose lattice constants differ substantially
leading to significant mechanical strains [2, 3]. This
yields very thin films on the surface of substrate that are

Introduction

Quantum effects that arise in nanostructures play an

important role in the processes of current transfer and
ultimately determine the electrical properties of
nanomaterials. In recent years, many theoretical and
experimental investigations were devoted to the study of
various types of semiconductor heterosystems. This is
due to the prospects of their application in
nanoelectronics and laser technology [1]. As silicon
technology remains the basis of modern micro- and
nanoelectronics, the design of new semiconductor
devices based on its heterostructures is very attractive
and promising. Germanium is the only chemical element
that produces heterostructures on silicon substrates in a
wide range of component composition and layer
thickness. The quality of the interface of the two
materials is determined by the mismatch of their crystal
lattices. In many cases, heterojunctions are formed from
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used in optoelectronic devices, for instance, in the lasers
based on quantum wells and electro-optical modulators
[3-8]. Specifically, high hole mobility was found typical
of strained germanium quantum wells in [9-11]. This
enables the design of p-MOSFET and p-MODFET
transistors with high-conductivity channels based on
such quantum wells [10, 12]. The magnitude of the hole
mobility in strained germanium quantum wells, like in
bulk single crystals, is determined by the available
scattering mechanisms of current carriers and
deformation restructuring of the wvalence band of
quantum well. The presence of internal mechanical
strains leads to changes of the effective mass of the
carriers, the relaxation time of different scattering
mechanisms and, accordingly, the electron or hole
mobility in quantum wells [13]. Theoretical models to
calculate the carrier mobility in germanium quantum
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wells were developed in [14, 15]. Good agreement of the
experimental measurements of Hall mobility and the
corresponding  theoretical  calculations at  high
temperatures was achieved by the authors of [15] on
conditions of carrier scattering on ionized impurities and
acoustic phonons. The slight difference of the
experimental and theoretical results was explained by the
disregard of the intervalley and electron-electron
scattering mechanisms in the calculations. The design of
various electronic devices using strained germanium
quantum wells requires also, in addition to the magnitude
of the mobility, the information on the carrier
concentration and conductivity for such quantum wells.

Therefore, a comprehensive study of the effect of
internal mechanical strains and quantum-size effects on
the electrical properties of germanium quantum wells is
requiredto develop recommendations of the synthesis and
optimization of performance characteristics of modern
nanoelectronics devices made with such nanostructures.

Such a study was performed in our previous work
[16] for germanium nanofilms grown on silicon (001)
substrate. Due to the presence of significant internal
mechanical strains in the nanofilm, four A; minima of Ge
conduction band emerge as the lowest on the energy
scale in its band structure, and the valence band of the
heavy holes form the top. It was established that such a
radical deformation restructuring of the band structure at
room temperature leads to significant increase of the
concentration of free carriers in the nanofilm and, as a
consequence, specific conductivity. For germanium
nanofilms of thickness d < 7 nm, the gigantic increase of
the specific conductivity is explained by the significant
increase of the role of quantum-dimensional effects.

In this paper, we consider the most general case of
the effect of different structures of the conduction band
and the valence band on the electrical properties of a
strained germanium nanofilm at various temperatures. It
was calculated in [17] for germanium nanofilm grown on
a GepSix (001) substrate that the energy positions of
L1 and A; minima will be the same for x =0.64.The
conduction band of the nanofilm will then be formed by
both L; and A:; minima. For the cases of x =0 and
X = 0.9, the lowest minima on the energy scale are A; and
L1, respectively. These minima will determine the
electrical properties of germanium nanofilm. Also in the
case of x = 0.9, the split of the bands of light and heavy
holes is insignificant, and the calculations must take into
account the contribution of both bands to the phenomena
of carrier transport. Therefore, we calculated the
concentration of intrinsic carriers, specific conductivity,
electron and hole mobility at various temperatures for the
strained germanium nanofilms grown on Si, Ge(o.64)Si(0.36)
and GepgSip1 substrates with crystallographic
orientation (001).

h2n?
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Where mp, = 0.193mg is the effective mass of
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I. Theory and computational details

For the case of non-degenerate gas of current
carriers, the electron concentrations in Ly and A; minima
of the conduction band, light and heavy holes of the
valence band of the strained Ge nanofilm are expressed
as [16, 17]:

h?n?
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Here n_, n, are electron concentrations in Liand Ay

minima; p, andp, are light and heavy hole
concentration; d is the quantum wellthickness;
mb =0.082m,, mHLi =1.58m,, m” =0.32m,,

mHA1 =1.65m,, m, =0.044m,, m, =0.28m, are effective
masses of conductivity for L1, A1 minima and light and
heavy holes, respectively [17, 18]; m,is the mass of free
electron; E.. Es . By, By are energy positions of L,
A1 minima andbands of light and heavy holes.

Total concentrations of electrons and holes in the
conduction band and valence band are:

@)

n=n_+n,, p=p+p,.

Then the concentration of intrinsic carriers in the
strained nanofilm is [18]:

n(e)=+np. )
For the case of wunstrained nanofilm, the
concentration of intrinsic carriers is:
_ b & E,(0)
. E:e BanTd e kT 1 (5)

n=1L

conductivity for holes, E4(0) = 0.66 eV [18].
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The specific conductivity for unstrained o(0)and
strained o (&) nanofilms can be represented as follows:

o(0) = an; (0) (s, +4,),

6
o(6) = a0, (&) (4t (6) + a1, (&) ©

where g , u, is themobility of electrons and holes in the

unstrained nanofilm; un(e) and up(e) is the effective
mobility of electrons and holes in the strained nanofilm.
Effective carrier mobility can be found from the ratios”

H N+, Ny
/un(‘g)_ n +n
le+ p (7)
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where 1 anduy is the mobility of light and heavy holes,
respectively. Taking into account Egs. (1) and (2):
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Then Eq. (7) can be written as:
My A+,
Uy (&) =———,
1+ A (9)
B+u,
u, (&) = 2B

The relative changes in the mobility of electrons and
holes in the strained germanium nanofilm can be
represented as:

(&) _ Aty 4y(2) _bB+by 10)
(0 1+A7 40 1+B
’uAl :LL.I. IuZ
where b =—=~, b, = , by = .
IR () R ()

The value b; = 0.088 was calculated in [19] for the
case of electron scattering on acoustic phonons. The
values of constants b, and bz can be similarly calculated.
The expressions for the mobility of holes can be written
as:
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Relaxation times of holes for scattering on acoustic
phonons are [20]:

. ﬂ'hAC
N TN
h C,
1= (12)
R B (TR
k' C,

TZ /_2 \/_(kT)/\/_

where my = 0.292mg, Zqc = 8.7 eV,Ce = 1.903-10* Pa [18,
20].

Taking into account Egs. (10-12), the relative change
of the mobility of holes in the strained Ge nanofilm is:

#y(2) _ mym, (m“B -+ m*)
#4,0)  @+B)mm)?

(13)

It was shown in [19] that the mobility of electrons in
the Ly minimum of the conduction band can be presented
as:

(14)

The components of the mobility tensor ﬂ”“ and

yf can be expressed in terms of the components of the
relaxation time and the effective mass tensor:
L_ 4G

Ll
ut = Lt =— <1t >,
I mHL1 H mtl

(15)

L

The expressions for THLl and z* for electron

scattering on acoustic phonons are equal to [19]:

L

1 ar 1
THL1: aﬂ ET; Ifz lé.T. (16)
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(The necessary notations for aH“ and a'in Eq. (16)

are presented in the appendix of [19]).
Then, according to (14-16):
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The relative change of the specific conductivity of
the strained germanium nanofilm, according to (6) is:
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Obtained expressions were used to calculated the
dependences of the intrinsic carrier concentration,
electron and hole mobility, and specific electrical
conductivity for strained germanium nanofilms on their
thickness at various temperatures. Computer algebra
software system MathCad 14, in particular the built-in
formula editor, was used in the calculations. The
software enablesautomatic calculations using appropriate
numerical methods and algorithms [17].

I1. Results and discussion

Dependences of the concentration of intrinsic
carriers for Ge nanofilms grown on Si, Ge.64Si.35 and
Ge0.9)Si(0.1(001) substrates on their thickness at various
temperatures are presented in Figs. 1-3.

The concentration of intrinsic carriers at T = 200 K is
less than 10 cm=2 for unstrained Ge and Ge/Ge(0.9)Si(0.1)
nanofilms of arbitrary thickness. That is, such nanofilms
will be dielectrics in terms of their electrical
conductivity, especially when their thickness is d < 7 nm.
The increase in the intrinsic carrier concentration for the
strained Ge nanofilms with the thickness d >7 nm vs
unstrained ones is explained, first of all, by the decrease
of the band gap due to internal mechanical strains [19].
The maximum relative increase of the concentration of
intrinsic current carriers is observed for the Ge/Si
nanofilm because in this case the magnitude of internal
mechanical strains is the largest, and the band gap of
such nanofilm will be the smallest compared to
Ge/GepgSipy and Ge/GepssSipss nanofilms. A
significant decrease in the intrinsic carrierconcentration
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Fig. 1. Dependences of intrinsic carriers concentration
for the Ge/Si nanofilm on its thickness at different
temperatures: 4 — 200 K, 5 — 250 K, 6 — 300 K. Curves
1, 2 and 3 are theoretical calculations for the
unstrained Ge nanofilm at 200 K, 250 K and 300 K
respectively.
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Fig. 2. Dependences of concentration of intrinsic
carriers for the Ge/Ge(;64Si@z3s nanofilm on its
thickness at different temperatures: 4 — 200 K, 5 —
250 K, 6 —300 K. Curves 1, 2 and 3 same as Fig. 1.
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Fig. 3. Dependences of concentration of intrinsic
carriers for the Ge/GepgSip1y nanofilm on its
thickness at different temperatures: 4 — 200 K, 5 —
250 K, 6 — 300 K. Curves 1, 2 and 3 same as Fig. 1.
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Fig. 4. Dependence of electron mobility for the Ge/Si
(a), Ge/Ge(o_e4)Si(o_3e) (b) and Ge/Ge(o,g)Si(o_l) (C)
nanofilms on the film thickness at different
temperatures: 1 —200 K, 2 — 250 K, 3 - 300 K.

for germanium nanofilms of d<7nm thickness is
relatedto the increase in the effect of dimensional
quantization [16]. An additional factor that increases the
effect of dimensional quantization for such nanofilms is
the temperature decrease.This leads to a sharper decrease
in the concentration of carriers upon the reduction of the
nanofilm thickness.

Dependences of electron and hole mobility for Ge
nanofilms grown on Si, Ge(ssSip3s and Gep.9)Sio.)
substrates are presented in Figs. 4, 5. The electron
mobility decreases with increasing silicon content in the
substrate, and hence the magnitude of internal
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Fig. 5. Dependence of hole mobility for the Ge/Si (a),
Ge/Ge(.64)Si(.36) (b) and Ge/Ge(o.9)Si(.1) (€) nanofilms
on the film thickness at different temperatures: 1 —
200K, 2-250 K, 3—-300 K.

mechanical strains in such nanofilms [19], and is
virtually independent of the thickness as well as
temperature.

The hole mobility for the Ge/Si and Ge/Ge(0.64)Si(0.36)
nanofilms (Fig. 5a, 5b) decreases relative to the
unstrained nanofilm by approximately 27 percent. This
decrease in mobility does not depend on the film
thickness, temperature, and also, unlike electron mobility
(Fig. 4a, 4b, and 4c), on the magnitude of internal
mechanical strains. Only for the Ge/Ge(.9)Si(.1) nanofilm
the hole mobility will depend on both the film thickness
and the temperature (Fig. 5¢). The increase of the role of
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Fig. 6. Dependences of the specific electrical
conductivity of the Ge/Si (a), Ge/Ge(.64)Si(0.36) () and
Ge/Ge.9)Sip.1) (€) nanofilms on the film thickness at
different temperatures: 1 — 200 K, 2 — 250 K,
3-300K.

an effect of dimensional quantization with decreasing
nanofilm thickness and temperature leads to a reduction
in the hole mobility in this case. The increase of the hole
mobility is achieved for nanofilms of d>15nm
thickness at 250 K and 300 K (Fig. 5c, curves 2 and 3)
and for d > 25 nm thickness at 200 K (Fig. 5c, curve 1).
The hole mobility due to the presence of internal
mechanical strains increases at room temperature by
more than 1.5 times for nanofilms of d>50nm
thickness. As shown in [17, 19], the valence band of
heavy holes tops the energy spectrum of the strained
Ge/Gep.gSip.1y nanofilm. Redistribution of holes with

318

various effective mass between the bands of light and
heavy holes due to temperature variation leads to
changes in the effective mobilityof holes. The
concentration of light holes increases with temperature,
consequently, the effective mass of holes decreases and
their mobility increases. Therefore, the decrease in the
probability of quantum-dimensional effects and the
effective mass of holes upon increasing temperature
explains the peculiarities of the obtained dependences of
hole mobility for Ge nanofilm on the Ge.9Sio.
substrate.

Dependences of the specific conductivity for Ge/Si,
Ge/Ge.64)Si.35) and Ge/Ge.9)Si.1y nanofilms on the
film thickness at various temperatures are presented in
Fig. 6.

The relative increase of the specific conductivity of
Ge/Si and Ge/Ge64Sipse nanofilms of d>7nm
thickness (Fig. 6a and 6b) is explained by the increased
concentration of intrinsic carriers due to smaller band
gap resulting from the effect of internal mechanical
strains.

The significant increase in the specific conductivity
of such nanofilms of d <7 nm thickness, especially at
decreased temperatures, is explained (as in the case of
similar dependences of intrinsic carrier concentration) by
the substantially increasing role of the quantum effects.
The increase of the Ge/Ge(.)Si1) nanofilm thickness
leads to a slight increase of its specific conductivity
witha minimum at d =10 nm which is associated with
the increase of the effective mobility of holes.

Conclusions

The electrical properties of Ge/Si, Ge/Ge(0.64Si(0.36)
and Ge/Ge.9Sip.1) nhanofilms are determined primarily
by the features of their band structure which depends on
the magnitude of the internal mechanical strains that
exist in such nanofilms and temperature. The increase of
the specific conductivity and intrinsic carrier
concentration relative to unstrained Ge nanofilms is
explained by the decrease of Ge band gap under internal
distortion fields. It is established that the specific
conductivity and intrinsic  carrier  concentration
particularly increase in nanofilms of d <7 nm thickness.
In this case, in addition to the mechanism of intrinsic
conductivity, the influence of dimensional quantization
becomes significant, the efficiency of which increases
with decreasing temperature. The electron mobility for
the investigated nanofilms is lower than that of
unstrained nanofilms. Here, quantum-dimensional effects
and temperature variation have virtually no effect on the
relative decrease of mobility. Both hole and electron
mobility in the Ge/Si and Ge/Ge(.s4)Si@.36 nanofilms
decreases due to internal mechanical strains. Such a
decrease in mobility for these nanofilms does not depend
on the magnitude of internal mechanical strains and will
be the same. An increase of hole mobility of more than
50 per cent is observed for the strained Ge/Ge.g)Si.1)
nanofilm at room temperature when the nanofilm
thickness is d >50 nm. The reason for such mobility
increase is the decrease of the effective mass of holes due
to the deformation restructuring of Ge valence band and
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the weakening of the role of quantum-dimensional
effects.

The presented calculations of the electrical properties
of strained germanium nanofilms can be used in the
development of the scientific basis of the synthesis of
such nanofilms and the creation of new elements and
devices of nanoelectronics. In particular, observed
increase of hole mobility for the strained Ge/Ge.9)Si(0.1)
nanofilm can be used in the design of high-conductivity
channels of p-MOSFET and p-MODFET transistors
using such nanofilms.
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EnexTpu4Hi BJ1aCTUBOCTI HANPY:KEHOI HAHOILIIBKY repMaHilo
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Ha oOCHOBI CTaTUCTHKH HEBHUPO/HKCHOTO JIBOBHMIPDHOTO €JICKTPOHHOTO Ta JMIPKOBOTO Tra3y B
HAIIBIIPOBITHAKAX MPOBEACHO PO3PaXyHKH 3aJIC)KHOCTEH KOHICHTpAIll BIACHUX HOCIiB CTPyMy, PYXJIHBOCTEH
CJICKTPOHIB Ta JIPOK Ta MATOMOI ENICKTPONPOBITHOCTI JUTA HANPYKEHUX HAHOIUTIBOK T€PMaHil0, BUPOIICHUX Ha
migrankax Si, Ge(0,64)Si0,36) Ta Ge9)Si©1) 3 KpucTanorpadiynoro opienramiero (001), Big iX TOBIIMHU TIpH
pi3HHX Temreparypax. EJeKTpUuHI BIaCTUBOCTI TAaKUX HAHOIUIIBOK BHU3HAYAIOTHCS OCOOJIMBOCTSAMH iX 30HHOI
CTPYKTYypu. BcTaHOBIEHO, IO Ul HAHOILIIBOK T'epMaHiio, TOBIIMHOIW d <7 HM, CyTTEBUMH CTalOTh €(eKTH
po3MipHOTO KBaHTyBaHHs. HasBHICTh Takux e(EeKTiB MOSICHIOE 3HAYHE 3POCTAaHHS MUTOMOI €JICKTPOIPOBIIHOCTL
Ta 3MEHIIEHHS BIACHOI KOHLEHTPALil HOCIiB CTpyMy ISl TAKHX HAHOILTIBOK. PyXIIMBICTH €IEKTPOHIB Ta AIpOK B
JOCIIJDKYBaHMX HAHOIUTIBKaX TepMaHII0 € MEHIIOIO0 IO BiJHOUICHHIO 10 TaKWX HEHANPY)XEHHX HAHOILTIBOK.
Jlunie it Hampy’)keHOI HAHOIUIIBKM TepMaHiro, ToBiuHOW d > 50 HM, BUpomeHii Ha migkmamm Ge(9)Si(o,1),
OyJ0 oJep>KaHO 3POCTAHHS PYXJIUBOCTI MipoK Oinbiie, HiX B 1,5 pasu. OmepikaHi pe3ysibTaTd CICKTPHYHHX
BJIACTHBOCTEH HANPYKCHUX HAHOIUTIBOK FEPMaHiI0 MOXYTh OyTH BUKOPHCTaHHI JUIS OJCP)KaHHS Ha 1X OCHOBI
HOBHX €JICMEHTIB HAHOEIEKTPOHIKH.

KiouoBi cjioBa: BHYTpIIIHI MeXaHIYHI HamNpyXCHHS, HANpPY>XCHI HAHOIUIIBKM TEpPMaHil0, KBaHTOBO-

PpO3MipHi eeKTH, KOHIIEHTPAIIis BIIACHUX HOCIIB CTPYMY, TUTOMA IPOBIIHICTh, PYXJIBICTh €JIEKTPOHIB Ta JipOK.
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