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Calculation of Electron Mobility for the Strained Germanium Nanofilm
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The values of relative deformation that arises in the germanium nanofilm grown on the GewSia-x
(001) substrate, depending on its component composition, on the basis of the theory of elasticity have been
calculated. For such orientation of the substrate, the germanium nanofilm in the crystallographic direc-
tions [100], [010] (in the substrate plane) experiences biaxial compression and in the crystallographic di-
rection [001] — uniaxial stretching. It is shown that the internal mechanical strains reach 4 % in the case of
a silicon substrate. Calculations of the band structure for a strained germanium nanofilm show that with
increasing values of the internal mechanical strains (due to increasing Si content in the substrate), four A;
minima of the conduction band will be descend down, and L; minima will ascend up on the energy scale. In
doing so, the valence band undergoes splitting into two branches, the upper one of which is the valence
band of "heavy" holes. Four A1 minima of the conduction band become the lowest in the energy spectrum of
a strained germanium nanofilm when the Ge content in the substrate is less than 60 %. The carried out
calculations of electron mobility based on the theory of anisotropic scattering by acoustic phonons show
that an increase in the relative content of germanium in the substrate leads to an increase in the electron
mobility in the nanofilm. This is explained by the deforming redistribution of electrons between the four L
minima with greater mobility and four A1 minima with less mobility. It has been established that for ger-
manium nanofilms of thickness d > 7 nm, the electron mobility does not depend on their thickness. The ob-
tained results could be used in modelling the electrical properties of strained germanium nanofilms, on the
basis of which various electronic devices of modern nanoelectronics with the projected working characteris-
tics could be created.
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1. INTRODUCTION

Achievements and prospects of further development of
micro- and nanolectronics, optics, instrumentation and
other branches of new technology are connected with the
physics of thin films. Advances in this field became possi-
ble by using the controlled epitaxial growth of thin layers
of semiconductors, metals and dielectrics in vacuum from
various environments [1, 2]. The basis of modern nanoe-
lectronics i1s heterojunctions and semiconductor superlat-
tices. Of particular interest to researchers is pseudomor-
phic strained heterostructures, in particular, silicon-
germanium structures with a compatible lattice. This is
due to the possibility of controlling a wide range of physi-
cal properties of the composite layers of the structure by
changing the value of strain and the ratio of the thick-
nesses of the contacting semiconductors [5]. Nanostruc-
tures based on the strained germanium attract the atten-
tion of technologists and researchers due to the great suc-
cess of the possibility of creating new prospective devices,
which use quantum-size effects [6-10].

Therefore, there is considerable scientific and prac-
tical interest in the study of the influence of internal
deformation fields on the band structure and electrical
properties of nanostructures based on germanium.

2. RESULTS OF CALCULATIONS AND THEIR
DISCUSSION

The germanium band structure and electrical prop-
erties of the strained germanium nanofilm grown on the
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GewSia -x substrate with crystallographic orientation
(001) was investigated in this article.

The influence of deformation on the semiconductor
is described in the literature in sufficient detail. There
are both experimental and theoretical studies [11, 12].
The crystal lattice of most semiconductors (the type of
diamond or zinc blende) has cubic symmetry. If the
semiconductor is subjected to the action of strain, then,
in general, its symmetry decreases and the electron
spectrum changes [11].

The discrepancy between the lattice constants of
germanium and the GewSia - » substrate is the cause of
occurrence of the internal mechanical strains in the
germanium film. We designate the lattice constants in

the crystallographic directions [100] and [010] as aH

(the same for the substrate and nanofilm), and in the
direction [001] — a,; (different for the substrate and
nanofilm). We will assume that strains in the nanofilm

are homogeneous in thickness. Then the expressions for
the lattice constants of the crystalline layers of the sub-

strate and the nanofilm along the contact plane aH and

in the perpendicular direction a,; can be written as:

N
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The values of relative deformations in each layer are
determined by the equations:

(‘%)12 =(s )23 =(¢ )13 =0,
g~

(‘gi)n = (gi )22 = > (2

where the indices 1, 2, 3 determine the crystallographic
directions [100], [010], [001], respectively.

Using expressions (1) and (2), one can determine the
lattice constants and relative deformations arising in
the layers based on semiconductor materials with crys-
talline lattices of the diamond type or zinc blende.

For the considered case, taking into account that
the thickness of the substrate hcewsia-x) is much larger
than the thickness of the germanium film hge, the ex-
pressions (2) (without taking into account deformation
in the substrate) can be represented as follows:

_ _ Qgewsiax ~ 9Ge
(gGe )11 - (gGe)zz - T’
Te
3
220G, Ggewsiax ~ e

(. )33 T 1o e ag ’
e e

where v, =0.26 [12].

The lattice constant of the Gew)Sia - alloy versus the
component composition varies according to the law [5]:

OGe(x)Si(1x) = Psi (1-x)+agx-bx(1-x), 4)

where b =1.88102 A.

The dependencies of the relative deformations on the
component composition of the GewSia -x substrate can
be obtained for the germanium nanofilm, taking into
account the expressions (3) and (4), the values of the
germanium’s q,, = 5.658 A and silicon’s ag; =5.431 A

[12] lattice constants (Fig. 1).
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Fig. 1 — Dependencies of the values of relative deformations in
the germanium nanofilm on the component composition of the
GewSia - v substrate
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As follows from Fig. 1, for the germanium nanofilm
in the directions [100], [010] the value of the relative
deformation ¢ is negative (the film is compressed) and

in the direction [001] the deformation ¢, is positive (the

film is stretched). The band structure of the strained
germanium nanofilm on the GewSia.y substrate de-
pending on its component composition can be calculat-
ed using the data on the components of the deformation
tensor.

A simple compression or stretching (without shear
deformations) along the crystallographic directions
[100], [010] and [001] lead to the same shift of the four
L1 minima of the germanium conduction band [11]

AEi:(Egl +é3£‘1jA, (5)

where A= g, +¢&,,+¢,; is a change in volume at de-
formation.

For germanium, the constants of the deformation
potential are Eﬁl =—-6.4eVand 5 =16.4 eV [12].

Shift of the energy minima of type A1 of the germa-
nium conduction band, which are located in the direc-
tions [100], [010] and [001], under the influence of de-
formation is determined by the equations [11]:

AE,[100] = E3A+EY e ;
AE,[010] = EJ'A + B £5; (6)
AE,[001] = E3 A+ ED &yy.

The values of the constants of the deformation po-
tential Z) =11,82eV and Ej =-1,29eV for A1 mini-

mum have been found in work [14].

Shift of the I'e minimum, which is located in the
center of the Brillouin zone, is described by the expres-
sion [11]:

AE[000] = 24, (7

=h=_6.8eV[12].

Change in the valence band under the action of de-
formation has a complex character. For homogeneous
deformations, the expression for splitting of the valence
band can be represented as [11]:

AE, =aAtb, , ®

(311 _533)

where av and by are the constants of the deformation
potential of the valence band. For germanium,
av(Ge) = 1.24 eV, bu(Ge) =—2.86eV at T=300K [15],
the sign «+» corresponds to "light" holes and the sign
«» —to "heavy" holes. The action of deformations in Ge
leads to the lifting of degeneration of the valence zones
of the "light" and "heavy" holes at the point I25 and
their splitting.

On the basis of expressions (5)-(8), taking into ac-
count the values of the constants of the deformation
potential of the germanium conduction and valence
bands, the calculations of the band structure of the
strained germanium nanofilm depending on the com-
ponent composition of the GewSia-» substrate have
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been conducted. In Fig. 2, we illustrate the results of
the calculations. As seen from Fig. 2, for the case of a
silicon substrate (x = 0), the four A1 minima of the con-
duction band of the germanium nanofilms will be the
lowest on the energy scale, and the valence band of the
"heavy" holes will be on the top. The growth of the
germanium content in the substrate leads to an in-
crease in the band gap width and decrease in the band
splitting of the "light" and "heavy" holes of the nano-
film. In the case, when the germanium content in the
substrate is x > 0.6, the L1 minima become dominant in
the energy spectrum of the germanium nanofilm. It is
also obvious that the deformation leads to both quanti-
tative and qualitative changes of the band structure of
deformed semiconductors; this, in turn, will lead to a
significant change in the electrical properties of the
strained Si/Ge heterojunction.
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Fig. 2 — The band structure of the strained germanium nano-
film grown on the Geg) Siq - (001) substrate

Specific electrical conductivity of the strained germa-
nium nanofilm in the considered case can be written as

J. NANO- ELECTRON. PHYS. 11, 02023 (2019)

o =qnu=q(ng py, +n, 1, ), (C))

where n; ,n, , ur.u, are the electron concentrations

and mobilities for L1 and A1 minima, respectively, u is
the effective electron mobility, n is the electron concen-
tration in the conduction band (equal to the sum of
electron concentrations in L1 and A1 minima), g is the
module of electron charge.

The total energy of the current carrier of the nano-
film has a discrete-continuous spectrum. It represents
the sum of the discrete levels of energy associated with
motion in the direction of quantization and a continu-
ous component that describes the motion in the nano-
film plane [16]. Let the nanofilm is located in the XOY
plane, where its dimensions are macroscopic and its
thickness d (which has a nanosize) is counted along the
7Z coordinate. Under these conditions, the motion of the
current carrier along the Z-axis is equivalent to the
motion in a rectangular potential well of width d.

The electron concentration in the nanofilm in the case
of the non-degenerate electron gas [17]:

thZ
® smkrd® | 27m kT
I LV e

e

EF 7EC
e (10)

n=

2
d

where E is the Fermi energy, E. is the energy posi-

tion of the bottom of the conduction band, m and m,

are the components of the effective mass tensor of an
electron.

Then, according to (9), the relative change of the ef-
fective electron mobility

s
L:i. (11)
uy, A+1

In this expression, A is the ratio of the electron con-
centrations in the L1 and A1 minima, which according
to (10) is equal:

~ h2n?
8m 1 kTd?
z e ! EA! 7EL| EA] 7EL|
i m, RT BT
p— | — =. —
A—n = o - |-e =f(d)-e
)
A, w LT 1

Se 8y kTd s (12)
n=1

where EL1 ,EAl are the energy positions of the L: and

A1 minima of the conduction band of the strained ger-
manium nanofilm.

The growth of the electron mobility for the strained
germanium nanostructure in the case of isotropic elec-
tron scattering by the acoustic deformation potential
was estimated in [18]. The calculations of the authors
of this work showed that with such values of internal
mechanical strains, when germanium becomes a direct-
gap semiconductor material, the electron mobility in-
creases hundreds of times. For a more accurate estima-
tion, it 1s also necessary to take into account the influ-
ence of electron mobility anisotropy.

Constant-energy surfaces for both L1 and A1 minima

are the ellipsoids of rotation. Then, the charge carrier
mobility in an arbitrary direction can be determined
from the relation [11]:

M= sin2€+,tﬂ‘ cos® @, (13)
where 6 is the angle between the considered direction
and the principal axis of the ellipsoid; x, and my are

the mobilities of charge carriers across and along the
ellipsoid axis, respectively.
According to (13), for the Li minimum
n_1 . 2

1 — Ll
MO =gH RS (14)
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and for the case of four-ellipsoidal A1 model of the con-
duction band of the strained germanium nanofilm (see
Fig. 2)

ALl oA 1y
MU =GR (15)

The components of the mobility tensor x, and #y

for the L1 and A1 minima are equal to

La __ 4 LA o,
y7; = <71 >;
I mHLwAl I
(16)
yf"A‘ = gA <‘z'f"Al >.
m "

Based on the theory of anisotropic scattering, we
write the expressions for THL"A’ and 7" under the

conditions of electron scattering by impurity ions and
acoustic phonons [11]:

g1 a1
== L oy R UL
Jerz JET

E
(The necessary designations in expressions (17) are
presented in the Appendix).

In order to calculate the effective electron mobility
in the strained germanium film, it is necessary to have
the acoustic deformation potential constants and com-
ponents of the effective mass tensor for the L1 and A
minima. The values of the of the acoustic deformation
potential constants Z, =11,82 eV and E; =-1,29 eV,

the components of the tensor
my =1,65m, and m, =0,32m, for the A1 minima of the

effective mass

germanium conduction band have been found earlier
on the basis of measurements of the tensoresistance at
high uniaxial pressures [14, 19]. The appropriate pa-
rameters =, ,=16,4 eV, E,=-6,4 eV, m =1,58m,,

m, =0,082m, for the L1 minima are also known [12].

Taking into account the values of these parameters for
the L1 and A1 minima of the germanium conduction
band and the energy position of these minima in the
band diagram of the strained germanium nanofilm
(Fig. 2), on the basis of expression (11), the dependen-
cies of the relative change of the effective electron mo-
bility in the nanofilm on the component composition of
the substrate were obtained. The calculations are rep-
resented in the Fig. 3 and Fig. 4. As follows from the
given figures, an increase in the germanium content in
the substrate leads to a growth of effective electron
mobility in the nanofilm. This is due to the deforming
redistribution of electrons between the four L1 minima
with greater mobility, which descend down, and the
four A1 minima of less mobility, which ascend up on the
energy scale.

In expression (12), the function f(d) takes into ac-
count the influence of the nanofilm thickness d on the
effective electron mobility. As the calculations show, this
function does not depend on the nanofilm thickness and
temperature for d > 7 nm. According to the expressions
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Fig. 3 — Dependencies of the effective electron mobility on the
component composition of the GewSia-» substrate at
T =300 K for different thicknesses of the strained germanium
nanofilm d, nm: 1 -2,2-7,3-10
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Fig. 4 — Dependencies of the effective electron mobility on the
component composition of the GewSia-x substrate for the
strained germanium nanofilm of thickness d =7 nm at differ-
ent temperatures 7, K: 1 — 300, 2 — 200, 3 — 100

(11) and (12), the effective electron mobility will also be
the same for different nanofilms whose thickness satis-
fies this condition. This fact explains the obtained de-
pendencies of the effective electron mobility on the dif-
ferent thicknesses of the strained germanium nanofilm
(see Fig. 3).

3. CONCLUSIONS

Thus, the arising internal mechanical strains in the
strained germanium nanofilm lead to noticeable changes
in its band structure and the effective electron mobility.
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Change in the component composition of the substrate on
the basis of the GewSia -» alloy allows to preliminarily
control the parameters of the band structure, and hence
the electrical properties of such films. The impact of the
nanofilm thickness on the effective electron mobility
becomes noticeable when d < 7 nm. The presented calcu-
lations of the magnitude of internal deformation fields,
band structure and effective electron mobility for the
strained germanium nanofilm can be useful in the
modelling of electrical characteristics of devices made
on the basis of the strained semiconductor nanostruc-
tures with heterojunctions.
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PospaxyHOK pyXJIMBOCTI €JI€EKTPOHIB IJIA HAIIPYKE€HOI HAHOILIIBKH repMaHilo

C.B. JlyunoB

JIyupruti HauloHAIbHUT MmexHIYHULL YHIsepcumem, 8yJt. JIveiscvia, 75, 43018 Jlyupk, Yrpaina

Ha ocuoBi Teopii mpy:xHOCTI OyJIO IIPOBEIEHO PO3PAXYHKU BEJIMYWH BIIHOCHHUX JedopMalrii, skl BUHU-
Kal0Th B HAHOIUIIBII repMaHilo, BUPOIIeHid Ha migkaani GewSia - (001), B 3amesHOCT] Bif i KOMIIOHEHT-
Horo crJrany. Jist Takoi opieHTaIl MiIKIAIKH HAHOIUIIBKA MepMAHI0 B KPUCTAJIOTpadiuHUX HATPAMEAX
[100], [010] (B 1wIOIMHI HiAKJIAIKN) 3a3HAE JIBOXOCHOBOIO CTUCKY, a B Kpuctasiorpadgiuaomy Hanpamry [001]
— OHOBICHOTO Po3TAry. [lokasawo, 110 y BUMAAKY IMIKJIAIKA 3 KPEMHII0 BeJIUYUHY BHYTPIIIHIX MeXaHIYHHIX
HApysKeHb gocsaraiotb 4 %. [IpoBeseHi po3paxyHKM 30HHOI CTPYKTYpPH JIJIsi HANIPY’KEHOI HAHOILTIBKYU Tep-
MAaHIo0 MOKAa3yITh, 1[0 IPHU 301/bIIeH] BeJIMYUHNA BHYTPIIIHIX MEeXaHIYHHMX HAIPYyKeHb (3a paxyHOK 30LIb-
IIeHHS BMICTY Si B MAKJIAIIN) YOTHPH MIHIMYME A1 30HU IIPOBIAHOCTI OYIyTh OIyCKATHCS BHU3, 4 MIHIMyMU
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L1 migHIMATUMYTECST BrOpy 3a IIKayioo eHeprii. [Ipu ripoMmy BasleHTHA 30HA 3a3HAE POSIMIEIUICHHS Ha JB1 Bi-
TKH, BEPXHBOIO 3 SKUX CTA€ BAJIEHTHA 30HA «BAKKHX» Mipok. [Ipu BMmicti Ge B miakianii mexme gk 60 %, B
@HEePreTUIHOMY CITeKTPl HAIPY:KEHOI HAHOIUTIBKY T'ePMAaHI0 HAWHKIYNMUA CTAIOTh YOTHPHU MiHIMyMHu A1 30-
HU mpoBimHOCcTi. [IpoBemeni Ha 0CHOBI Teopii aHI30TPOITHOT'O PO3CIAHHS Ha aKyCTUYHUX (POHOHAX PO3paXyH-
KH PYXJIMBOCTI €JIEKTPOHIB MOKA3YIOTh, 10 301IBIIEHHS BIJHOCHOTO BMICTY T€pPMAHII0 B IMTKJIAJIN ITPU3BO-
JIUTH JI0 3POCTAHHS PYXJIMBOCTI €JIEKTPOHIB B HAHOILTIBIL. 1le mosicHoeThCs MedopMaIiifHuil mepeposImo iy
€JIEKTPOHIB MK YOTHpMa MiHiMyMamu L1 3 GiJIbIIOK PYXJIMBICTIO TA YOTHpPMAa MiHiIMyMaMu A 3 MEHIIIO0
pyxummBicTio. BeTaHoBsIeHO, 110 I HAHOIUIIBOK TePMAHI0 TOBIMWUHOI d > 7 HM PYXJHUBICTH €JIEKTPOHIB He
3aJeskuTh Bif ix ToBmmHU. OepsKaHi pe3yIbTaTh MOMKYTh OyTH BUKOPUCTAHI IIPU MOJIETIOBAHHI €JIEKTPUY-
HUX BJIACTUBOCTEN HAIPY’KEHUX HAHOILIIBOK repPMAaHI0, Ha OCHOBI KMX MOKYThH OyTH CTBOPEHI Pi3HI eJIeKT-
POHHI IIPUJIAIN CYIACHOT HAHOEJIEKTPOHIKY 3 MTPOTHO30BAHUMYU POOOYNMU XapaKTePUCTUKAMU.

Knrouosi cioea: Oguosicua medopmartis, Hanorriska repmanio, Mexauiuni Hanpys:keHHs, AHI30TpoITHEe
po3CigHHS, 30HHA CTPYKTYPa FrepPMAaHI0.
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