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Abstract—Electron scattering in the possible A; models of the conduction band in germanium crystals
formed by hydrostatic or uniaxial pressure is investigated. On the basis of the theory of anisotropic scattering,
the temperature dependences of the anisotropy parameter of the relaxation times and electron mobility for
these models under conditions of scattering at impurity ions, as well as at acoustic and intervalley phonons
are obtained. Analysis of the temperature dependences indicates that, in the temperature range of 77—300 K,
intervalley scattering becomes substantial. Only for the A; model formed by uniaxial pressure along the crys-
tallographic direction [100], the electron scattering at intervalley phonons, which correspond to the g transi-
tions, is minor with respect to scattering at acoustic phonons (the intravalley scattering) and impurity ions.
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The development of modern microelectronics and
nanoelectronics depends substantially on advances in
the physics of semiconductors. Such a semiconductor
material as germanium is the raw material for fabricat-
ing diodes, triodes, power rectifiers, dosimeter
devices, and detectors for dark-matter particles [1, 2].
n-type germanium single crystals are now the basic
material used as the optical medium for lenses, objec-
tives, and filters, which are used in the spectral range
of 3—5 um and 8—14 um [3]. Dislocation-free germa-
nium provides a solution to problems, which arise
upon the fabrication of nanoscale transistor structures
with the use of silicon, which are both stressed and free
from large internal mechanical stresses. In particular,
the technologies of forming uniaxial deformations in
p-type metal—oxide—semiconductor field-effect tran-
sistor (nMOSFET) channels in electronic devices
makes it possible to increase both the gain and the tun-
neling current when replacing n-Si with n-Ge crystals
[4—6]. In [7], it was shown that the resistivity of ger-
manium nanowires decreases 30 times at a uniaxial
tension strain of 1.8%.

The problem of studying the effect of internal and
external deformation fields on the electrical, optical,
photoelectric, and magnetic characteristics of such
nanostructures and formation on the basis of various
elements of functional electronics draws a lot of atten-
tion of physicists and technicians working in the field
of semiconductor material science. The magnitude of
strain fields can be such that, due to reorganization of
the band structure of germanium crystals, the involve-
ment of high-energy minima of the germanium con-
duction band of the type I'5, A;, and I';5 in different
kinetic and optical effects becomes possible. Also for

undeformed n-Ge crystals under extreme conditions
of the directed action of significant electric, optical,
and temperature fields, these high-energy minima can
introduce a substantial, and even determining, contri-
bution to the corresponding effects. For example, cal-
culations, which were carried out [8] on the basis of
the Monte Carlo method, show that the electron pop-
ulation of the A; minima of the germanium conduc-
tion band can occur even at electric fields with an
intensity of £> 3—4 kV/cm.

We investigated electron scattering in the A;-model
of the conduction band of #n-Ge:Sb crystals. In [9], it
was shown that the energy gap between the L, and A,
minima decreases both at hydrostatic pressure and at
uniaxial pressure along the [100] and [110] crystallo-
graphic directions. In this case, inversion of the L,—A,
type of an absolute minimum can be implemented at a
hydrostatic pressure of about 6 GPa or uniaxial pres-
sures of X~ 3 GPa, when X|| /|| [100], and X~ 8 GPa,
when X || J || [110]. As a result of this, it is possible to
obtain the six-ellipsoid A;-model of the conduction
band of the n-Ge crystals in the case of hydrostatic
pressure, and the two-ellipsoid or four-ellipsoid mod-
els in the case of uniaxial pressure, respectively. In
[10], on the basis of the theory of anisotropic scatter-
ingat 7= 77 K, we obtained the concentration depen-
dences of the electron mobility for these models.
However, we considered electron scattering at acoustic
phonons and impurity ions in this case. When increas-
ing the temperature, it is necessary to additionally take
into account intervalley scattering. For this reason, we
considered here the most general case of mixed elec-
tron scattering at acoustic phonons (intravalley scat-
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tering), impurity ions, and intervalley phonons in
these A, models.

As was shown in [11], intervalley scattering for the
A;-minimum is caused by the interaction of electrons
with acoustic and optical phonons with frequencies,
which correspond to the temperatures 7., = 320 K
(intervalley scattering of the ftype), and 7, = 430 K,
To; =100 K, (intervalley scattering of the g type). Such
scattering is described by the scalar relaxation time 7.
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The most important parameter, which character-
izes the scattering of charge carriers in anisotropic
semiconductors, is the parameter of anisotropy of the
relaxation times [12]:
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where 1, and t, are the longitudinal and transverse

components of the relaxation-time tensor, respec-

tively. Then, under conditions of mixed scattering
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where t|, 1, T, T, are the longitudinal and trans-
verse components of the relaxation-time tensor for
scattering at acoustic phonons (intravalley scattering)
and impurity ions, respectively; and 1, is the relaxation
time for intervalley scattering.
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On the basis of the theory of anisotropic scattering
[13], we have
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The necessary designations in formulas (4) are
given in [10].

Then, finally, the expression for the components of
the relaxation-time tensor in the case of a nondegen-
erate electronic gas has the form:
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Taking into account the values of the constants of
the deformation acoustic potential and the compo-
nents of the effective-mass tensor for the A; minimum
[9,14] (©,=—-1.7 ¢V, 0,=12¢eV, m = 1.65my, m, =
0.32m,), the temperatures of intervalley phonons
(Ty =320 K, T, =430 K and Ty = 100 K), and the
constants of the deformation intervalley potential ©;
corresponding to them (®,,, = 7.89 x 107 eV/cm,
O350 = 3.27 x 10% eV/cm, @43, = 1.57 x 10% eV/cm)
[11], the temperature dependences of the parameter of
the relaxation-time anisotropy (2) were obtained on
the basis of expressions (1)—(5) for the different mod-
els of the conduction band of n-Ge crystals indicated
above. Analysis of these dependences shows that the
parameter of relaxation-time anisotropy is almost
independent of the temperature for a lightly doped
semiconductor in the two-ellipsoid A; model (Fig. 1,
curve /). For the four-ellipsoid and six-ellipsoid A,
model, this parameter increases with temperature
(Fig. 2, curve I and Fig. 3, curve 7). Such temperature
dependences of the parameter of the relaxation-time
anisotropy are attributed to the presence of intervalley
scattering in these models, the contribution of which
increases with temperature. For the two-ellipsoid A,
models, electron scattering at intervalley phonons,
which corresponds to the g transitions, is minor with
respect to scattering at acoustic phonons (intravalley
scattering). With increasing doping-impurity concen-
tration, the contribution of the impurity-scattering
component also increases together with the consid-
ered scattering mechanisms. This affects the increase
in the value of the parameter of the relaxation-time
anisotropy in these A; models with increasing impurity
concentration.

For comparison of the performed theoretical cal-
culations with experimental results, we obtained the
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Fig. 1. Temperature dependences of the parameter of the
relaxation-time anisotropy for the two-ellipsoid A; model

of the conduction band of germanium crystals formed by
uniaxial pressure along the [100] crystallographic direction

for the impurity concentration Np = (1) 1013, (2)5x% 1014,
and (3) 6.6 x 10" cm™3.

temperature dependences of the resistivity for n-Ge
single crystals Sb-doped with a concentration of N, =
5 x 10" cm~3 and uniaxially deformed along the [100]
crystallographic direction. Such uniaxial deformation
results in synchronous displacement upwards along
the energy scale of four L; minima and in the lowering
of two A;-minima. The uniaxial pressure in the exper-
iments amounted to 2.8 GPa, which enabled us to
implement the two-ellipsoid A; model of the conduc-
tion band of n-Ge single crystals in a wide temperature
range. Taking into account that the electron concen-
tration in the conduction band remains constant and
equal to the impurity concentration under these con-
ditions, the corresponding temperature dependences
of the electron mobility (Fig. 4, curve 3) were
obtained. At hydrostatic pressure, the four L; minima
are displaced upwards in terms of energy scale, and six
A; minima move downwards, which enables us to
obtain the six-ellipsoid A; model of the conduction
band of n-Ge single crystals at a pressure of about
6 GPa. Taking into account this fact, the authors of
[15] obtained the experimental results of the temperature
dependences of electron mobility for this A; model
(Fig. 4, curve 2a) on the basis of the measurements of
the piezo—Hall effect at hydrostatic pressure. In the
case of uniaxial pressure along the [110] crystallo-
graphic direction, the two L, minima and four A; min-
ima are displaced downwards in terms of energy scale.
Since the value of the pressure coefficient for four A,
minima is larger than that for two L, minima at a pres-
sure of about 8 GPa, as was shown in [9], it is possible
to implement inversion of the L,—A, type of the abso-
lute minimum and to obtain the four-ellipsoid A,
model of the conduction band in the #-Ge single crys-
tals. To carry out measurements of the temperature
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Fig. 2. Temperature dependences of the parameter of the
relaxation-time anisotropy for the four- ellipsoid A; model

of the conduction band of germanium crystals in the case
of uniaxial pressure along the [110] crystallographic direc-

tion for the impurity concentration Np = (1) 1013, (2)5x
10, and (3) 6.6 x 1010 cm™3.

dependences of the resistivity at such a large uniaxial-
pressure value is almost an insoluble experimental
problem because its value is close to the critical pres-
sure value, when there is a loss in the germanium-sam-
ple stability. Therefore, we restrict ourselves only to
theoretical calculations (Fig. 4, curves / and I').

As is known, the isoenergetic surfaces for both L,
and the A; minima are ellipsoids of revolution. Then,

the mobility of charge carriers in an arbitrary direction
can be determined from the relation [16]

o= plsin29 + u”cosze, 6)

where 0 is the angle between the direction under con-
sideration and the principal axis of the ellipsoid; p, and
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Fig. 3. Temperature dependences of the parameter of the
relaxation-time anisotropy for the six-ellipsoid A; model
of the conduction band of germanium crystals in the case
of hydrostatic pressure for the impurity concentration

Np=(1)10'3,(2) 5x 10", and (3) 6.6 x 10'® cm 3.
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Fig. 4. Temperature dependences of the electron mobility
for the A| minimum of the conduction band of n-Ge crys-

tals: (/) in the case of uniaxial pressure along the [110]
crystallographic direction, (2) in the case of hydrostatic
pressure, (3) in the case of uniaxial pressure along the [100]
crystallographic direction; (a) experimental results for the

electron concentration n = Np — Ny = 4.72 x 103 cm™3
[15]; (b) our experimental results for the electron concen-
tration n = Np = 5 x 10" cm™3. Solid lines are the results

of theoretical calculations with intervalley scattering taken
into account, and the dashed lines are theoretical results
obtained with this scattering disregarded.

p, are the charge-carrier mobilities across and along
the ellipsoid axis, respectively. According to expres-
sion (1), for the A; minimum,

A
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in the case of uniaxial pressure along the [100] crystal-
lographic direction and
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when the uniaxial pressure is directed along the [110]
crystallographic direction.

In the case of hydrostatic pressure,
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On the other hand, the components of the mobility
tensors can be expressed in terms of components of the
relaxation-time tensor and the effective-mass tensor:

AI Al A1 AI
' = S = S, (10)
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Taking into account the above values of constants
of the deformation potential and components of the
effective-mass tensor, we used expressions (7)—(10) to
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obtain the temperature dependences of the electron
mobility for the A; minimum with consideration and
disregarding intervalley scattering (Fig. 4, solid and
dashed curves). The obtained results of theoretical cal-
culations and experimental investigations show that
the electron mobility varies by the law p ~ 7227 for the
six-ellipsoid A, model, pu ~ 7' for the four-ellipsoid
model, and p ~ 73 for the two-ellipsoid model. The
temperature dependence of the electron mobility for
the two-ellipsoid A; model of the conduction band of
the n-Ge crystals corresponds to the typical law of
electron scattering at acoustic phonons pu ~ 77!, The
increase in the exponent in the temperature depen-
dence of the electron mobility logp = f{log7) for the
four-ellipsoid and six-ellipsoid A; models is attributed
to the presence of an additional mechanism of inter-
valley scattering in these cases.

The performed theoretical and experimental inves-
tigations enable us to formulate the following conclu-
sions.

(i) Electron scattering in the A; models of the con-
duction band of germanium crystals is anisotropic.

(ii) The results of theoretical calculations of the
electron mobility with and without taking into
account intervalley scattering show that it is intervalley
scattering that is substantial for the six-ellipsoid and
four-ellipsoid A; models of the n-Ge conduction band
in the temperature range of 77—300 K. Only for the
A, model, formed by uniaxial pressure along the [100]
crystallographic direction, is electron scattering at the
intervalley phonons corresponding to the g transitions
minor with respect to scattering at acoustic phonons
(intravalley scattering) and impurity ions.

(iii) Analysis of the temperature dependences of
the electron mobility and the parameter of relaxation-
time anisotropy for the four-ellipsoid and six-ellipsoid
A, model shows that the efficiency of the intervalley
scattering is also affected by the A;-band structure
itself, i.e., the number of equivalent ellipsoids, which
form it.

(iv) The obtained results can be used in designing
and modeling the necessary elements of microelec-
tronics and nanoelectronics on the basis of n-Ge,
which operate under conditions of significant defor-
mation fields.
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