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h i g h l i g h t s

� Calculation of diffusivities of n- and p-type dopants in Ge from elastic properties.
� Calculation of point defect parameters according to the cBU thermodynamic model.
� Prediction of the pressure dependence of self-diffusion coefficients in Ge.

a r t i c l e i n f o

Article history:
Received 16 April 2015
Received in revised form
18 July 2015
Accepted 1 August 2015
Available online 17 August 2015

Keywords:
Elements
Semiconductors
Diffusion
Thermodynamic properties

a b s t r a c t

In the present work, the diffusion coefficients of n- and p-type dopants (P, As, Sb, Al) and self-diffusion in
crystalline germanium are calculated from the bulk elastic properties of the host material based on the
cBU thermodynamic model. The calculated diffusion coefficients as a function of temperature and the
activation enthalpies prove to be in full agreement with the reported experimental results. Additional
point defect parameters such as activation entropy, activation volume and activation Gibbs free energy
are also calculated for each diffusing element. The pressure dependence of self-diffusion coefficients in
germanium is also verified at high temperatures (876 Ke1086 K), in agreement with reported results
ranging from ambient pressure up to 600 MPa and is further calculated at pressures up to 3 GPa, where
the phase transition to Ge II occurs.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Despite the main advantages of germanium as compared to
silicon, i.e., lower band-gap, lowactivation temperatures of dopants
and higher mobility of charge carriers, only very recently Ge has
been incorporated in the development of n- and p-channel metal
oxide semiconductor field effect transistors (MOSFET) by means of
processes compatiblewith Si-based device fabrication [1e3]. In this
direction, the accurate control of dopant diffusion in Ge-based
nanoelectronic devices is essential and a lot of effort has been
devoted to understanding the diffusion mechanisms both from a
fundamental and an applied point of view [4e10]. It is now a well-
documented fact that doping and self-diffusion in Ge takes place
mainly through vacancies, while in Si the diffusion is quite more
complicated through vacancies and self-interstitial sites [1,9,11,12].
From a thermodynamic point of view, the so-called cBU model

proposed by Varotsos and Alexopoulos [13e18] is able to calculate
the diffusion coefficients based on the bulk elastic and thermal
expansion properties of solids, giving an accurate estimation of
pointedefect parameters, such as activation enthalpy, activation
volume and activation Gibbs free energy for one or more diffusion
mechanisms in the solid. The validity of the cBU model has been
confirmed on different kinds of solids such as noble gas solids,
diamond, lead and alkali halides, metals and semiconductors, and
superionic solids, as well as in various minerals with geophysical
applications [19e38]. Very recently, the diffusion coefficients of In,
Cu and Si in Ge have been calculated in terms of the cBUmodel, and
appear to be in excellent agreement with the reported experi-
mental data [28e30]. However and despite the technological in-
terest of germanium, the diffusion of no other dopants in Ge has
been investigated so far in the framework of this model.

Our intention in the present work is to examine the validity of
the cBUmodel and calculate point defect parameters for various n-
and p-type dopants (P, As, Sb and Al) diffused in germanium, for
which the diffusion coefficients have been also determined exper-
imentally as a function of temperature and are available in the* Corresponding author.
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literature [39,40]. Our study is further extended to self-diffusion in
Ge, where we reproduce the pressure dependence of experimen-
tally reported self-diffusion coefficients and we calculate them at
higher pressures [11].

2. Diffusion in germanium in terms of the cBU model

According to the cBU thermodynamic model, the Gibbs free
energy for an activation process such as the formation and migra-
tion of point defects is given by [14]:

gact ¼ cactBU (1)

where B is the isothermal bulk modulus, U is the mean volume per
atom and cact stands for a dimensionless factor which at a first
approximation is independent of temperature and pressure.

The self- or hetero-diffusion coefficient of a single mechanism
which is expressed by the Arrhenius equation, D ¼ Doexp(-g

act/kbT),
is then modified, according to Eq. (1) as:

D ¼
�
fa2n

�
exp

�� cactBU
�
kbT

�
(2)

where in the pre-exponential term Do ¼ fa2n, f is the correlation
factor that depends on the structure and the diffusion mechanism,
a is the jump distance of the diffusant that is of the order of the
lattice constant, and n is the jump frequency which may be
approximated to nD(mm/md)1/2, with nD to be the Debye frequency
andmm,md to be the masses of the host material and the diffusant,
respectively [17].

The significance of the cBU model lies on the estimation of the
diffusion coefficients as a function of temperature and/or pressure,
directly from the bulk properties of the host material (B, U), ac-
cording to Eq. (2). In addition to the prerequisites for the known
bulk properties, the factor cact should be estimated correctly for the
proper implementation of the model in the prediction of diffusion
coefficients at extended temperature and pressure ranges. Different
approaches have been proposed concerning the estimation of cact,
based on either a single experimental diffusion coefficient value in
the case of no additional diffusion measurements at different
temperatures, or the mean value from all the available experi-
mental diffusion data [20,35]. A different approach to the estima-
tion of cact, according to the compensation effect, has been also
reported [33]. In the first approach, cact is estimated from Eq. (2) if
the diffusion coefficient D1 and the other parameters are known at
a given temperature T1, according to the following relation:

cact ¼ ln
�
fa2nD
D1

ffiffiffiffiffiffiffiffi
mm

md

r 	
kBT1
B1U1

(3)

This estimation of cact is inevitable when there is only a single
measurement of the diffusion coefficient and may result in the
calculation of the diffusion coefficients at other temperatures.
However, if diffusion measurements have been carried out over a
broad temperature range, the estimation of the mean value of cact

should be preferred. In this approach, the estimation rids of the
uncertainties of the parameters which appear in the pre-
exponential factor, such as the correlation factor and the jump
frequency which are not always known, and is only subject to the
experimental uncertainties of the measured diffusion coefficients
[17,35].

The mean value of cact is derived from Eq. (2) by taking the
natural logarithm of both sides:

ln D ¼ ln
�
fa2nD

ffiffiffiffiffiffiffiffi
mm
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� cact
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(4)

The validation of the cBU model results straightforward, if a
linear correlation of the experimental lnD versusBU/kВΤ is revealed,
while cact is estimated from the corresponding slope of the linear
fitting. The value of cact is necessary in order to proceed to the
estimation of point defect parameters, as it is discussed in the
following section.

The available data of B(T) and U(T) for GeeI phase [42] evinces a
linear behavior at the temperature range (800 Ke1200 K) of the
reported diffusion measurements that are used in the present work
[11,39e41], and can be approximated by the following relations:

BðTÞ ¼ Bo þ ðT � ToÞðvB=vTÞP (5)

and

UðTÞ ¼ Uo½1þ boðΤ � ΤoÞ�=Z (6)

In the above relations, Bo is the bulk modulus at room temper-
ature (RT) and (vB/vT)P is its temperature derivative, Uo is the vol-
ume of the unit cell at RT, bo is the coefficient of volumetric thermal
expansion at RT and Z is the number of atoms per unit cell. In the
case of germanium, Uo¼ 2.264$10�29 m3, Z ¼ 8,
bo ¼ 1.82� 10�6 K�1 and (vB/vT)P ¼ �0.0126 GPaK�1 [43e45]. The
value of Bo is estimated by linear extrapolation (Bo ¼ 80.1 GPa) from
the reported experimental data [42] according to Eq. (5), since its
real value (74.9 GPa) is lower due to the non-linear behavior of bulk
modulus at low temperatures.

By substituting the above values in Eqs (5) and (6), B(T) and U(T)
have been calculated as a function of temperature and thus the
estimation of cact is feasible according to Eq. (4). As it is depicted in
Fig. 1, a linear correlation between experimental lnD and BU/kВΤ
holds for each of the n- (P, As, Sb) and p-type (Al) dopants diffused
in Ge, as well as for self-diffusion in Ge (correlation factors,
R > 0.98), suggesting clearly the validity of the cBU model. The
values of cact were estimated from the linear fittings in each case
and are shown in Table 1. The applicability of the cBU model to
describe n-type dopant diffusion in Ge has been reported very
recently by Chroneos and Vork [46]. The validation of the cBU
model for self-diffusion in Ge has been reported in the past by using
indirect calculations based on diffusivity and solubility data of Cu
diffusion in Ge [42]. A different experimental data set [11] with
additional pressure-dependent diffusion coefficients has been used

Fig. 1. Experimental diffusion coefficients of different dopant elements in Ge (P, As, Sb,
Al and self-diffusion) with respect to the quantity BU/kBT. The linear behavior implies
the validity of the cBU model, according to Eq. (4).
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