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Abstract

The Meyer–Neldel rule (MNR) has been observed in recent calculations of the electrical conductivity of hydrogenated amorphous
silicon. To elucidate the origin of this effect, we have performed comparative studies on crystalline Si and non-hydrogenated a-Si. We
find that the MNR is not present in the crystal, and is present in a-Si. This suggests that the existence of localized states and the energy
dependence of the electron-lattice coupling for these states is an essential feature of the MNR for amorphous phases of silicon.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

In a wide temperature (T) range, the dependence of the
DC conductivity r of a-Si, a-Si:H, and other disordered
systems approximately follows the Arrhenius form

rðT Þ ¼ r0 exp � Ea

kBT

� �
: ð1Þ

A plot of the logarithm of the pre-exponential factor
lnr0 against activation energy Ea is linear. This linearity
has been named the Meyer–Neldel rule (MNR) [1], after
its discoverers. It is observed in many materials, and its
ubiquity provides a compelling challenge to workers in
condensed matter theory [2,3]. Its occurrence in diverse sys-
tems seems to demand an explanation not specific to a-Si or
a-Si:H.

In recent work [4], we studied the electrical conductivity
of a-Si and a-Si:H, using a density functional code, the
Kubo–Greenwood formula, and a process of thermal
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averaging for selected temperatures. Our calculations
clearly exhibit the Meyer–Neldel rule for a-Si:H. The exis-
tence of the MNR in our simulations provides an opportu-
nity to explore the origin of the MNR from an atomistic
perspective, since we may extract detailed information
about the electronic structure, lattice dynamics, transition
matrix elements etc. This paper contributes to a body of
work analyzing the MNR, and has the advantage that it
is based on computer models of a-Si:H that capture aspects
of the network disorder.

To clarify the origin of the MNR, we have used the same
procedure to compute the conductivity of crystalline silicon
(c-Si) and (unhydrogenated) a-Si. The results reveal no
Meyer–Neldel rule for c-Si (e.g., a constant conductivity
pre-exponential factor) and a clear MNR in a-Si. A pri-
mary difference between the crystalline and amorphous sys-
tems is that the latter possess localized, and ‘unevenly
extended’ states. Since the coupling of the lattice to these
states is strongly energy-dependent (deeper states, larger
coupling) [5,6], we infer that the Meyer–Neldel compensa-
tion in this system is a joint consequence of (1) the existence
of localized states, and (2) the energy-dependence of the
electron–phonon coupling.
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At the end of the paper, a heuristic analysis supporting
this view is given following an idea developed in electron
transfer and small polaron contexts [7,8].

2. Constraints on theory

As we discuss elsewhere [4], the conductivity may be
computed using a standard density functional code
SIESTA [9], and linear response theory (the Kubo–Green-
wood formula [10]). The temperature dependence of the
conductivity is obtained by thermally averaging the Kubo
formula over suitable constant temperature simulations.
Here, we compute the conductivity for a 64-atom diamond
supercell. We have prepared these models for eight different
temperatures between 200 K and 1000 K. Each model was
equilibrated to the desired temperature for 5.0 ps. Once
equilibrated, we performed constant temperature MD sim-
ulations for another 1000 steps to obtain an average DC
conductivity for each temperature.

2.1. Conductivity of intrinsic c-Si

In Fig. 1 we report the DC conductivity of c-Si as a
function of temperature for the intrinsic case. The conduc-
tivity changes from 0.5 � 10�10 X�1 cm�1 for T = 200 K to
0.2 � 101 X�1 cm�1 for T = 1000 K. Increasing the temper-
ature of the system increases the number of carriers (elec-
trons in conduction band and holes in valence band) and
therefore increases the conductivity. In the relaxation time
approximation, the conductivity is written as

rðT Þ / 1

a3
e�Ea=kBT e2s

m�

� �
; ð2Þ

where a is the lattice constant of Si, m* is the effective mass
of a carrier, Ea is the activation energy (Ea = EC�l or
Ea = l�EV, l is chemical potential). The temperature
dependence of the mean free time s, due to scattering of
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Fig. 1. DC conductivity of intrinsic c-Si obtained by averaging over 1000
configurations, agree with experimental values [11].
carriers with phonons, decays with increasing temperature
according to a power law for carriers in extended states. At
T = 300 K, the observed conductivity is about 2.7 �
10�6 X�1 cm�1 [11], the calculated value is about
10�6 X�1 cm�1, the same order of magnitude. By dividing
the DC conductivity into two regions of low temperature
(T < 500 K) and high temperature (T > 500 K) we ex-
tracted Ea and r0 in Eq. (1). For low T, we have obtained
Ea � 0.48 eV and r0 � 64 X�1 cm�1. For high T,
Ea � 0.62 eV and r0 � 2.3 � 103 X�1 cm�1.
2.2. Conductivity in doped c-Si

The Fermi level shifts with doping and temperature
change [12,13]. In our work, we simulate doping by simply
shifting the Fermi level. This procedure allows us to ‘scan’
the optical gap and compute conductivity for different dop-
ing (both n-type and p-type). Our scheme is quite different
from an experiment. For example, it is known that the
energy of defect states depends upon the location of the
Fermi level and the density [14], so that a proper calcula-
tion of doping (meaning with explicit substitution of the
donor or acceptor species) should be carried out self-con-
sistently. Our procedure is thus highly idealized. Therefore,
in this approach, it is not easy to correlate the conductivi-
ties we predict for a specific Fermi level position with the
experimental concentration of dopant atoms. The com-
puted DC conductivity for different temperatures as a func-
tion of chemical potential is shown in Fig. 2.
2.3. Absence of Meyer–Neldel rule in c-Si

By plotting r as a function of 1/T for various doping
(that is, various shifted Fermi levels), we extracted r0 and
Ea for c-Si for two different temperature regimes.

An ideal Meyer–Neldel dependence would yield

ln r0 ¼ ln r00 þ Ea=EMN; ð3Þ
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Fig. 2. DC conductivity of c-Si (the middle of the gap lies near chemical
potential l = �3.38 eV) as a function of doping.
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with slope 1/EMN in lnr0 vs. Ea plot. For 200 K <
T < 500 K, lnr0 vs. Ea is shown in Fig. 3, and for
500 K < T < 1000 K in Fig. 4. The slope in Fig. 3 is small
and negative while small and positive in Fig. 4. The magni-
tude of the slope is far smaller than what we observed for a-
Si:H [4].

In crystalline samples, the activation energy EC�l or
l�EV decreases with doping. With increasing doping, the
effective mass m* decreases while the relaxation time s
increases, so that the pre-exponential factor r0 ¼ e2

m� s
1
a3

increases with dopant concentration. Since larger dopant
concentration means smaller activation energy Ea and lar-
ger pre-exponential factor r0, lnr0 vs. Ea displays a nega-
tive slope in Fig. 3. At higher temperatures, a small
positive slope implies that activation energy decreases with
increasing temperature. Higher temperature causes the
optical gap to shrink [11,15] for both crystalline and amor-
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Fig. 3. The pre-exponential factor r0 as function of activation energy Ea

for various doped c-Si samples for T 6 500 K.
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Fig. 4. The pre-exponential factor r0 as function of activation energy Ea

for various doped c-Si samplesfor T P 500 K. The result for a-Si:H is
shown in dashed line.
phous material. For this reason, we may conclude that
crystalline models have an exceedingly weak MNR at
higher temperature or do not exhibit the MNR at all, since
MNR linearity is detected for a much broader temperature
range in amorphous materials [3].

2.4. Meyer–Neldel rule in non-hydrogenated material

Both experiments [3] and simulation [4] show that
Meyer–Neldel rule exists in various a-Si:H (l = �3.80 eV
for pure sample) samples with EMN � 0.06 eV. A compar-
ison with non-hydrogenated samples a-Si (l = �3.48 eV
for pure sample) will be helpful to infer the origin of
MNR. From previous r vs. 1/T data of a 64-atom a-Si
model, (cf. Fig. 3 of Ref. [4]) we extract r0 and Ea, and
determine that EMN = 0.11 eV.

3. Discussion

There are two T-dependent factors that affect the DC
conductivity of an amorphous semiconductor, such as a-
Si and a-Si:H: (a) the effective number of carriers, (b) the
mean velocity obtained by carriers under the influence of
field and scattering. In an ideal model with no mid-gap
states, the number of holes is nh / e�ðl�EVÞ=kT . ðl� EVÞ
and ðEC � lÞ, activation energies for holes and electrons
respectively, are fairly insensitive to T (see Figs. 3 and 4
of Ref. [4]).

In a-Si:H and a-Si three conduction mechanisms exist:
(i) carrier hopping from one localized state to an empty
localized state; (ii) carrier hopping from a localized to an
available extended state; (iii) carriers scattered from one
extended state to another empty extended state. The assis-
tance from phonons is indispensable for processes (i) and
(ii). Because the tail states and mid-gap states are close to
chemical potential, transition (i) are important in low tem-
perature. Transition (ii) eventually plays a role in a moder-
ate temperature. (iii) becomes meaningful only in higher
temperature.

In the Kubo–Greenwood formula [3,4], the mean carrier
velocity is determined by the transition matrix element. For
transition from one localized state jii with energy Ei to an
empty localized state jfi with energy Ef, i.e. mechanism (i),
the activation energy Ea(T) may be written as [7,8]

EaðT Þ ¼
k10

4
1þ ðEf � EiÞ

k10

� �2

; ð4Þ

k10 is the reorganization energy of a-Si:H random network
for carrier hopping,

k10 ¼
ðe=2Þ2

4pe0

1

2nf
þ 1

2ni
� 1

R

� �
1

eop

� 1

es

� �
; ð5Þ

nf and ni are localization radii for two localized states jfi
and jii, R is the distance between two localization centers
[7,8]. The two square brackets in Eq. (5) decrease with
increasing temperature. The optical dielectric constant eop
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is determined mainly by the number of carriers, the latter
increases with temperature, so does eop. The static dielectric
function es, mainly from the random network, decreases
with thermal vibration, therefore decreases with tempera-
ture. Thus the second bracket in Eq. (5) decreases with tem-
perature. We have shown that the inverse participation
ratio (IPR) as a function of (T) decreases (cf. Figs. 1 and
4 of Ref. [4]), so that localization length nðT Þ ¼ a

½IPRðT Þ�1=3 in-
creases with temperature. The first bracket in (5) decreases
with temperature.

The activation energy for transition (ii) depends on the
height of escape barrier for localized carrier and available
extended states and decreases with temperature. Thus for
hopping dominant temperature range, i.e. mechanisms (i)
and (ii), Ea(T) decreases with temperature, though the
dependence may be complicated. However to zeroth-order,

EaðT Þ ¼ Ea 1� T
T m

� �
; ð6Þ

activation energy decreases with temperature linearly.
Substituting Eq. (6) into an Arrhenius type expression

rðT Þ ¼ r00 exp �EaðT Þ
kBT

� �
; ð7Þ

yields Eq. (3),

rðT Þ ¼ r00 exp
Ea

kBT m

� Ea

kBT

� �

¼ r00 exp
Ea

kBT m

� �
exp � Ea

kBT

� �
; ð8Þ

with the identification EMN = kBTm and r0 = r00exp Ea

kBT m

n o
,

the Meyer–Neldel rule.
The decrease of activation energy with temperature, is

an example of the more general idea of multi-excitation
entropy [2], if we identify Ea(T) as activation free energy
G, Ea as the activation enthalpy, Ea

T m
as the multi-excitation

entropy S. At the same time, we notice that it is the local-
ized states whose transition has an activation energy
decreasing with temperature.

Accumulating enough phonons to assist a carrier to
overcome a barrier (4) can be achieved in many different
ways. The larger the activation energy, the more combina-
tions of phonons the carrier and network may choose.
Thus our picture seems compatible with the multi-excita-
tion entropy picture [2]. It has been shown that the local-
ized states at band edges strongly couple to the lattice
[5,6], and for well-localized states, the electron-lattice cou-
pling is directly proportional to the localization of the elec-
tron state as gauged by IPR. Therefore, the deeper the state
(the higher the activation energy), the larger the impact of
phonons on the carrier. The role of electron–phonon cou-
pling is then three fold: (1) it supplies the energy to activate
a localized carrier: for a process in which n phonons are
absorbed, the probability is proportional to g2n, g is the
electron–phonon coupling constant; (2) The dependence
of r0 on g is roughly a bell shape curve. For weak elec-
tron–phonon coupling, r0 / g, for strong coupling,
r0 / g�1 [16]. (3) the electron–phonon coupling enhances
the static dielectric constant es and therefore increases reor-
ganization energy k10.

For an activated process described by Eq. (7), r00 is the
microscopic transition frequency (the Landau–Zener rate)
and is determined by the nature of localized electronic
states. Doping changes the number of carriers, and does
not modify the tail states too much (not at all in our
approximation). r00 remains nearly constant. Tm in Eq.
(6) measures how quickly the activation energy decreases
with temperature, and is the temperature at which the acti-
vation disappears in a class of material. Tm is a quantity
universal for a specific class of material. For a-Si:H,
EMN = 0.065 eV, about one half of the melting temperature
of c-Si.

The hydrogen glass model [17] assumes that above the
glass transition temperature Tg for H, the Fermi level is
pinned between defect states and band tail states. Experi-
mentally, a kink appears in the lnsigma vs. 1/T plot. Below
Tg, the Fermi level moves upward for n-type material with
decreasing T. This statistical shift of Fermi level effectively
lowers the prefactor and in this model leads to MNR. The
Meyer–Neldel rule exists in various disordered system, a-
Si, a-Si:H, chalcogenide materials and even polymers. It
is attractive to conjecture a common physical mechanism
for these materials. Evidently, while the H glass model is
a possible explanation for the case of a-Si:H, it is not rele-
vant for all the different materials.

In conclusion, the calculations of conductivity for doped
crystalline silicon samples show the absence of Meyer–Nel-
del rule in crystal samples. In a-Si and a-Si:H samples, due
to the appearance of localized states, the activation energy
for processes (i) and (ii) decreases with temperature.
Meyer–Neldel rule emerges as a consequence of localized
states.
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