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We analyzed the temperature dependence of the forward current of a silicon diode. Instead of
representing the data in the ordinarily used current versus voltage graph, the currents are plotted for
different voltages as a function of the inverse temperature. The constant voltage curves can be fitted
linearly and the extrapolations of the fits seem to merge to one common focal point. Hence, we
demonstrate that a real diode follows the Meyer-Neldel rule(MNR). It is shown that the MNR is due
to a shift of the current from ideal-diode to high-injection-diode behavior. We will argue that the
merging of the different Arrhenius plots toward one focal point, and hence a MNR, can be the result
of various mechanisms. The general requirements to observe a MNR are not very restrictive. It is
therefore not surprising that the MNR has been observed in a multitude of systems. The origin that
gives rise to the MNR can be manifold and allows for different models to explain its occurrence. ©
2004 American Institute of Physics. [DOI: 10.1063/1.1818353]

I. INTRODUCTION

Thermally activated processes frequently follow an ex-
ponential power law of the form,

X = X0 exps− DE/kTd. s1d

To extract the exponential prefactorX0 and the activation
energyDE from an experimental data set, one fits the natural
logarithm of X linearly versus the inverse temperatureT−1.
Graphically the activation energy is found as the negative of
the slope of the plot of lnsXd versus T−1, the so-called
Arrhenius plot. For related thermally activated processes the
activation energy can vary from sample to sample. Meyer
and Neldel found in 1937 that the activation energy and the
natural logarithm of the exponential prefactor for related
samples are frequently linearly related,1

lnsX0d = lnsX00d −
DE

EMN
, s2d

where X00 and EMN are constants. For positiveEMNs this
relationship is known as the Meyer-Neldel rule(MNR). The
less frequently observed cases with negativeEMN values are
referred to as inverse or anti-Meyer-Neldel rule.2–5 MNR-
like behavior has been found in various different systems.
Frequently MNR behavior is reported for electrical proper-
ties such as the conductivity or for diffusion measurements.
This raises the question if there is one underlying mechanism
that causes the seemingly universal occurrence of the MNR.
The debate about the physical significance of the MNR is not
settled as of yet. One common explanation is the statistical
shift model, which describes the MNR as the consequence of
the change of the Fermi level with temperature.6 Others ar-
gue the MNR arises for processes for which the total energy
is provided by multiple excitations.7–10 We have shown that

multiple processes coexisting at the same time can also lead
to the MNR.11 This explanation requires slightly positive
curvatures of the Arrhenius plot and result inEMN values
close to the thermal energy at which the experiment was
measured. Nonlinear Arrhenius plots are common12–21and it
has been pointed out that frequently a correlation between
EMN and the experimental temperature range is found.22–24

To get a better understanding of implications of the
MNR it is useful to substitute the value ofX0 as given by the
MNR [Eq. (2)] into the Arrhenius law[Eq. (1)]:

X = X00 expSDEF 1

EMN
−

1

kT
GD . s3d

Since the activation energy has positive a value, the exponent
of Eq. (3) is negative for temperatures smaller than the so-
called isokinetic temperatureTMN =EMN /k. Hence, for
T,TMN, X will be larger for samples with smaller activation
energies. AtT=TMN, X will be independent of the activation
energy and will become smaller for samples with larger ac-
tivation energies atT.TMN. Most experiments show data at
temperatures smaller than the isokinetic temperature. For
such cases the Arrhenius plots of samples with different ac-
tivation energies converge with increasing temperature to-
ward one “focal” point atT=TMN.

We will argue that the convergence of the linear fits to
the data in the Arrhenius plot is quite natural for a multitude
of systems. The underlying mechanism and therefore the ex-
planation of the occurrence of the MNR might vary from
system to system. We will present data of theIV character-
istic of a diode in forward bias. Diodes, the fundamental
building block of every semiconductor circuit, have been
studied extensively.25,26 Our experimental data set in itself is
not novel but the analysis in terms of the MNR gives a
different perspective on the origin of the MNR.

II. IDEAL DIODE

The first step necessary to understand the operation of
any semiconductor device is the analysis of a simplepn
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junction, the interface between a positively and negatively
doped semiconductor. If one applies a voltageV to a pn
junction, the currentI versus voltage characteristics is gen-
erally approximated by the well-known diode equation,

I = IgenfexpsqV/kTd − 1g = qAF Dpni
2

LpND
+

Dnni
2

LnNA
G

3fexpsqV/kTd − 1g, s4d

whereq is the charge of an electron andk is Boltzmann’s
constant. The reverse generation currentIgen depends on the
cross section of the junctionA, the diffusivity D, the diffu-
sion lengthL, the intrinsic electron concentrationni, and the
donor and acceptor doping levelND andNA. Thep subscripts
represent the values for holes and then subscripts stand for
electrons. For the sake of simplicity we assume that the dop-
ing concentration on one side of the junction is much larger
than for the other side. For example, for ap+n structure, i.e.,
a high acceptor concentration, andqV@kT the diode equa-
tion can be simplified to

I = qA
Dpni

2

LpND
expsqV/kTd. s5d

Both Dp andLp are slightly temperature dependent, but theT
dependence ofI is mainly determined byni and the exponen-
tial function in Eq.(5). The intrinsic carrier concentrationni

for a semiconductor with band gapEg is given by

ni
2 = NcNv expsEg/kTd. s6d

The number of states in the valence bandNv and the number
of states in the conduction bandNc is again slightly tempera-
ture dependent. However, the temperature dependence ofni

is dominated by the exponential function. Hence, theT de-
pendence for the forward current through the junction can be
expressed as

I , expS−
Eg − qV

kT
D . s7d

The large panel in Fig. 1 shows the Arrhenius plots for an
ideal diode under the above described conditions. The data
was calculated for an assumed band gap of 1.12 eV at sev-
eral different voltages. This band gap corresponds to the
band gap of silicon and is assumed temperature independent.
The prefactor is arbitrary but independent ofT and V. One
can see that the curves satisfy the basic MNR conditions of
linearity and a common focal point. The activation energy
for each of the lines is given by

DE = Eg − qV. s8d

Plotting the activation energy versus the natural logarithm of
the prefactor results in a linear line as predicted by the MNR
(see small panel in Fig. 1).

It is obvious that the ordinate values of the plot are in-
dependent of the activation energy and equal the logarithm
of the constant prefactorI0. The resulting characteristic en-
ergy or temperature is given byEMN =kTMN =`. This result is
in many ways trivial, but it sheds more light on the MNR.
The requirement to observe a nontrivial MNR is the conver-
gence to a focal point away fromT−1=0. For lines converg-

ing at positive abscissa values the regular MNR results; if the
convergence is slow and the focal point is at negativeT−1

values the less common anti-MNR or inverse MNR is ob-
served. To answer the question what causes the MNR one
must answer the question what causes a convergence away
from T−1=0.

The actual temperature dependence of theIV character-
istic differs from the idealized description of diode as out-
lined above. We will show how such deviations can lead to
an earlier convergence of the different Arrhenius plots and
hence to a “real” MNR.

III. REAL DIODE

For a given temperature and variable voltages, the cur-
rent can be separated into different regimes.26 In the low
voltage regime, the generation and recombination current de-
scribes theIV characteristic. For high voltages, a large num-
ber of carriers are injected into the semiconductor and the
diode again behaves nonideal. In both of these cases the
current is characterized by

I , expS−
Eg − qV

2kT
D . s9d

The activation energy in these regions of theIV plot is only
half of the activation energy of the ideal diode:

DE =
Eg − qV

2kT
. s10d

Only in the region between generation-recombination current
and high injection current does the diode behave like an ideal
diode. For very high voltages, the series resistance of the
silicon causes the curves to deviate even more from the ideal
behavior. Empirically the current of a diode is often ex-
pressed in the form,

FIG. 1. Computed Arrhenius plot for an ideal diode. The band gap is as-
sumed to be 1.12 eV and data points are calculated for every 10 K between
293 and 373 K for an arbitrary prefactorI0. The small panel displays the
MNR plot, the logarithm of the prefactor vs the activation energies for the
different voltages.
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I , expS−
Eg − qV

nkT
D . s11d

The empirical parametern is often called the ideality factor.
Its value is equal to 1 for an ideal diode and equal to 2 in the
generation-recombination region and in the high-injection re-
gion. In the transition region, its value is between 1 and 2.

We used a GI502 general purpose rectifier diode manu-
factured by General Semiconductors to measure theIV
curves at six different temperatures(between 296 and
370 K). The diode was submerged in a oil bath which was
kept at approximately constant temperatures for each data
set. The plastic cover of the diode was removed such that the
junction was in intimate contact with the oil. The tempera-
ture was constantly monitored with a Lake Shore DT-470
diode temperature sensor. The current and voltage pairs
shown in Fig. 2 were measured with a Hewlett-Packard
34970A data acquisition unit. For each temperature, the volt-
age was slowly swept from its minimum to its maximum
voltage. The slight wobbles in the data are due to small tem-
perature fluctuations. In the following section the correct
temperatures are used to investigate the MNR. The lower
voltage limit was determined by the precision of the current
probe.

For an ideal diode according to Eq.(5), one would ex-
pect a slope ofq/kT for the differentIV plots. A diode in the
high-injection region would show a slope ofq/2kT. One sees
immediately that the curves in the figure do not follow a
straight line. Therefore, we added a quadratic best fitting line
through the data sets. The derivative of the quadratic fit can
be used to calculate the slope at a given voltage. The ideality
factor can be calculated from the general expression of the
slope:q/nkT. For example, at 296 Kn changes from roughly
1.1 at 0.4 V to 1.9 at 0.678 V. At 370 K,n increases from
<1.4 at 0.4 V to 2.2 at 0.678 V. Hence, at low voltages or
better at low current injection, the device behaves close to an
ideal diode. With increasing current, the diode reaches the
high-injection regime and the ideality factor increases ton

=2. At high voltage and high temperaturesn.2, an indica-
tion that the series resistance of the silicon causes a potential
drop outside the junction region.

IV. MEYER-NELDEL RULE FOR A DIODE

To obtain the Arrhenius plot for a real diode, we plotted
the lnsId values for a given voltage. Each data set can be
found by drawing a vertical line through theIV curves shown
in Fig. 2. Figure 3 shows the values for the current and the
actual measured temperature, not the average temperature as
in Fig. 2. For a given voltage, the data are fitted linearly
according to

ln sId = ln sI0d −
DE

kT
. s12d

One can see that the individual lnsId andDE pairs, shown in
Fig. 4, lie approximately on a straight line. The characteristic
energyEMN as slope of the linear fit in Fig. 4 is given by
56.5 meV. The isokinetic temperatureTMN =EMN /k is equal
to 657 K. The focal point in Fig. 3 is therefore located at
1.52310−3 K−1. Unlike in the case of an ideal diode the
MNR is nontrivial with an common focal point at positive

FIG. 2. Experimental data for lnsId vs V for six different temperatures be-
tween 296 and 370 K.

FIG. 3. Arrhenius plot for a real diode. The best linear fits to the experi-
mental data seem to converge to a common focal point.

FIG. 4. Meyer-Neldel rule plot for a real diode. The linear fit yields an
isokinetic temperature of 657 K.
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abscissa. To answer the question of what causes the lines to
converge earlier than for the ideal diode, one needs to take a
closer look at each line in the Arrhenius plot. For an ideal
diode, the slope at each voltage can be calculated with Eq.
(8). For a real diode one finds from Eq.(11) that

DE =
Eg − qV

nkT
. s13d

Comparing the ideal activation energies calculated with Eq.
(8) and the activation energies obtained from the slope in
Fig. 3, the ideality factor as described in Eq.(13) can be
calculated for the different voltages(see Table I). At any
given temperature the current for larger voltages is higher
and therefore closer to the high-injection regime withn=2.
As one can see in Fig. 2, the plots curve downward with
increasing voltage. Hence, the current is lower than one
would expect for an ideal diode. This saturation effect causes
the Arrhenius plots to move closer together and the lines to
converge well beforeT−1=0 K−1. In other words, the MNR
is due to the fact that the transition to the high-injection
regime occurs at lower temperatures for larger voltages.

A closer examination of the Arrhenius plot shows that
the focal point of the real diode is not perfect. Especially the
plot for 0.4 V crosses the other curves at lower temperatures
thanTMN. For example, the intercept with the 0.45 V line at
T=500 K is significantly different from the isokinetic tem-
perature. This deviation is also seen in the far right data point
in the Meyer-Neldel plot(Fig. 4). However, the Meyer-
Neldel plot is still reasonably linear. Generally, one can say
that even a low quality focal point in the Arrhenius plot can
lead to an acceptable linear Meyer-Neldel plot.

This example of the diode fits a whole class of cases for
which one would expect MNR-like behavior. The conditions
required to observe a MNR are in fact quite natural. At low
temperatures, the process with the smaller activation energy
happens at a faster rate. The different activation energies
make it already eminent that the lines for different samples
converge with increasing temperature. The key requirements
are that they converge close to one point that is not atT−1

=0 K−1. Saturation effects can cause curves to tilt toward an
apparent common maximum rate. This maximum rate is only
apparent and might not always be of physical significance.

V. CONCLUSION

We demonstrated that the well-understood system of a
diode in forward bias shows the Meyer-Neldel rule. The oc-
currence of the MNR can be explained by an earlier transi-
tion to the high-injection regime at large voltages. Unlike in
the model for the MNR for the dark current in a charge-
coupled device,27 the Arrhenius plots presented here are lin-
ear. Instead of two coexisting processes in that case, the
MNR for diodes is the result of differentIV characteristics in
different current regimes. We would expect that the MNR in
other systems can be explained by a similar analysis. The
multitude of systems that show the MNR and the numerous
explanations for it suggests indeed that its occurrence is a
result of different mechanisms. Our analysis shows that the
requirement of converging lines is in fact quite natural and
can be met in many ways. Hence, the very common discov-
ery of the MNR.
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TABLE I. Activation energies and ideality factors for the different voltages.

V (V) Eg−qV (eV) DE (eV) n

0.678 0.442 0.288 1.53
0.65 0.47 0.32 1.47
0.6 0.52 0.375 1.39
0.55 0.57 0.424 1.34
0.5 0.62 0.481 1.29
0.45 0.67 0.544 1.23
0.4 0.72 0.650 1.11
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