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Abstract. We measure the I-V curvefof a p-n diode on a range of currents where
the well known Shockley model exhibifs its&horteothing. We show that the behavior
of the I-V curve, on the whole range of currents, can be captured by a modified four
parameter Shockley model; the parameters of the model are obtained by a numerical
procedure, consisting of an iterative rapidly conveging nonlinear fitting algorithm.
The fit returns sound estimates of\the parameters for I-V curves, as function of
temperature. The method is validated\on a well-known 1N4148 diode, but it can also
be applied to any other devices described by single-diode models such as solar cells.
We also show that the knowledge of the temperature dependence of the parameters can
be used to obtain a‘quantitative estimate of other physical properties of the system,
such as the energy gap of junction materials.

N
PACS numbers: Diodes junction 85.30.Kk, Semiconductors conductivity 72.20.-1

Keywords: Semiconductor diodes, Current-Voltage characteristic, Semiconductor device
model, Nonlinear iterative fitting

1. Introduction

Current-Voltage (I-17) eurves are routinely used to give synthetic graphical information
of the behavior of non-ohmic electronic components such as semiconductor diodes
[1] or other rectifying devices as Schottky diodes both in the most common metal-
semiconductor realization [2] or in the recent graphene-semiconductor structure [12].
The'modelingsof such components through an equivalent electrical circuit is necessary
tolinclude®a device in a numerical simulator such as those of the SPICE type. In
several,circumstances accurate values of the model parameters are not given by the
manufacturers or they are dependent on the environmental parameters, e.g. the
temperature. Therefore a practical procedure to evaluate the relevant parameters from
a single measure of the current crossing the diode as a function of the applied external
voltage V' is desirable and it is widely discussed by many authors [3-6]. In general, the
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extraction of the parameters of a given model from the measured IV curves i$ a non
trivial task, since the -V dependence is usually expressed in an implicit form. Numerical
fitting procedures are often involved and require a previous graphical inspection of the
experimental curves. In the following we shall treat the case of a pn junetien diode
which minimal model requires four parameters. As the single-diode parametrization is
currently used also in the assessment of the performances of photovoltaiésystems [3,6,7],
the choice of the semiconductor diode is justified with the aim of demonstrating the
validity of the method by the possibility of a comparison with«the available technical
data. =

In fact, the ideal I-V characteristic of a p-n junction is, at{the basic level,
approximated by the popular Shockley equation [1]:

I =14 {exp (n—“//T) - 1} (1)

The properly called Shockley equation has the non-tdeality factor n equal to unity, and
it is appropriate only for ideal junctions. For yeal junetiops, n is greater than 1. The
thermal voltage Vi = kT /e has a value of 25.8 mV/at room temperature.

The saturation current /g describes thelevel of conductivity of the diode, and ideally
it coincides with the value of the current when & large reverse voltage is applied to the
junction. It depends (in a very complex way) on the constructive parameters of the
diode, such as the area and the depthrof the'junction, or the doping spatial uniformity.
It is possible to express its main dependenge on the temperature following the argument
that Is grows with the population of the conducting level of the semiconductor carriers
in accordance with a stationary thermodynamic distribution:

Ig = I exp (—%) (2)

where Eg is the energy gap/of the bulk semiconductor and the dependence of I, from
T is here neglected.

It is worth to notesthat, using an argument similar to that explaining the non-ideality
factor n in the Shockley equation, the same factor must be taken into account in the
exponential dependence of Is. However, the presence of n in (2) is sometimes omitted.
Although in/the real diodes the value of n is only approximately constant with V| in a
quite large interval of direct currents (1) reproduce well the I-V curve with constant
values of Tg and n, and these two parameters can be easily determined with elementary
fitting procedure, even graphical. In fact, when V' > nVy, the logarithmic graph of the
current show'a clear linear trend. The dependence of the fitted value of n on the portion
of the characteristic curve examined has already been discussed previously [15]. On the
other hand, significant deviation from the behavior predicted by the model of eq. (1) are
observed on both sides, of large and very low currents. In the first case, direct current is
lower than that predicted by the model, and the exponential trend is weakened so that
the logarithmic graph stays under the straight line calculated at intermediate current.
On the contrary, at lower current, a larger direct current is observed.
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The origin of the large current deviation can be explained as the lowering of the
voltage difference across the junction with respect to the applied fem becauséwof ohmic
voltage drop in the semiconductor bulk hosting the junction. On the other hand, thelew
current regime originates from the presence of alternative paths for the eurrent. When
the junction current is very low, these parallel paths give a comparable contribution
to the total current. The different dependence on V' can be only ebserved, when the
exponential term is not the dominant source.

Rs I ‘Is,n

—AAN——
1/G

&

Figure 1. Electrical circuit corresponding to the four parameters model of the real
diode.

Then, a more accurate miedel for the'DC [~V characteristic of the diode can be
formulated by introducing a series resistance R, accounting for the ohmic voltage drop
across the semiconductor bulk; and a parallel resistance 1/G, accounting for alternative
paths [8-11]: Fig. (1) shews.the equivalent electrical circuit; this model has four
parameters, and eq. (1) modifies into:

[ = I, =GV 4 Is[exp B(V — R.,) — 1] (3)

Where [; is the cuzrent flowing into the junction, I, = GV is the current flowing into
the parallel resistance and B = e/nkT’; a similar model is analysed in ref. [17].

It is worth mentioning again that /-V characteristic measurements are used for
the assessment of the performances of conventional photovoltaic cells and single-diode
models of thesé devices are largely applied to several photovoltaic devices [7], which
attracted a growing interest in the last few years. Parallel and series resistances are
normally introduced in the modelization of the photovoltaic cell and in the evaluation
of its performance [13], so that the method illustrated for the semiconductor diode
should be ‘also valuable for these devices. A good discussion of the state of the art of
the applied numerical methods in that field is found in a recent paper [18].

To increase the quality of the fit of experimental data, some authors [16] proposed
junction models consisting of a sum of exponentials, sometimes called two-diode or
multiple diode models, each with multiple /g and n parameters. Each contribution is
considered valid in different regions of the I-V curve and some kind of connection in
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the contiguous regions is required. The weakness of these strategies is the lagk of an
underlying simple physical picture and the increase of the number of model parameters:

In this paper we describe an experiment using an apparatus, ‘directed into-a
LabVIEW environment, for the recording of IV curves of a semiconductoridiode “at
different temperatures in a large range of currents (from 10 nA to 10mmA). A simple
and reliable procedure to extract the model parameters from the measurements in the
full range of currents explored is presented and the comparison with Shockley equation
and with a three parameters model including only the series sesistance dis discussed.
The results are compared with the parameter reported in the current literature and the
validity of the method is also proved by the study of the dependence 6f the saturation
current on the temperature, showing that the data extracted givesia value of the barrier
height of the junction in accordance with the current knowledge.

2. Experimental

PC

ACQUIS BOARD

Figure 2. Schematic view of the experimental setup.

2.1. Apparatus

A small (3 x 3% 2 cm?®) brass cube is placed between two 30 W thermoelectric power
sources/sinkg@assembledwith commercial Peltier modules. It hosts both the device being
tested, a commercial 1N4148 silicon p-n diode, and a calibrated thermistor. The system
stabilizesithe temperature of the central volume of the cube in a few tens of seconds to
the value set by the operator in the range 10-100 °C with an accuracy better than 1 °C.
The d=V" characteristic is then measured with two differential channels of a National
Instruments N16221 data acquisition board equipped with multiplexed 16-bit ADC with
seleetable bipolar full scales. One of the ADC channels samples the voltage V' across
the electrodes of the diode with a resolution of 0.3 mV and the other channel senses the
current’ [ crossing the diode by measuring the potential drop on a calibrated resistor R
in series with the diode, with a nominal resolution of 0.02 pA, given by the combination
of 10nA (absolute) and 5 x 1075 (relative). V is varied applying to the series diode-
R the variable signal of a digital-to-analog channel (DAC) of the N16221 board. The
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control of the thermal cycle and of the data taking is programmed devising a LabVTEW
virtual instrument. Initially, a set of temperatures is selected by the operator. After
this, the controlled thermal cycles operate until the value of each T is stable into afew
tenths of °C. The couples [V,]I] are saved in a file and are labelled with the temperature
measured just before and just after the voltage scan. The difference ofitwo readings of
the temperature is ever less than 0.5 °C in absolute value, the sign being dependent on
the direction of the last heat flux cycle. Thereby, we can evaluate that the(value of the
diode temperature is known with an average precision of 0.2 °Cs

~

2.2. Results and Discussion

10000
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Figure 3. -V dataat T = 47.8 °C' plotted in semi-logarithmic scale. The continuous
line is_the best fit, curve obtained with the Shockley model (1)with two parameters
applied to the data with 2 uA < I < 120 4 A. The inset is a zoom of the high current
data. It is evident that at very low currents (I < 1 uA) and at high current (I > 1mA)
the-minimalmodel is not accurate.

Fig.(3) shows the plot of log(I) vs. V for the full range of applied voltages. The
measurgd currents spans more than six order of magnitude ranging from few nA to 10
mA. Thezone of linearity of the experimental -V characteristic in the logarithmic scale
indicates, atia glance, the region where an exponential dependence of I on V is likely.
In'the linear region, exp(B) >> 1, so eq. (1) ca be simplified to:

I=Aexp(BV) (4)
Limiting the analysis to this region a non linear fit of the last equation, through a

standard least square routine [19], gives a value of B = e/nkT = 19.48 + 0.03V 1,
largely different from the ideal diode constant at the same temperature B;y = e/kT =
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36.20 V1. The agreement of the model with the data requires a value:
Biq
B
which is lower than the value of the SPICE models for 1N4148 diode." The

SPICE model published by NXP Semiconductors reports a valuesm =51.906 (see
http://www.nxp.com/documents/spice model/1N4148.prm), buf agrees¢with other

=1.86 £0.01

n =

experiments [20], pointing out the variability of this parameterrdue to constructive
tolerance or details of data analysis. The curve superimposed fo the'experimental data
in Fig.(3) is the best fit obtained with eq.(4), applied to dataof the region of moderate
currents. It is evident that the two-parameters model systematically underestimates
lower values of the current and overestimates its higher, values. A more realistic
comprehension of the nature of the different contributions te thediode current, therefore,
requires a study of these limiting regimes.

As explained in the Introduction, besides the, two parameters of the Shockley
equation Ig and n, two supplementary parameters must*be taken into account: the
parallel conductance G and the series resistance Rg and the full model is given by eq.
(3). At very low values of the current the correction due to the series resistance is
negligible and the model simplifies into:

I =GV + Is (exp BVF=1) (5)

with I and V' being the current and the veoltage sensed at the diode leads, as before.

Some authors [17] declare thewnsuitability of the analysis of the forward I~V curve
to find G and suggest the extraction ofithis parameter through a graphical treatment of
the reverse biased diode characteristic: Indeed, for V' << nV7 the linear approximation
of the exponential brings/ linear relation between the current and the voltage:

I = (G +BIgV (6)

which is not useful to ealculate G unless I¢ and B are known or if the second term
of the function of eq.(6)nis negligible, as in this case (Blg ~ 0.2uS). As a matter of
fact, we find it ‘suitable to apply the same least square nonlinear fitting routine using
eq.(5) as thefmodel equation. As the first term GV gives an appreciable contribution
only at very low values of'V we limit the experimental data up to a guess threshold
current Jg. "Thewaltie of the small signal conductance G' can be determined executing
the corresponding numerical fit with three parameters, I, B and G.

The resultiof the fitting procedure are shown graphically in Fig. (4) and the found
values for parameters are reported in the caption. It is worth noting that I and B
values,are not in accordance with those extracted with the minimal model in the central
range of the currents. This confirms that the calculated ideality factor n depends on
which part of the I-V curve is used in its evaluation.

At the higher values of the diode current, the series resistance Ry becomes
important, while the small admittance G gives a negligible contribution. We may then
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Figure 4. [-V data corresponding ‘to fhe temperature T = 47.8°C limited to
I < Iy =20 pA. The continuous line is the tesult of the fit of experimental data (black
square) with the model of eq. (5). The fitted parameters are Is = 9.72 £ 0.17nA,
B = q/nkT =20.30 £ 0.05V ! and G = 2275 + 0.01 uS.

rewrite eq. (3) [8] as:

V() = 7 log (é 4 1) + R (7)

which can be used as a fit mod\el for the [~V data at higher currents, giving the best
values of the three parameters Is,.B and R,. The result is shown in Fig. (5), and the
found values for parameterséare reported in the caption.

The values of the parameter B are approximately coincident, by few percent, in the
two parts of the curveand the coincidence is maintained by varying the value of I;. The
values of the saturation currents differ by the order of ten percent, and the agreement is
better for higher-temperatures. The value of R, is comparable with other measurements
found in literature, although there is a wide spread of reported values (e.g. [21]). We
were not able to find a reliable value of G for the 1N4148 diode in the literature.

In ¢onclusion, the two sets of parameters obtained by fitting data with model eq.
(5) for the region I < Iy and with model eq. (7) for the region I > Iy, where I is of
thetorder of tens of uA, show some discrepancies and a better analysis for the complete
range of current is needed and it is presented in the following section.

3..Data analysis

The analysis presented in the previous paragraph clearly shows that the first term of
eq. 3 is significant only in the very low current region (see Fig. (4)), while at higher
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Figure 5. [-V data corresponding to the temper’ature T = 47.8°C selected with
I > Iy =20 pA. The continuous line is thelresult of the fit of experimental data (black
square) with the model of eq. (7). The fitted parameters are Is = 13.4 &+ 0.12nA,
B=19.784+0.02V ! and R, = 2.32 £0.03 Q.

currents the exponential term dominates,and the second term alone is able to describe
the experimental data well (see Fig. (5)). This physical argument is the starting point
of a numerical procedure which-allews us to consider all the data together, using an
iterative calculation. In general, a four parameter search in a nonlinear fitting procedure
is a hard mathematical problem. I'he/procedure can be highly unstable. In our specific
case, in order to overcome this issue and to ensure the convergence of the algorithm,
we have envisaged a method, which, by means of an appropriate first choice, notably
reduce the complexity of the problem and makes it solvable. We start the iteration in
region of low currents, wherethe parameter space collapses, effectively but not formally,
from four to onesdimension. This allows to find a first reliable value for one parameter.
After that, thefiterative procedure is applied, which is, as well known, one of the fastest
method in numericaldcaleulus. We verified, for all of the measurements performed, the
convergenee, of the parameters toward stable and physically meaningful values, always
in no more than 5 iterations, for the precision required.

3. 1. Single.fitting procedure

By substituting /; = I — GV in the argument of the exponential of eq. (3), an equation
L = f(I,V) could be written as the objective function of a fitting procedure suitable
for models expressed in an implicit form. Nevertheless, this kind of algorithms is very
complex and frequently suffers from numerical instabilities.

Here we describe an alternative method, based on an iterative fitting procedure

Page 8 of 14
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for models expressed in an explicit form, leading to the simultaneous determination ef
four parameters necessary to reproduce the DC diode characteristic in a large region
of currents. This method can be summarized in a few steps, including the iteration
described in the loop section, where i is the flowing index, I, I* and I} aze respectively
the experimental values, computed values and computed junction values of the current:

1 The first few data at very low currents are used to compute a fitst guess G’ (i = 0)
of the parallel conductance with a linear fit of the model I = GV'.
2 BEGIN LOOP [} =1 — G'V gives the estimate of the junction-éurrent.

3 The explicit model V' = V(1) of eq. (7) is fitted with ghe'data calculated at step

2 and the estimate of !, B" and R’ is found.
]3—0-1
with the measured V and assuming the estimate of ghe three parameters I, B’
and RY.

5 Updated values of total current I**! are computed as’I =GV + I

4 Updated values of the junction current are foundisolving numerically eq. (7)

6 The first few data of I't! are compared to I to obtain the new value G'*!:
I — I =6GV, G = G + 0G.

8 END LOOP The four parameters with.index i+1 are compared to previous values:
if the change is much less thanshe estimate of their errors the loop ends, otherwise
it continues, returning to step 2.

It is worthwhile to notedthat the solutions of eq.(7) (see step 4 of the algorithm
above) are Lambert functions, .whese values are known. We preferred to use a self-
consistent and general approach, which can be easily adapted to different junction

N
Our method and the onefmsing the Lambert function agree very well. After a few

models.

iterations the four parameters converge toward stable values and the procedure may be
stopped. The final result is shown in the Fig. (6) where the agreement of the model
with the experimental datais very good over the entire range.

Table 1 shows the extracted parameters with the different models presented, using
data of a spegifie current region when needed. The last set is obtained by using the
iterative fitting procedure.

Table 1. Experimental parameters of the models for the I-V data at T = 47.8°C

GS) | R | IsA) | B(VY) | n
Minimal model - - 14.63 (0.16) | 19.48 (0.03) | 1.856
Low I'(eq. (5)) | 2.75 (0.01) ] 9.72 (0.17) | 20.30 (0.05) | 1.783
HIgh'T (cq. (7)) i 2.32 (0.03) | 13.4 (0.12) | 19.78 (0.02) | 1.830
Bull curve (eq. (3)) | 2.80 (0.05) | 2.75 (0.05) | 10.5 (0.2) | 20.2 (0.1) | 1.790
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Figure 6. [-V data corresponding to the tempera:ure T = 47.8°C. The line is the
result of the iterative fitting procedure described/in the text. The agreement is good in
the full range of the currents considered with s = 10.5 +0.2nA, B =20.24+ 0.1V 1,
R, =275+0.05Q and G = 2.80 £0.05 @S;.

3.2. Determination of energy band gap from temperature dependence of parameters

In this section we extract energy. band gap from the temperature dependence of Ig
parameter, fitting -V data taken atitemperature between 10 and 100 °C. Eg is not
explicitly present in the Shockley equation as it is enclosed only in the saturation current
Is; a more detailed expregsion of eqi(2) is given by:

Ee
Jo = 2 __ A
s = AT exp( = ) (8)

where A dependson the geometry of the junction and on the doping densities in the
device.

There arestwo counteracting effects of an increase of n on the diode current. An
increase of n cauSes a decrease of the current I in eq. (1) the other parameters being
fixed but, on the other hand, the same increase determines an increase of Ig, at a given
temperature. Because of the larger value of Eg with respect to the voltage across the
junction,ithe effect on Ig prevails and at fixed parameters, an increase of n entails an
increase of 1.

The need to consider the factor 1/n in the exponential in eq. (8) can be justified by
our datay by tracing the graph of Ig as a function of temperature, as determined by the
exponential fit. The result is shown in Fig. (7) where a large set of curves I-V, taken
in a two hour period, are analysed. The weak power dependence on T can be neglected
with respect to the exponential and the fit of the data is performed with the simplified

Page 10 of 14
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model:
IS = ]A exp (—BEg)

keeping the B parameter defined above in the place of e/nkT and expressifig F in eV .
With this position the resulting parameters are [, = 68+2 A and Fg = 1{117£0.002 eV

©CoO~NOUTA,WNPE

Figure 7. Ig as dfunction of B for/100 I-V curves analysed with the iterative fitting
35 procedure, described innthe past subsection. The continuous curve represents the
36 exponential fit with the simplified dependence Is = I e~ BF<. The agreement is rather
37 good and the best value of the parameters are I4 = 68+2 A and Fg = 1.1174+0.002 V.
38 The latter is ifl verysclosed@greement with the tabulated value of the gap energy in
39 Silicon at a tempefaturé around 300 K.

42 Other experimentshusing different data processing methods on Si p-n junction
43 assert a close agreement, with the accepted band-gap value of 1.12 eV at 300 K. For
example, [22] report a value of 1.13 4 0.02 eV, operating with the base-emitter junction
46 of a Si bipolarstransistor (2N3645 model), in the temperature interval (—75,25)°C. It
a7 is not easy to find fabrication details of the 1N4148 diode and particularly information
49 on the dopinglevels. Based exclusively on [23], the 1N4148 is fabricated by growing
50 a slightly doped (< 10 em™) n — type Si micro-metric layer onto an heavily doped
=3, On the other side of n-layer an

53 acgeptor dopant is then diffused forming a p layer with doping density of 10 em=3.

substratesn® at dopant concentration of 10 em

54 With these levels of dopant a band-gap narrowing of several tens of meV is predicted
and observed [24] and could conveniently be taken into account to adjust the expected
57 value.of Fg.

58 Our determination of Eg is based on an approximate model but conceivably the T°
factor in the Ig(7) relation should be considered. It is easy to understand that as this
factor increases with temperature, the simplified model underestimates diode current at
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higher temperatures and the characteristic constants of the exponential in fun¢tion ef
T lowers with respect to the value calculated without the exponential model:

Ig(T) = AT~ BFe

We take 6 = 1.5, which is the common choice for many different diodes, and the
best fit gives the value of 1.040 £+ 0.005 eV for Eg. The best/ffit A value results
A = 254+ 02mA/K". The two parameters are strongly correlated so that an
overestimation of the exponential characteristic constant involves an~underestimation
of the factor A and the Eg value is 80 meV lower than the onerexpected and with the
disposable literature data [25]. This could be explained in terms, ofsa’high doping level
at 2 to 3 x 10 em 3.

4. Conclusion

We use the direct current-voltage characteristic data ofasilicon diode 1N4148 to validate
an iterative nonlinear fitting algorithm for parameter extraction of diode models of
increasing complexity. The entire procedure of measurement and modelling can be
easily automated integrating the data colleetiomperformed in a LabVIEW environment
with suitable numerical packages. The four parameters of the modified Shockley model,
represented in eq.(7), are extracted and theirwalues are found in quite good agreement
with the literature. The advantages of themmethod presented here rely on the possibility
to extract model parameters from.data collected on a single large span of I values, and
to easily compare simpler models.

It is worth noting that'in the literature is reported that to extract the four
parameters, by means of only the divéct -V characteristic, is difficult and cumbersome.
This is an active area of research, in which periodically the state of the art is summarized
in review articles sueh‘as [5] forsthe Schottky diode, [7] for the solar cells and [4] for the
diode and solar cells,just to cite a few of them. As can be seen by reading these papers,
the methods are several and in general the number of fitting parameters can be higher
than four and moreover the relatioship between the parameters and the underlying
physical progesses can be difficult to establish. Our approach allows to obtain globally
the four parameéters in a straightforward manner and represents a possible solution of
the aboye eited difficulties.

A confirmation of the validity of the analysis is given through the evaluation of the
junction barrier F; which results within a few per cent in accordance with the accepted
one.
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