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A recent model for laser diodes was applied to the decomposition of the experimental characteristics of several
laser diodes into their fundamental components. This pointed out a problem involving the ideality factor and
the clamp voltage. The two quantities indicate largely different values of the internal voltage, not explained or
predicted by any theory. The solution of the puzzle requires going back to points as fundamental as themeaning
of locality of band-to-band transitions in quantum or bulk active regions

© 2015 Published by Elsevier Ltd.

1. Introduction

This paper dealswith a puzzle that troubled the authors along a cou-
ple of years, after having published [1–3], a new theoretical model for
the DC characteristics of a laser diode (LD). The initial prompt, and the
main application field of such a newmodel, was the search for an inter-
pretation tool for the evolving characteristics of a LD under degradation
[4]. In particular, the model attempted the numerical fit of the experi-
mental DC curves by adjusting the relevant coefficients of a set of equa-
tions strictly derived by physical considerations. The protocol described
in ref. [4] illustrates how to decode the experimental data and recon-
struct, for instance, the separate contribution of the radiative and non-
radiative phenomena to the overall conduction.

Compared to that model, two experimental points remained puz-
zling: the apparent continuous reduction of the series resistance beyond
the threshold condition, and themeasured internal threshold voltage as
the upper limit of the sub-threshold domain. The former will be
discussed and solved specifically in a next paper, while the latter is
the subject of this work.

The kernel of the problem can be summarized as follows: experi-
mental data for several different laser diodes show that the pure radia-
tive component Iph of the total laser current I exactly behaves as in a
Shockley diode with an ideality factor n N 1. This is not surprising for a
MQW structure, as it will be discussed in the following chapters, and
simply states that the effective internal voltage Vin driving the optically
activematerial is n times lower than the voltage V applied to the electri-
cal junction. But the threshold condition, that is the experimentally ob-
servable clamp of the junction voltage V = Vth, always occur at

qVth ≈ hν, where q is the electron charge and hν is the peak photon en-
ergy, and not at V = nVth, as the sub-threshold domain predicts.

The simplest explanations based on ohmic effects or parasitic cur-
rents fail after simple considerations, and the problem stands in its full
evidence.

The paper will start from experimental measurements on a real de-
vice, accordingwith the protocol described in [4], andwill then summa-
rize the results of the model of the cited references [1–3] that are
relevant for this paper.

The attempt to fit theory with experiments will point out the puz-
zling question of the effective voltage.

With the aid of further experimental data, belonging to both bulk
and Quantum Well active area devices, the authors will propose an in-
terpretation, that calls into play concepts as fundamental as the locality
of photon-charge interaction.

2. Experimental data and modeling

Fig. 1 displays the experimental characteristics of an edge-emitting
DFB laser diode in ridge technology tuned at 1310 nm. This representa-
tion follows the protocol that has been proposed in detail in [4]. It allows
drawing all current contributions in a laser diode on a proper scale: the
strictly radiative component Iph, responsible for all and sole the light
emission, the non-radiative current Inr competing with it, and the total
current I, that is the sum of the two.

I ¼ Iph þ Inr ð1Þ

The abscissa reports the reduced voltage Vin = V − RSI that trans-
forms the applied voltage V into the actual bias of the active region, by
removing the ohmic contribution of the series resistance RS.
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Moreover, the displayed voltage range focuses, in this paper, on the
injection levels close to threshold, and neglects the lower current range
(highlighted area on the left), due to lateral conduction paths. Those lat-
eral currents are relevant only in the sub-mA range for a device as in
Fig. 1, and are not significant for this study. Anyway, they have been
duly considered and completely modeled in ref. [2].

Several other features of Fig. 1 should be commented. The threshold
voltage Vth now appears as a vertical asymptote for all currents, while
the threshold current Ith is the corresponding value of the current I.
The quoted references refine the last statement, showing that the real
definition of the threshold current is the value that the sole Inr assumes
at V=Vth. The small contribution of the radiative current Iph to the total
current I in the sub-threshold range, experimentally confirmed in Fig. 1,
makes the identification I ≈ Inr reasonable for practical cases. Anyway,
both theory and direct inspection of the numerical data from experi-
ments show that Inr does clamp at the value

Ith ¼ Inr Vthð Þ ð2Þ

while I continues increasing, because of Eq. (1), following the increase of
Iph even when voltage clamps.

This particular feature of Iph is possibly themost peculiar result of the
cited model, that describes that current by means of the formula

Iph Vð Þ ¼ Iph04R
exp

qV
kT

� �
−1

R 1þ exp qV−hν
2kT

� �h i2
þ 1− exp

qV−hν
kT

� �� � : ð3Þ

Here the voltage V is the internal voltage (that is, the applied voltage
reduced by the ohmic contribution), q is the electron charge, hν is the
photon energy (we are dealing with single-mode lasers, so that it has
a well-defined and sharp peak value), kT is the thermal energy, Iph0 a
suitable constant, corresponding to the value of Iph at transparency
and duly evaluated in the referenced papers, and, finally, R is the loss/
gain ratio

R ¼ αT

gm
ð4Þ

where αT is the total loss coefficient, and gm can be shown to coincide
with the absorption coefficient of the un-pumped material. This last
term also results to be gm = 4 g0, being g0 a coefficient that appears in
ref. [5], Table 4.5, as a phenomenological “fitting parameter” that now
gains physical significance.

The reference voltages in Fig. 1 are, respectively, the transparency
voltage

Vtr ¼ hν
q

ð5Þ

at which stimulated emission balances absorption, and gain is null, and
the threshold voltage

Vth ¼ Vtr þ 2kT
q

ln
1þ R
1−R

� �
ð6Þ

that is the value of the internal voltage at which the denominator in
Eq. (3) vanishes. It is evident from Eq. (6) that Vth N Vtr and that the con-
dition for voltage clamping at a finite value, that is for achieving the
laser regime, is R b 1.

For the case given in Fig. 1, one has Vth=0.993,Vtr=0.947V, and, at
room temperature, R = 0.42.

Authors feel intriguing the parallelism (that means the propor-
tionality) of all currents in the sub-threshold range in Fig. 1, and have
discussed it in their previous papers.

Anyway, for the scope of the present paper, the sole Iph is relevant, so
that we will focus on it in the following.

The plot of Iph calculated from Eq. (3) and the experimental mea-
surements as in Fig. 1 will show, in the next chapters, a nice qualitative
agreement: the subthreshold range (when exponentials in the denom-
inator of Eq. (3) are negligible with respect to the unity) displays a
Shockley-like behavior, that is an exponential dependence of current
on voltage. As far as the voltage approaches the threshold limit
(Eq. (6)), the current Iph increases rapidly, up to dominate over all
other currents, and the non-radiative Inr blocks (Eq. (2)).

3. Ideality factor and threshold voltage

When one moves to a more quantitative analysis, two differences
appear between theory and experiments: the transition at threshold is
sharper in the experimental curves than in the theoretical ones, and
the slope of the sub-threshold branch in real data is significantly
lower than predictions.

Measuring the slope of Iph in the sub-threshold range in Fig. 1, one
gets an ideality factor n = 1.4, instead of the expected n = 1.

At a first glance this seems not a problem: many diodes show non-
unitary ideality factors, and even the seminal work of Shockley [6]
predicts that, in case of recombination inside the depletion layer (that
is the case for optical emitters, although radiative recombination hope-
fully overcomes trap-driven transitions), the ideal voltage V appears
reduced.

The interpretation, indeed, of a value n N 1 could be that recombina-
tion leads several carriers to be lost before they reach the region where
the dominant recombination rate takes place, as represented in Fig. 2.

This means that the leading current appears to depend not on
exp(qV/kT), but on exp(qV/nkT), with n N 1. This would simply require
to re-define the “internal voltage” that appears in Eq. (3) as a fraction

Fig. 1. Experimental plots of the radiative and non-radiative components Iph and Inr of the
total current I in a 1310 nm laser diode, as functions of the internal voltage V − RSI.

Fig. 2. Quasi-Fermi levels ϕn and ϕp in a junction where all recombination takes place in-
side the depletion region. Their difference is everywhere lower than the junction bias qV.
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