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Yamamoto and others have shown that when the pump (or injected current ) fluctuations of a laser diode are suppressed. the
optical power fluctuations are much reduced, but the laser linewidth remains essentially unchanged. We find that for a realistic
extended laser model, the linewidth may in fact be importantly reduced. Our finding is based on a semiclassical theory, With full
shot-noise in the injected current, the linewidth is proportional to ( 1 +a%),.. where a( z) denotes the phase-amplitude factor, and
the average is evaluated along the diode -axis. Without injected current fluctuations, one must subtract from this expression half
the variance (@ ),, — (@, )" of &. The linewidth reduction thus occurs only if @ varies significantly along the diode.

The purpose of this paper is to examine the influ-
ence of the injected current fluctuations on the line-
width of a laser diode. Contrary to a previous report
by Yamamoto and others.[1-3], we find that this
influence can be significant. This is because a laser
diode should be considered as an extended structure,
In ref. [3], the laser diode was considered as a single
clement device.

Let us first recall a few basic facts about laser os-
cillations. It is generally believed that well above
threshold a laser generates a coherent state. Fora co-
herent state, the (one-sided) spectral density S;; of
the fluctuations of the rate of photon generation R(r)
is equal to 2R, (full shot noise), where R, denotes
the average rate. The spectral density S;, of the phase
deviation 8(1) is 1/2R,, and the product: S;zSsq
is unity. The spectral density S, of a laser output
field assumes the constant value 1/2R, quoted above
only at baseband frequencies fwell above the “cold™
cavity linewidth Ap_ (which is on the order of | THz
for laser diodes). Below that frequency. the funda-
mental phase noise is dominated by phase diffusion,
which can be represented by a white spectrum S;, for
the frequency deviation év(t). For simple tuned cir-
cuits, we have [4]: S;.= (Av.)?/R,.

This behavior of phase fluctuations when f<< Av,
is well known. What has been observed only recently
[1] is that the output power fluctuations of a laser

simply reflect those of the pump, that is, of the in-
jected current in the case of a laser diode. Therefore
a laser exhibits the amplitude fluctuations expected
from a coherent state only when the arrival times of
the injected electron-hole pairs are independent of
each other (full shot noise). In contradistinction, it
may happen that the electron—hole pair arrival times
arc correlated to the point that the current fluctua-
tions are almost completely removed (e.g., when the
injected current is controlled by a space-charge lim-
ited vacuum tube). Yamamoto et al. [1] have
pointed out that under such circumstances the laser
delivers an amplitude squeezed state rather than a
coherent state. An experimental verification is re-
ported in ref. [2]. These authors however assert that
the laser linewidth is essentially unaffected when the
injected current fluctuations are suppressed. We will
show that this conclusion is valid only for a simpli-
fied laser model. Exact expressions for the laser line-
width are given for a realistic extended laser model,
with and without short noise.

We shall use a semiclassical theory capable of re-
producing the results of the full quantum theory as
long as the photons are not detected individually.
This theory differs somewhat from the semiclassical
theory given in ref. [ 3] because here the carrier rate
equation is explicitly introduced. see eq. (3) below.
A white gaussian fluctuating current i(t) is associ-
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ated with any conductance G, with spectral density

[3]
S,::'”]IJ'IG|_ (l)

where the vertical bars denote absolute value. Fluc-
Luations are therefore associated with positive con-
ductances expressing absorption, as well as with
negative conductances expressing stimulated emis-
sion (optical gain). The phase and amplitude fluc-
tuations of any oscillator at low base-band
frequencies f'can be obtained from eq. (1), the usual
circuit equations, and the carrier rate equation

Jie=Gy | VI*/2hy, (2)

where J is the injected current and — e the electronic
charge. G, is the net active conductance (that is the
difference between the conductance G, expressing
stimulated emission, and the conductance G, ex-
pressing stimulated absorption ). For simplicity, we
restrict ourselves to the case where G4 is everywhere
positive. | V| is the modulus of the voltage I across
the conductance. Eq. (2) asserts that the rate of pho-
ton generation equals the rate of electron=hole pair
injection, an assumption valid when the quantum ef-
ficiency is close to unity and when the operating cur-
rent is much larger than the threshold current. Eq.
(2) is assumed to be valid at any instant of time. The

injected current ./ consists of a dc bias current, which
we consider to be prescribed by the external circuit,
and a fluctuation part which has a spectral density
equal to 2eJ (full shot noise), or 0 (no shot noise ).

At small base-band frequencies the oscillation fre-
quency must be real, otherwise the amplitude fluc-

tuations would be unbounded. This condition implies

that some small variations of G, occur. In general,

when the conductance of an active medium varies by

an amount g as a result of a change in carrier number
there is also a small change b of the susceptance. The

phase-amplitude coupling factor [5,6] e is defined
as —bfg.

We have outlined above the basic concepts that are
needed. For a single active element, eq. (2) is un-
necessary [7.8]. For any number of active elements
in parallel and aw=0, the oscillator linewidth is given
in ref. [9] (note that the spectral densities used in
that reference are different from the one used here,
but they are equivalent to them when a=0). For an
extended structure such as a laser diode, it is nec-
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essary 10 introduce densities (of currents, conduct-
ances...). The mathematics is complicated because
one must solve stochastic differential equations (the
details are given in ref. [10]). But the final result is
very simple for the configurations discussed in the
present paper.
The specific laser model considered is the one-di-
mensional ring-type laser shown in fig. 1, with only
the clockwise wave oscillating. The active layer is
driven by electrons originating from a cathode whose
emission is either temperature-limited (full shot
noise) or space-charge limited (negligible shot-
noise ). This configuration may not be practical. and
it is shown here for the sake of illustration. It is as-
sumed that the current spreading and ambipolar dif-
fusion lengths are much smaller than the diode length.
Therefore any two distinct elementary lengths of the
laser can be considered as independent from each
other. They are coupled only by the electromagnetic
field. The bias injected current density J(z) is sup-
posed to be independent of the laser dynamics. This
is the case when the voltage drop outside the active
layer is much larger than the voltage drop inside the
active layer, a rather common situation, particularly
for long wavelength lasers. The theory given in ref,
[10] is valid for arbitrary distributed losses along
the laser length. But in the present paper we assume
that all of the loss is located at z=0 and duc to a par-
tially reflecting mirror of power reflectivity R, In

Fig. 1. Ring-type laser incorporating one mirror of power reflec-
tivity R. Only the clockwise wave propagates. The injected cur-
rent density J, the a-factor and the spontaneous emission factor
M, are arbitrary functions of z, but distributed loss is neglected.
The injected current originates from an extended cathode, shown
above the active layer, which may be either temperature limited
[full shot noise. seeeq. (3)], or space-charge limited [negligible
shot noise, seeeq. (4)].
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other words. all the generated power P is extracted
out of the laser. ™

We have given above the principles of our calcu-
lation and clarified the laser diode merl. Let us now
give the expressions for the laser linewidth Ay =mSs,.
When full shot noise is present we have

2nAv Plhy
=1-2[(1-R)?/2R] {[np(1+0D) ]} (3)

where P denotes the output power and 7 the r9upd-
trip time. n., is the so-called spontaneous emission
factor. In terms of the conductances _G; ar}d Gy dc-l
fined earlier, n,=G./(G.—Gyp)- N5, 1S pnll?' at 10\'&
temperatures when stimulated absorption is negli-
gible (G,x~0), and on the order of 2 at. roo.m Lem-
perature. Both n,, and o may very arbitrarily with
-. the coordinate along the laser length. 'Ijhe aver-
aging in eq. (3) is performed not OVer z jusclf hu}
over the coordinate {(z) defined as the reciprocal o
the power gain from z=0 to some z»v?.]uc.

When the injected current _ﬂuctual1on§ are sup-
pressed, one must substract half the C—vangnce of «
from the terms in braces in eq. (3), that is

InAv P/hv=1"*[(1—R)*/2R]
X‘l[n,-,o(]‘f'ﬂ':)]m_[(Hl)a\'_(aﬂ»'}:]jz}‘ (4}

It is remarkable that expressions formally identical
to eqgs. (3) and (4) are obtained )A*hcn any number
of active elements are connected in paral!e]. the av-
eragings being evaluated in t_hat case with the in-
jected bias currents as weighting factors. )
Going back to the ring-laser, let us assume that
there are two laser amplifiers along the pa_th. labeled
by | and 2 in that order, with power gains G, Gs.
fa;ctors @y, 02 and My, Nspa, Tespectively. For that

case. the C-averaging of any quantity a, k=12, 1is
defined as
a,=(1-R)™"

x[a,(i—l,’GJﬁ-a:(l/G,—R]]. (5)

where we have used the fact that the oscillation con-

dition requires that G,G:R=1. _ '
For the sake of illustration, consider the following

numerical values

nsi.\lznsp3=l- G|=(j]:2. (1'1=6., ﬂ:=0. (6)
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The terms in braces in egs. (3) anfi _(4) that' we c_a!l
A are, respectively, using the deﬁmtlo_n of averaging
in eq. (5) and the numerical values in eq. (6),

A=24 (full shot noise) .
A=21 (no shot noise) .

If the a factors are reversed, namely @, =0, a;=6,
the linewidths are proportional to

A=13 (full shot noise) ,
A=9 (no shot noise) .

In a single laser with a homogeneous active layer,
the n,, and « factors may vary a]or_;g the length un-
der the condition of large series res:s_tances, because
the local gain is nonuniform. These factors may alrslo
vary if there are compositional changes along the
dl(;:ionclusion, we have reponeq the results of a
theory of laser oscillator phase noise that rests only
on the semiclassical expression in eq. (1 ) of the zero-
point fluctuation of the electromagnetic field, a.nd
usual electrical engineering formulas, In our opin-
ion. the frequently used concept of “nup‘lber quho-
tons in the cavity” (see e.g. ref. [11]) is ambiguous
and unable to lead to the formulas reported here. Thc

Petermann K-factor [12.13] has not been consid-
ered in this paper. Thus the above formulas are re-
stricted to index-guided lasers. . o

Specifically, we have found that suppr?ssmn of the
injected current fluctuations may significantly re-
duce the laser diode linewidth. Conccptually,_ our re-
sult is in full agreement with the ﬁnt3l1ngs of
Yamamoto et al. [1]. The discrepancy arlses‘only
from the fact that we have considered laser diodes
with nonuniform a-factors.
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