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We evaluate mechanical thermal noise in semiconductor lasers, applying a methodology developed
for fixed-spacer cavities for laser frequency stabilization. Our simple model determines an underlying
fundamental limit for the frequency noise of free-running semiconductor laser, and provides a framework
where the noise may be potentially reduced with improved design.
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1. Introduction

Single longitudinal-mode semiconductor lasers are used in vari-
ety of applications, including interferometric sensing, spectroscopy,
and coherent communication. In order to achieve higher perfor-
mance, pursuit of low frequency noise (i.e. narrow linewidth)
semiconductor laser has been an important subject in these areas
for many years. In the meantime, mechanical thermal fluctuation
(Brownian motion) is recently realized to be one of the fundamen-
tal noise sources in precision optical measurements. The mechan-
ical thermal noise is a direct sensitivity limiting factor especially
in optical cavity experiments (see for example, [1,2]). Since the
cavity length fluctuation due to the thermal noise can determine
the minimum linewidth of free-running laser, as the Schawlow–
Townes limit can [3,4], it is important to know its potential ther-
mal noise level. Especially in semiconductor lasers, the thermal
noise contribution is expected to be larger due to the laser small
mechanical size (to be explained later in detail). However, to our
knowledge, there have been no calculation of thermal noise in such
miniaturized optical components, except for a primitive calculation
on optical fibers [5].

In this Letter, we evaluate mechanical thermal noise in semi-
conductor lasers using a simple model, which is similar to the one
used to evaluate thermal noise in fixed-spacer cavities for laser
frequency stabilization [6]. We only deal with statistical mechan-
ical thermal fluctuation associated with an intrinsic loss, namely,
all forms of background dissipation that are homogeneously dis-
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tributed within a material. (The noise caused by this type of ther-
mal fluctuation is often called “Brownian noise” in a narrow sense
[7], and we call it “thermal noise” throughout this Letter. All other
types of “thermal” noise sources, such as the noise coupled from
classical temperature variation to optical path length and other
types of statistical thermal noise coupled to the heat conduction
equation, are out of the scope of this Letter.) According to our es-
timations, the thermal noise may not be the direct limiting factor
of observed frequency noise of semiconductor laser. However, our
insight provides a direction to achieve lower frequency noise with
semiconductor lasers in the long run as all sources of noise be-
come better quantified.

2. Formulation of Brownian thermal noise in cavity

2.1. Fluctuation dissipation theorem

The intrinsic mechanical loss φ has relevance to estimate the
thermal noise level. φ is defined as the ratio of the imaginary to
the real part of an elastic modulus and is often constant with fre-
quency [8]. It is responsible for energy loss (dissipation), and is
measured as the inverse of the quality factor at a mechanical res-
onance, or from the imaginary part of the mechanical response
function. The fluctuation dissipation theorem (FDT) [9] relates the
power spectral density of observable quantity (displacement) X(t),
GX( f ), with the average dissipated strain energy, Wdiss( f ), under
a gedanken conjugate force, F0 cos(2π f t)P(r), as [10]

GX( f ) = 2kBT

π2 f 2

Wdiss( f )

F 2
0

. (1)
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Fig. 1. Typical structure and situation around the beam spot in (a) fixed-spacer cavity for laser frequency stabilization and (b) semiconductor laser cavity. In the fixed-spacer
cavity, the mirror substrate can be treated as an infinite-half space. In contrast, the semiconductor cavity should be treated as an infinite space, since the elastic energy is
distributed and dissipated more evenly between the two substrates.

Here, kB is the Boltzmann constant, T is the temperature, f is the
frequency, and P(r) is the weighing function. Using the weighting
function, we can write X(t) = ∫

u(r, t) · P(r)dV . Here, u(r, t) is the
displacement of the system at position r. Wdiss( f ) depends on the
losses (φ) of the materials and their distribution (not to be con-
fused with the absorbed optical power and the noise associated
with it [7]). Since the strain energy is stored and dissipated ef-
fectively around the force-applied area, the loss close to the beam
spot is emphasized in optical cavities.

2.2. Fixed-spacer cavity

Before calculating thermal noise in semiconductor lasers, we
briefly revisit an important and instructive application of the FDT.
The FDT was used to indicate thermal noise as a limit to the fre-
quency stability of a laser locked to an optical cavity comprised
of a fixed-spacer supporting two mirrors (Fig. 1(a)). The frequency
noise spectrum (square-root of power spectral density),

√
Gν( f ), is

modeled as [6]
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below the mechanical resonance frequency of the system. Here, c
is the speed of light, λ is the wavelength, L is the cavity (spacer)
length, Esp/Esub are the Young’s modulus of the spacer/mirror sub-
strate, A is the cross sectional area of the spacer, σ is the Poisson’s
ratio of the mirror substrate, w0 is the 1/e2 Gaussian beam ra-
dius, d is the thickness of the coatings, and φsp/φsub/φcoat are the
mechanical loss of the spacer/substrate/coatings. The term with
parenthesis { } represents the displacement noise, and c/(Lλ) rep-
resents the length-to-frequency conversion factor obtained from
the resonance condition of laser within the cavity. The first term
inside the parenthesis { } represents spacer contribution, and the
second term represents mirror contribution, corrected by the fac-
tor inside ( ) to treat coatings. Smaller beam radius w0 enhances
the mirror contribution, since it does not average any longer-scale
fluctuations within the beam illuminated area. In this model, con-
tributions from two mirrors and two ends of the spacer are simply

added up, assuming everything is uncorrelated. The spacer contri-
bution is usually negligible compared to the mirror contribution
[6]. The mirror surface fluctuation is analytically calculated, assum-
ing Gaussian weighing and very thin coatings on the substrate that
occupies infinite-half space [11–13]. Comparison of the model pre-
dictions with the lowest observed frequency noise levels in cavities
was very good [14–17].

2.3. Semiconductor laser cavity

In semiconductor lasers, the geometry involved is a very
small beam directed to a reflective substrate (or thicker coatings)
through a transmissive substrate (Fig. 1(b)). Thus we consider the
thermal noise inside the substrate with the following expression,
by assuming the two substrates have same mechanical proper-
ties, by treating the system as infinite space, and by neglecting
other effects that alter the resonance condition, such as detuning
(difference between the Bragg reflection peak and the lasing wave-
length),

√
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The factor difference in the mirror term, (1−σ 2) and (3−4σ)(1+
σ)/(1 − σ)/8, comes from the difference in the Green’s tensors
for the equations of equilibrium of infinite-half and infinite spaces
[18]. (The rest of the factor in this term can be derived in the
same manner as in [7,19].) In semiconductor lasers, both the small
beam radius w0 and the short cavity length L will enhance the
thermal noise. Since the spacer contribution is not dependent on
the factors w0 and L, the internal fluctuation is expected to have
larger contribution to the frequency noise.

3. Estimation of thermal noise level

3.1. Calculation method and common assumptions

We now apply the formalism to evaluate thermal noise in
specific semiconductor lasers. As typical values, we adopt λ =
1550 nm and T = 300 K. For semiconductor materials we use
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