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Linewidth of a Semiconductor Laser
Operating Near Threshold

Rongqing Hui, Nunzio Caponio, Sergio Benedetto, and Ivo Montrosset

Abstract—The linewidth of a single-mode semiconductor laser
operating in the threshold region has been studied both theoret-
ically and experimentally. Due to strong phase-amplitude cou-
pling in a semiconductor laser, its linewidth versus current
characteristics exhibits a local minimum below threshold and a
local maximum just above threshold. This implies a limitation
in the minimum optical bandwidth achievable in a resonant-type
semiconductor laser optical amplifier. The theoretical prediction
has been verified experimentally on a conventional DFB semi-
conductor laser.

INTRODUCTION

SEMICONDUCTOR lasers have been a subject of
great interest for more than a decade now. If a semi-
conductor laser operates below threshold as a resonant
optical amplifier, the noise bandwidth is determined by
the Schawlow—Townes formula [1]. On the other hand, if
a semiconductor laser operates above threshold, the spec-
tral linewidth follows the modified Schawlow—Townes for-
mula, in which the linewidth enhancement factor plays an
important role [2], [3]. The linewidth characteristic of gas
lasers has been calculated in the transition region from
below to above threshold [4]-[6], but to our knowledge
this has not been done yet for semiconductor lasers.
Recently, much attention has been paid to the resonant
semiconductor laser amplifier used as a narrowband opti-
cal filter [7]-[10]. In this application, a laser is usually
biased very near the threshold to achieve a narrow optical
bandwidth. Therefore, it is necessary to have a better
understanding of the laser linewidth behavior near thresh-
old, since a laser filter’s small-signal optical bandwidth is
proportional to its noise bandwidth [10], [11). In this
letter, we present a theoretical description of a single
mode semiconductor laser operating in the threshold re-
gion using the Fokker—Planck equation method [12]. The
theoretical result has then been verified experimentally on
a conventional distributed feedback (DFB) semiconductor
laser. Because of the strong phase-amplitude coupling, a
semiconductor laser has a different linewidth perfor-
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mance as compared with a gas laser where this coupling is
negligible. It is usually believed that the optical bandwidth
of a semiconductor laser amplifier is monotonically de-
creasing as its bias current approaches threshold [7]-[9].
From our analysis we will show, however, that this small-
signal bandwidth decrease with the injection current is not
monotonic. The minimum optical bandwidth has been
achieved at the bias current below the threshold point.
The value of the minimum optical bandwidth is deter-
mined by the spontaneous emission rate as well as the
linewidth enhancement factor.

II. THEORETICAL MODEL

It is commonly accepted that the performance of a
semiconductor laser can be well described by a set of
Langevin rate equations for the complex field E and the
carrier population N, respectively [2]:

AG;N) "

dN(t)/dt =1/qu— N/7, — G(N)P + Fy(t) (2)

where G(N) = Gy(N — N,) is the modal gain, G is the
differential gain, N, is the carrier population at trans-
parency, AG(N) = G(N) — q, is the gain margin, «, is
the loss coefficient, « is the linewidth enhancement fac-
tor, I is the injection current, P o |E|* is the photon
number, v is the cavity volume, 7, is the effective carrier
life time, and ¢ is the electron charge. Fy(¢) and F, (1)
are the Langevin forces for the field and the carrier
number, the latter can usually be omitted because the
shot noise contribution to the linewidth is negligible [2].
The Langevin force for the field satisfies the correlation
relation:

dE(t)/dt = (1+ia)E(t) + Fu(1)

(Fe()Fyx(u)) = R8(t — u) 3)

where & represents a delta function, R = B - BSPNZ/U is
the spontaneous emission rate, B is the radiative recom-
bination rate and By, is the spontancous emission factor
indicating the fraction of the spontaneously emitted pho-
tons that coupled into the laser mode. In the mean-field
approximation used in (1) and (2), the nonlinear gain and
the spatial-hole-burning effects have been omitted. This is
valid because in the low power condition, these contribu-
tions are negligible. Since in this letter we consider the
linewidth, which is related only to the low frequency part
of the field fluctuation, we can use the adiabatic approxi-
mation of the carrier population. This implies to assume
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that the population variation adiabatically follows the
instantaneous variation in the photon number. With this
approximation, (2) reduces to a simple form:

G = Gy(1 - P/F) (4)

where G, = GylIr,/(qv) — N,] is the small signal gain,
P, = (Gy1,)"! is the saturation photon number and in (4)
P < P, is assumed because in this analysis we are inter-
ested only in the laser behavior in the threshold region.
Substituting (4) into (1) the correlation function (E(t —
T)E"(1)) of the complex field can be calculated by the
Fokker—Planck equation technique [4]-{6]:

(E(t = )E' (1)) = (PYexp[—aA,7] 5

where a = [RG,/(8P)I'/? and A, is the complex eigen-
value with the lowest real part satisfying the nonhermitian
eigenvalue equation [3], [4]:

a1 1 1
{F - Zrﬁ + 5)(?’4 + (2 - sz)rz
v

3
Xt s fa(r? —x)} U, =—-AU (6

where x = (G, — ap)l2P,/(RG)I'/? is dependent on the
injection current. The linewidth is determined by

Av=aRe(Ay)/m (N

where Re (A ) represents the real part of A,.

Equation (6) is solved numerically and the linewidth
versus the injection current can be evaluated, the results
are shown in Fig. 1. The linewidths predicted by the
Schawlow—Townes formula (Av = R/Q2wP)) for below
threshold operation and by the modified Schawlow—
Townes formula (Av = R(1 + a?)/(47P)) for above
threshold operation are also presented in the same figure.
The average optical power P used in this figure is numeri-
cally computed using the stationary parts of (1) and (4).
The parameters used in the calculation to obtain Fig. 1
are: @ =6, B=10"m’s"', v=10""m’, B, =28 x
10°, Gy =5.6 X 10°s™1, N, =10%, and «, = 6.372 X
10" s7'. In the region well below threshold, where the
phase-amplitude coupling is negligible, the linewidth de-
creases with the injection current in accordings with the
Schawlow—Townes formula [1], [2]. As the threshold is
approached, the material gain is more and more restricted
to its threshold value and the phase-amplitude coupling
becomes more and more important. The linewidth changes
gradually from what is predicted by the Schawlow-Townes
formula to the modified Schawlow—-Townes formula [2]. In
Fig. 1, a local minimum of the linewidth is achieved at the
current I =~ 0.991 I; and then a local maximum is reached
with the injection current just above the operating thresh-
old. This local minimum sets a limitation on the minimum
optical bandwidth achievable in the resonant type semi-
conductor laser amplifier. This is in contrast to the con-
ventional concept that the narrower small-signal optical
bandwidth can be obtained by indefinitely approaching
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Fig. 1. Calculated spectral linewidth (solid line) with & = 6, and B, =

2.8 x 1075, The dashed line and the dotted line indicate the linewidths
predicted by the Schawlow-Townes formula and the modified
Schawlow-Townes formula, respectively.

the threshold point [6]-[8]. Increase in both « and the
spontaneous emission factor By, will enlarge the transi-
tion region and increase the local minimum and maximum
of the linewidth. The width of the transition region versus
the linewidth enhancement factor o« is shown in Fig. 2,
where the width of the transition region is defined by the
injection-current difference between the local minimum
and the local maximum of the linewidth. The linewidth
values at the local minimum and the local maximum
versus o are reported in Fig. 3. Quasi-linear relationships
have been found. When the value of « is less than 3, the
linewidth difference between the local minimum and the
local maximum disappears gradually and the linewidth
versus current curve tends to be monotonic. Since the
local minimum of the linewidth is equivalent to the mini-
mum small-signal optical bandwidth achievable in a semi-
conductor laser amplifier, this means that a semiconduc-
tor laser with low linewidth enhancement factor and low
spontaneous emission factor is preferable in narrowband
optical filter applications, e.g., a laser with quantum-well
structure.

[I1. EXPERIMENT

In order to verify the theoretical prediction, the
linewidth of a DFB-BH semiconductor laser has been
measured using the standard heterodyne technique. An-
other DFB-BH laser biased at three times that of the
threshold current was used as the local oscillator with the
linewidth less than 20 MHz. Both lasers were temperature
and current stabilized and each of them was optically
isolated (by more than 70 dB) with a Faraday optical
isolator. A p-i-n photodiode and a microwave spectrum
analyzer were used to monitor the heterodyne IF spec-
trum and to evaluate the laser linewidth. A monochroma-
tor is used to see the mode structure and to evaluate the
linewidth of the laser operating well below threshold. The
threshold current of the test laser was 21.9 mA. The
measured spectral linewidth versus the normalized injec-
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Fig. 2. Width of the transition region versus the linewidth enhance-
ment factor « for different values of spontaneous emission factor
By, =@ 28X 107 (b) 5.6 X 1077, (c) 1.12 X 107, and (d) 1.68 x
1077,
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Fig. 3. Local minimum linewidth (solid lines) and local maximum
linewidth (dashed lines) versus the linewidth enhancement a for differ-
ent values of spontaneous emission factor B, = (black circles) 2.8 X
107, (black rectangles) 5.6 X 107, (white circles) 1.12 X 10~* and
(white rectangles) 1.68 X 10~*.

tion current is shown in Fig. 4. In comparing Fig. 4 with
Fig. 1, qualitative agreement is evident. The minimum
linewidth was obtained at 98.6% of the threshold current
as shown in Fig. 4.

IV. CoNCLUSION

The linewidth of a single mode semiconductor laser
operating in the threshold region has been studied both
theoretically and experimentally. Due to the strong
phase-amplitude coupling in semiconductor lasers, the
linewidth decreasing with the injection current is not
monotonic in the threshold region. The local minimum
just below threshold sets a limitation in the minimum
optical bandwidth achievable in the semiconductor laser
narrow-band optical filter application. Lasers with low
linewidth enhancement factor and low spontaneous emis-

843
6
5
5
g 4
:
3
z
3 2
%]
1
0
004 0.02 0 0.02 0.04 0.06 0.08

Normalized injection current (1 /1, -1)

Fig. 4. Measured spectral linewidth versus the normalized injection
current for a conventional single-mode DFB-BH semiconductor laser.

sion factor are found to be suitable for narrow-band
optical filter applications.
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