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Abstract—We present a numerical study of the effects of carrier coordinates can be written as [10]
diffusion and spatial hole-burning on the noise characteristics
of vertical-cavity surface-emitting lasers (VCSEL'’s) under both dE; 1

single-mode and multimode operations. In the case of single- d 5{(1 —i@)Gi(t) — v B + Fi(t), 1)
mode operation, VCSEL noise characteristics are similar to those IN J(r.¢) N

of edge-emitting lasers except for a diffusion-induced damping - :DV%N + 7. _ . _ BN?

of relaxation oscillations. Under multimode operation, VCSEL'’s ot qd Te

exhibit low-frequency noise enhancement due to mode partition. 1 &

However, depending on the spatial distributions of the transverse - = Z Giocal|[Ei (B[4 (r, )| (2)
modes excited, the mode-partition noise characteristics can be d im1

quite different.
Index Terms—Diffusion processes, laser modes, laser noise,WherEE?(t) I.S the a.mplltude of theth tra.nsverse dee with
semiconductor device noise, surface-emitting lasers. the spatial distributiony;(r, ¢), N(r, ¢,t) is the carrier den-
sity, « is the linewidth enhancement factor, a6¢l(t) and~;
. . . are the gain and cavity loss for tiih mode. The modal fields
ERTICAL-CAVITY surface-emitting lasers (VCSEL'S) ,, .. 4) are obtained for the passive index-guided structure
have been studied extensively over the past few yeaJ3y 5re assumed to remain unaffected by the relatively small
because of their useful characteristics such as a low thresholgie;_jensity variations. The effect of spontaneous emission
current, smgle—longnudmal-modg_ operation, _cwcular outpt ircluded by the Langevin noisé (¢). In (2), 7. is the carrier
beam, and wafer-scale integrability [1], [2]. Since VCSEL'§tetime due to nonradiative recombinatioB, is the diffusion
are attractive as compact light sources for applications Wyeicient, B is the spontaneous recombination coefficieht,
optical communications and interconnects, it is important {9 o thickness of the active layer, aidr, ¢) is the injection
have a thorough undergtanding of 'Fheir noisg char_acteri.s,tiefjrrent density. The local gaihica = 7a0vg(N _ Ny is
Indeed, extensive experimental studies of the 'ntens'ty'no',sedgsumed to be linearly proportional to the local carrier density
VCSEL'’s have been performed [3]-[6]. However, theoreuca}{,(T ¢, 1), where Ny is the carrier density at transparenay,
modeling of VCSEL noise have used numerical models which ’ge{in cross section, ang is the group velocity. The

neglect spatial effe(_:ts [7]: [8]. Since_ VCSEL'’s have relative%odal gainG;(t) for each mode in (1) is obtained by taking
Iarg_e transverse d'me”S'O”S' spatial effe(,:ts are eXpeCteqtéoaccount the spatial overlap between the local-gain profile
be important, especially because VCSEL's often operate g ine spatial intensity distributide;(r, ¢)?| of that mode.
several transverse modes at h|gh_—|njectlon currents [2]. It haSEquations (1) and (2) are solved numerically by using a
been shown that VCSEL's exhibit dynamic and static Chafyiio_jifference method with a temporal and spatial resolution
acteristics significantly different from those of edge-emﬂtmgf 0.1 ps and 0.1um, respectively. The intensity-noise and
lasers because of spatial hole-burning [9]. Such spatial effegis,,ency noise characteristics are calculated numerically by
are also expected to affect the VCSEL noise, but have n@fe 4 qing over 30 trajectories, each of duration 26 ns, resulting
yet been stud!e_d. In t.hIS letter, we investigate numerically , 1asolution of 38 MHz over a 20-GHz frequency range. An
the mode-partition noise (MPN) of a VCSEL under twoy,qey ojided VCSEL with cylindrical geometry (index guid-
mode operation. The relative intensity noise (R_IN) and tnﬁ? over 4um radius) is considered. The active region consists
frequency-noise spectrum (FNS) are studied uisng a mogehy, oo 8. nm quantum wells. Relevant device parameters are
which includes the spatial dependence of both the optical fig gted in Table I.

and the garri(re]r d(:]nsity. i | We first consider the case in which the VCSEL operates
Assuming that the VCSEL can operate in several transvegge, single transverse mode. This behavior can be realized by

modes simultaneously, the rate equations in the cylindriqaling 5 disc contact of 2m radius such that current is injected
only over a small central part of the VCSE top surface. The

LPg; mode is then preferentially excited. The RIN and FNS are
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TABLE |
DEeviCE PARAMETERS USED IN SiMu

LATIONS

Cavity length L.

Active-region thickness (3 QWs)
Radius of device

Radius of index-guiding region
Diffusion constant D

Nonradiative recombination time 7,
Bimolecular recombination coefficient B
Refractive indices n,, ny
Wavelength A

Gain cross-section ag

Group velocity v,

Carrier density at transparency Nr

2 ym

3 x 8 nm

10 pm

4 pm

30 cm?/s

5ns

1 x 10710 cm?/s
3.4, 3.5

0.875 pm

2.0 x 107'¢ ¢m?
8.8 x 10° cm/s
2.2 x 10'® cm~3

Linewidth enhancement factor o 3.0
Mirror reflectivities B, Ry 0.995
Internal loss apns 20 cm™!
Longitudinal confinement factor I 0.012
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Fig. 1. Radial intensity profiles of the kP (solid), LP;; (dashed) and LR

(dotted—dashed) transverse modes.

beneficial effects in VCSEL's.

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 9, NO. 4, APRIL 1997

RIN (dB/Hz)

RIN (dB/Hz)

-110
120 |
-130

-140 |

-100
110 b
-120
-130 |
-140 |

-150
0

2 4 6 8 10
Frequency (GHz)

(@)

2 4 6 8 10
Frequency (GHz)

(b)

Fig. 2. RIN characteristics for a ring contact with injection current set at
(a) two and (b) three times above threshold. Solid, dashed and dot-dashed
traces correspond to noise for the total power, theL.Rnd LR transverse
modes, respectively.

modes due to carrier competition [10]. Indeed, MPN has been
experimentally observed in both VCSEL’s and edge-emitting
lasers [4]-[6]. In the case of VCSEL's, transverse effects such
as carrier diffusion and spatial hole-burning can affect the
MPN dramatically, as will become clear in what follows.

Consider first the impact of the relative powers in each mode
on MPN. Since the spatial distributions of the ,LRand LR

5 in the peak height because of carrier diffusion, indicating itgodes overlap significantly, as the current is increased, one
mode becomes dominant while the other mode is suppressed

We now focus on mode-partition noise by considering théue to carrier competition induced by spatial hole-burning [9].

case in which the VCSEL operates in two transverse modelg. 2(b) shows the RIN spectra under conditions identical
simultaneously. To investigate the effects of different tran# those of Fig. 2(a) except at three times above threshold,
verse modes, two different contact geometries are considereerresponding to powers of 0.1 and 2.7 mW in the L Bnd
a 4um radius disc contact which excites theg Rand LR;  LP2; modes, respectively. The dominant 4;Pmode exhibits
modes, and a ring contact of inner and outer radii of 1.8 angise enhancement over a smaller frequency range (0-1 GHz).
2.8 um, which excites the LR and LP; modes. Fig. 1 shows To further investigate the effect of spatial hole-burning, the
the radial intensity profiles for the three modes. RIN spectra for the case of a disc contact.f#-radius) are
The smoothed version of the RIN spectra shown in Fig. 2(apown in Fig. 3. The current is two times above threshold
for the case of a ring contact correspond to 8-mA currefor the LR;; mode and the mode powers are nearly equal
(two times above threshold for the P mode), for which (about 0.7 mW). The low-frequency enhancement of RIN for
the powers in the LR and LR; modes are 0.3 and 0.8individual modes is reduced by a factor of 10 compared with
mW, respectively. Clearly, power fluctuations in individuathe case shown in Fig. 2(a), even through the VCSEL operates
transverse modes are larger by up to a factor of 100 (20-idB two modes in both cases. The same device parameters
enhancement) than those of the total power for frequenci® used, except for a disc contact which excites thg LP
up to 4 GHz. This enhancement is known as MPN, and isaad LR; modes while the ring contact excites the;LRand
consequence of anticorrelated power fluctuations of individulaP»; modes. These results can be understood from the mode
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a single hole is burnt in the case of Fig. 3. As a result, carrier
diffusion is much more effective in filling the spatial holes
(and therefore reducing mode competition) in the case of a
disc contact. For a diffusion constant of 30%fs and a carrier
recombination time of = 3 ns, the effective diffusion rate is
estimated to be about 2—-3 GHz. Therefore, RIN enhancement
is reduced due to diffusion effects for frequencies below 2
GHz, but not in the frequency range 2—-4 GHz, resulting in
a shallow peak near 2 GHz. The inclusion of nonlinear gain
reduces the peak values in Figs. 2 and 3 by about 2 dB, but
the qualitative behavior remains unaffected.

In conclusion, we have investigated the effects of different
transverse modes on mode-partition noise in VCSEL's by
using different contact geometries. For a ring contact, MPN
similar to that of edge-emitting lasers is observed. In contrast,
for a wide disc contact, MPN is significantly reduced because
Fig. 3. RIN characteristics for a gm-radius disc contact with injection of reduced carrier competition, resulting from a smaller spatial

current set at two times above the threshold. Solid, dashed and dotted-da%\(;g”ap of the two transverse modes excited
traces correspond to noise for the total power, the;LRnd the LR; ’

transverse modes, respectively.
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