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Abstract—We investigate second and third order harmonics
fused interfaces

in the analog modulation response of InP—GaAs fused 1.56m

vertical-cavity lasers (VCLs). These devices exhibit the lowest p-contact oxide
threshold current as well as the highest temperature of contin-

h . InGaAsP
uous-wave operation of any electrically pumped long wavelength MQW \

dominated by electron—photon interaction, and it is close to the
distortion measured with in-plane lasers. At low frequencies,
distortions seem to be dominated by carrier transport effects. At
1 GHz modulation frequency, we measure a maximum spur-free
dynamic range of 64 dB HZ/2 for second-order harmonic

VCL. Near the resonance frequency, harmonic distortion is
\ n-contact

distortion and 81-dB Hz2/2 for third-order harmonic distortion. GaAs/AlAs DBR (undoped)
Index Terms—Harmonic distortion, optical fiber communica-

tion, optical modulation, semiconductor lasers, surface-emitting GaAs substrate (undoped)

lasers.

Fig. 1. Schematic view of our 1.55m vertical-cavity laser.
|. INTRODUCTION

ONG-WAVELENGTH vertical-cavity lasers (VCLs)  020¢ 3°

operating at 1.3-m or 1.5hm wavelength are poten- ]
tially low cost light sources for optical communication anc
transmission systems. Direct analog laser modulation is
interest with applications like cable television, base staticg’
links for mobile communication, and antenna remoting. Las& t
performance requirements include high slope efficiency, log ®'°f
noise, and high linearity to achieve a large dynamic rang%
Currently, in-plane distributed-feedback (DFB) lasers an§> 0.05
mainly used in single-mode analog applications. Howeve
DFB lasers suffer from nonlinear distortions that severel
restrict the dynamic range. Distortions in DFB lasers are ofte
related to longitudinal hole-burning effects. VCLs are fre
from longitudinal hole burning and promise lower distortion Current [mA]
In this letter, we investigate second and third order harmonic _ o
distortion, i.e., additional output signals at double and triple tifé: 2. Light-currentL — I) and voltage—currenti{ — I) characteristics
. . . measured®, is differential resistance ang; is slope efficiency).
input modulation frequency, respectively.

Fig. 1 shows our top-emitting VCL. The strained In-

GaAsP/InP multiqguantum well (MQW) active region issandwiched between two AlGaAs-GaAs distributed Bragg
reflectors (DBRs). The first AlGaAs layer of the p-doped top

. . ) ) DBR is laterally oxidized for optical and electrical confine-
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For our analog modulation measurements, the devices a
packaged using 25-mil-thick quartz with coplanar structure fo
microwave propagation. Short ribbon bonds connect the VCI
to the package. The microwave signals are generated by a }
8340B-synthesized sweeper with a frequency range from 0.1 g
26.5 GHz. The microwave signal and the dc current are corg
nected to the laser via a bias tee. A 6 dB attenuator is placed afl g
the signal generator output to reduce signal reflections from th &
laser. The laser light is coupled into a single-mode fiber throug 5
a Thor-Lab lens (numerical aperture 0.6). The fiber output is fe <
into a HP 70810A spectrum analyzer to characterize the anal©
signal received from the VCL.

Fig. 3 shows the ac output power versus modulation fre
guency f for the fundamental signal, the second-harmonic -100
distortion (2HD), and the third harmonic distortion (3HD),
respectively. The dc injection current Is= 2.5 mA and the
current modulation depth is: = 0.01. The measured funda- Fig. 3. Fundamental modulation response and harmonic distortions versus

mental signalP; ( f) is analyzed using the response function [Zhodulation frequency with 2.5-mA dc input current and 0.01 current
modulation depth (dots: measurements; lines: calculation).

Modulation Frequency f [GHz]

2
PO __IMDE
Pi(0) 1+ (f/fe)? log (Modulation Depth)
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(f2—7F224(vf/2m)2  1+(f/f.)? 1 ; 3 harmonic distortion (3f, slope=3)
-20+ 2" harmonic distortion (2f, slope=2)

The fit results in the electron—photon resonance frequ¢ney 1 fundamental signal (f, slope=1)
1.7 GHz, the damping constant= 2.3 GHz, and the cut-off 0 SFDR (30 = 81 dB HZ™ \

frequencyf. = 0.5 GHz. Parasitic effects are responsible forg s
the low cutoff frequency, which we mainly attribute to the ca-2 1
pacitance of the contact pad. We calculate 2HD and 3HD usin% -804
formulas from a perturbation analysis of the small-signal ratn% 100 .

SFDR (2f) = 64 dB Hz'"”

equations [3] and including parasitic effects 3 20 ) b 10 |og(Af)f
i L
M(f)? ? ‘ i -
(f) — m| | |M(2f)| i (2) 1404 \ noise floor (Af=50Hz) |
P1(0) VI+(@2f/f)? Ir 1 noise floor (Af=1Hz) 1
-160 T 1 - T y T
P(f)|  15mAM(f)? -100 -80 -60 -40 20 0
[MEHIM G Input Power [dBm]
PO |~ 1T G712 P
4 2 Fig. 4. Measured ac output power at different frequencie2f, 3f) versus
f 1(0f
2 + == (3) ac input power and modulation depth (dc current 4 mA, modulation frequency 1
Ir fr GHz). Lines illustrate the extraction of the spurious-free dynamic range SFDR

for second- and third-order harmonic distortion.

The optical modulation depth is given by x | M (f)|. The cal-

culated distortion curves in Fig. 3 are in good agreement withHigher order harmonics are not desirable in most applica-
the measurement. This suggests that harmonic distortions in ians. The strong distortion range shown in Fig. 3 should be
VCLs are close to those in typical in-plane lasers [3]. In gemroved to frequencies well above the application frequency by
eral, distortions near the resonance frequency are governedrnyeasing the injection curreiit The resonance frequency in-
stimulated recombination within the quantum wells (dynamicreases ag? = (I — I,;,) with I, giving the threshold cur-

or intrinsic distortion). Static distortion caused by the nonlirrent. We measuré = 13.5 GHZ/mA, which is substantially
earity of theL — I characteristic is less important in this fre-higher than with in-plane lasers due to the lower active volume
quency range. Both the higher order harmonics in Fig. 3 eaf VCLs. Raising our dc current to 4 mA moves the resonance
hibit multiple peaks. The common peak f&tis caused by the frequency tof,. = 5 GHz so that typical analog modulation fre-
general enhancement of the output spectrum at electron—phagoencies up to 1 GHz are less affected by intrinsic distortion.
resonance. Additional peaks occurfaf2 andj../3 input fre- For this case, Fig. 4 shows the ac output power at all three fre-
quency, respectively, when 2HD and 3HD match the resonarqugencies as function of modulation depth and ac input power.
frequency. In the case of the 3HD signal, the peak,@B8 is The 2HD and 3HD signals, respectively, vary as the square and
combined with another peak t/2 from the 2HD resonance. the cube of the ac input power. The maximum dynamic range of
With frequencies well beloy ,. /3, the intrinsic distortion drops the fundamental signal is obtained when the distortion signal is
by 40 dB/decade for both the distortion signals [4]. equal to the noise floor. It is 53 dB and 68 dB for 2HD and 3HD,
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70¢ within the valence band [7]. Holes need to cross this barrier
o5k "\\\" by thermionic emission or tunneling. Thus, hole injection im-
68dB proves with higher temperature but lateral current spreading at
_ sok this barrier causes a significant part of the injection current to be
g lost. All these transport effects change with the current injection
g s5f level, and they seem to dominate the static harmonic distortion
§ [ e T in our present devices.
o S0 53dB Directly comparable measurements on in-plane lasers are
E f hard to find in the literature. At 1-GHz modulation frequency,
5 4F 2HD measurements on 1;3n DFB lasers gave static dis-
wk —v—3rd harmornic distortion tortion of about—40 dB form = 0.1 modulation depth [8].
! —#—2nd harmonic distortion From Fig. 4, we extract the same distortion for our VCLs.
Y- P T A T T S S With DFB lasers, low distortion is often achieved only at
20 25 3.0 3.5 4.0 45 5.0 55  discrete frequencies or bias points when different nonlinear
Current | [mA)] mechanisms cancel each other [9]. With further improvements

_ ' _ of our 1.55pzm VCLs, in particular of the fused GaAs-InP
Fig. 5. Dynamic range (not SFDR) at 1-GHz modulation frequency fqhterface, we expect to accomplish low distortion over a wider
different input currents (as extracted from measurements like in Fig. 4). frequency and bias range

I{] summary, we have performed the first experimental anal-
en . o L
Sis of second and third order harmonic distortion in long wave-
. . ength VCLs. Both intrinsic and static distortion levels mea-
IS given corr ndin = 1 Hz. For 2HD and 3HD, re- . . L L
s given corresponding ta f 0 and 3HD, re sured are similar to results on in-plane lasers. Static distortion in

spectively, we find SDFR- 64 dB H2/* and 81 dB HZ2/* (Fig. our devices seems to be dominated by carrier transport effects
4). The measured noise level is typical for VCLs. However, it iS y P '

higher than for typical DFB lasers. The reasons are not yet fully
understood in our case. In general, the relative intensity noise of ACKNOWLEDGMENT
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