
arms of thc structure by 200pm, corresponding to s-bend radii 
of -60 nun. For these initial expcriments two 8 mm-long planar 
Bragg gratings with periods of 532 and 532.4nm, respectively, 
were incorporated into the two arms of each device, resulting in 
dual-peak spectral responses typical of that shown in Fig. 3. From 
the graph the distinction between the two grating reflection responses is 
clear, and fuhlre work will be aimed at integrating such gratings into 
larger optical systems. 

from our unique use of a micron-order circular writing spot with an 
inhcrent interference pattem. Using these processes, we h a w  demon- 
strated single-step integration ofplanar Bragg gratings into 2D Mach- 
Zender structures and an 180 nm-wide grating detuning response 
encompassing the S-, C-, and L-wavelength bands, a result achieved 
entirely through software control. Based on these early results it is 
hoped that further OptimiSatiOn of channel waveguide and Brags 
grating characteristics will lead to highly efficient integrated optical 
devices far use in wavelength-selecti\,e planar systems. 

1549.0 1549.5 1550.0 1550.5 1551.0 1551.5 
A. nm 

Fig. 3 Rrfiection spectra for 2D Much-Zmder chonnel wmegepaide 
strucnire 

Grating detuning: With the absolute period of our small-spot inter- 
ference pattem detined by the refractive index ofthe host material and 
intersection angle of the two focused beams, the praccrs of centre- 
wavelength detuning [2] was applied to allow gratings of different 
periods to bc detined via computer-controlled modulation of the 
writing beam, with no alteration to our optical arrangement. In this 
dehlning process, each stepped cxposure ofthe writing spot is slightly 
offset from the period o f  the original interference pattern by a 
predetermined amount, allowing a sclectively different Bragg grating 
pcriod to be defincd in the photosensitive material. While this 
flexibility comes at an overall loss of grating contrast, an important 
feature for OUT direct grating writing process is that the effective 
wavelength range attainable by dctuning is inversely proportional to 
the number of interfcrence fringes present in the writing spot. In our 
system a spot diameter o f  4 pm with a 532 nm period interference 
panem rCSUlts in apprOX~maICly eight interference fringes written per 
exposure. Compared to phase-maskbased schemes, which gcncrally 
rely on repeated exposures of hundreds of interference fringes, this 
entremcly small writing spot allows a much greater range of detuning 
from the nativc interference pattern than traditionally possible. This 
effect is dramatically dcmonstrated in the graph of Fig. 4, where an 
effective dehming range o f  -180 nm, encompassing the full S-, C-, 
and L - u ~ & ~ i g t h  bands, is shown. 

16301 + 

$ 1590 l G I 0 l  L-band 
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+ 
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490 51 0 530 550 570 
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Fig. 4 Dvrnonmaiion vfgroring drtirrring "m S-. C-, ond L-wavelengrh 
hurids 

Concluriun: We have presented two refinements to our recently 
reported direct grating writing process, each specifically derived 
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High-speed modulation of 850 nm 
InGaAsP/lnGaP strain-compensated 
VCSELs 

H.C. Kuo, Y.S. Chang, F.Y. Lai, T.H. Hsueh, L.H. Laih and 
S.C. Wang 

High performance 850 nm lnCaArP/lnCaP strain-compensated vcrti- 
cal cavity surface emitting lasers (VCSELs) are demonstrated with 
supetiar output charactetistics and moduivlion bandwidths up to 
12.5 Gbit/s from 25 to 85'C. 

Introduction: 850 nm vertical surface emitting lasers (VCSELs) have 
become a standard technology for application in local area networks 
(LANs) from 1.25 to IOGbit/s [I-41. The main advantages of 
VCSELs are the low threshold current, low divergent angle, and 
circular beam, which lead to simpler packaging and low Clectrical 
power consumption. The surface emission from the VCSELs also 
makes easy the two-dimensional array integration and allows wafer- 
lwei resting, in turn leading to low fabrication cost. The use a f a n  Al- 
free InGaAsP-bascd active rcgion is an attractive alternative to the 
conventional (AI)GaAs active region for IR VCSELs; while edge 
emitting diode lasers with AI-frce active rcgions have demonstrated 
performance and reliability surpassing AIGaAr-active devices [SI. In 
addition, theoretical calculations have predicted a lower transparency 
current density, high differential gain and better temperature perfor- 
mance in InGaAsP-~tmin active VCSELs compared to lattice-matchcd 
GaAs quanhlm well active devices [GI. Thesc parameters are very 
important in high-specd and high-temperature applications becausc 
the relaxation resonancc frequency of the laser depends on the square 
root of the differential gain as well as the difference of operation 
current and threshold current [4]. The use of tensile-strained barriers 
(InGaP) can providc strain compensation and reduce active region 
carrier leakage. AI-frcc materials are significantly less reactive to 
oxide level, which compared to AlGaAs materials makes thcm ideal 
for reliable manufacture [5]. Proton-implanted VCSELs using strain 
lno,,8Gao R2Aso,nPo active-region has demonstrated good perfor- 
mance [7]. In this Letter, we deinonstratc the high-speed and high- 
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temperature operation of 850 nm oxide-confined VCSELs utilising 
In, laGao,s2Aso 8Po.i/lno rGau.hP strain-compensated SC-MQWs. 

modulation frequency response is measured -13 (14.5) GHz. 14.5 GHr 
at 2 5 T ,  is suitable for 12.5 Gbit/s operation. 

Strttctitre: The VCSEL shown in Fig. 1 consists of an n-type 35- 
period AI,~,,iGaAs/Alo,,Gau,,As distributed Bragp reflector (DBR) 
grown on a semi-insulating GaAs (100) substrate by a Aixtron 
240063 metal organic chcmical vapour deposition (MOCVD) with 
growth temperamre equal to 750°C. A three-quantum well active 
region Ino 18Gao ,x2As~ , ,P0 ,2 / In~ , lG~ ,~P  (80 AI100 A) and cladding 
layer (total 11. thickness) was then grown, followed by the growih of 
22-pcriod Alo.i5GaAs/Alo.qGa. ,Asp-type mirrors and a I;. thickness 
of currcnt spreading layer and thin GaAs contacting layer. The 
quantum well region growth tempemhlre was set to 650°C. The 
gain peak=835 n m  was determined by photoluminescence of an 
angle-etched sample while the FP-dip=842 nm was detcrmined by 
reflection measurement. The VCSELs were fabricated utilising the 
high-speed VCSEL processing to minimise capacitance while keeping 
reasonably low resistance [3]. The VCSEL has a 5 vm diameter 
emitting aperture defined by lateral oxidation and Ti/Pt/Au, 
AuGe/Ni/Au for p contact and n-metal, respectively. 

palymide bridge , p-contact 

I SI-GaAs substrate I 
Fig. I Schenmic diagram of cross-section of high-speed VCSEL st~uchlre 

Results: Fig. 2 shows the typical SC-MQWr InGaAsP/lnGaP 
VCSEL light output and voltage against current (L-V)  curves over 
temperaturc. These VCSELs exhibit kink-free current-light output 
performance with threshold currents -0.4 mA, and the slope efficien- 
cies -0.5 mW/mA. The threshold current change with temperamre is 
<0 .2mA and the slope efficiency drops to i - 2 5 %  when the 
substrate temperature is raised from 25 to 90°C. This is superior to 
the AIGaAs/GaAs VCSEL with similar size [4]. The resistance ofour  
VCSELs is -95 R a n d  capacitance is -0.1 pF. AS a result, the devices 
are limited by the parasitics to a frequency response of = I 5  GHz. 

." 
0 2 4 6 6 10 12 14 16 18 

frequency, GHz 

Fig. 3 Smnll-signol modulation responses sf 5 pm diameter VCSEL ut 
differem hior C L I I I ~ ~ I  l e w l . ~  

a 

b 

0 2 4 6 8 10 
current, mA 

Fig. 2 SC~MQWs InCnAsPllnGaP VCSEL light output and voltage 
against current (L-v) curves over temperature 

The small signal response of VCSELs against bias current was 
measured using a calibrated vector network analyser (Agilent 8720) 
with on-wafer probing and 50 pm multimode optical fibre connected at 
a New Focus 25 GHz photodetector. Fig. 3 shows the smoothed small- 
signal modulation responses of a 5 um VCSEL at different bias current 
levels. Thc modulation frequency is increased with increasing the bias 
current. With only 3'mA (5 mA) of bias current, the maximum 3 dB 

ELECTR( 
(I 

1052 

Fig. 4 Eye diagrams of our VCSEL data up to 12.5 Gbitjs and 6dB 
extinction ratio 

a Room temperarum eyc diagram 
b 85'C cye diagram 
Scale shown in Fig. is I5 ps/div 

To measure the high-speed VCSEL under large signal modulation, 
microwave and lightwave probes were used in conjunction with a 
12.5 Gbit/a pattem generator and a 12 GHz photoreceiver. The eye 
diagrams were taken for back-to-back (BTB) transmission on an SC- 
MQWs InGaAsP/lnGaP VCSEL. As shown in Fig. 4a the room 
temperature eye diagram of our VCSEL biased at 4 mA with data up 
to 12.5 Gbit/s and 6 dB extinction ratio has a clear open eye pattem 
indicating good performance of the VCSELs. The rise time Tr is 28 ps 
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and fall time Tf is 44 ps with jiner @-p)=20ps.  The VCSELs also 
show supenor performance at high temperature. Fig. 46 demonstrates 
the high-speed performance of our VCSEL (biased at 5 mA) with 
reasonable open eye diagrams at 12.5 Gbit/s and 6 dB extinction ratio 
at 85°C. This further confirms the supenor performance of our VCSEL. 

Conclusion: We successfully utilise SC-lnGaAsP/lnGaP MQWs for 
fabrication of 8 5 0  nm VCSELr with high performance. The VCSELs 
show very low threshold current, good temperature performance, and 
high modulation response up to 12.5 Gbit/s from 25 to 85°C. 
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Optimised device processing for 
continuous-wave operation in GaAs-based 
quantum cascade lasers 

H. Page, S. Dhillon, M. Calligaro, V Ortiz and C. Sirtori 

A significant improvement in the maximum continuous-rave 
operating temperamre of GaAs-based quanNm cascade laseis, 
T,,,,, = 140 K. is reported. This has been achieved through optimised 
device proccssing that significantly rcduces the total power consump- 
tion of the device and hence its self-heating. 

Quantum cascade (QC) lasers are high performance light sourccs 
with a very wide emission range ( 3 . 4 ~ m < I < 8 0 v m )  [I, 21, based 
on standard, well charactenbed semiconductor materials such as GaAs 

and 1°F Routine room temperature continuous-wave (CW) operation of 
these lasers is an important milestone for a host of applications and a 
current challenge for the wider dissemination of this technology. 
Although room temperature CW operation of InP-based QC I a s m  
has been demonstrated [3 ] ,  reproducing similar performance in GaAs 
QC devices remains a considerable prablcm. In this Letter we demon- 
strate CW operation of a mid-infrared GaAs-based QC laser up to 
K,,= 140 K, a substantial improvement on previously published 
results (Tmr,= 30 K) [4 ] ,  and an important stcp towards CW operation 
on electncally cooled elements (T-240  K). 

The devices presented in this Letter emit at i- I O  pm and are based 
on a GaAs/Alo,45Gao,55As hetemstructure. The design and typical 
perfarmancc charactcistics have been published elsewhere [5] .  This 
laser operates routinely at room temperature under low duty cycle 
pulsed operation (100 ns pulsc width at 5 kHr) where self-heating 
effects are negligible. However, under DC operation, considerable 
self-heating occurs that can prevent CW operation even at cryogenic 
temperarum The source of the self-heating is the large power require- 
ments of the  device. The power dissipated in the deviccs (currcnt xvol- 
xvoltage) depends on numerous factors. Abavc threshold, the voltage is 
typically &8 Y and is related to the number of periods and the emission 
wavclength. For lascrs with 36 pcriodi typical threshold current 
densities at 71  K are -3 kA/cm2. Haw'ever, the opcrating currcnt can 
be minimised, and hence the power requirements, by reducing the area 
of the laser stripe. Far lasers slripes of 2 mm x 20 Ltm, the power 
dissipation can be in the range of -7 to 10 W at 77 K. with a measured 
thermal resistaim af  -6.7 K / W  [6 ] .  Taking these characteristics we 
expect a 56 to 80 K temperature increase in the active region under 
continuous operation, well within the operating range of the device in 
pulsed mode (-300 K). Therefore CW operation in thcsc dcviccs 
should bc possible. However, CW operation has not been ahsewed 
above 30 K [4]  because at these power levels athcr effects, such as 
thermally induced stresses [ 3 ] ,  place a further constraint on the 
operation a f  thcsc dcviccs. As shown bclow, reducing the power 
requirements further does eventually lead to CW operation. 

a heatsink 

I I 

Fig. 1 Schentaiic represenlalion qf laxer Jbcer mosnred epilayer down on 
copper hearsink, and micrograph imoge oJstmcture 

U Schematic representation 6 Micrograph image 

A schematic representation of the laser is given in Fig. Io .  
FiW, 600 keV protons are implanted just above the level of the active 
region (dancd lines). These protons create a zone of dcfccts that 
compensates the local doping density, thereby rendering the m a t e d  
insulating in this region. Using a suitable mask, an opening of width, 
U: is lef t  unimplanted to define a current channel to the active region. 
Two semicircular trenches are wet chemically etched either side, 
and ccntred on the channel IO define the laser ndgr width D (D> w). 
Thc refractive index contrast offered by the semiconductor air interface 
at the walls of the ridge strongly confines the optical mode in the lateral 
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