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Transverse-mode & polarization 
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We report on the transverse mode and polarization characteristics of a novel 1.52 gm 
vertical-cavity laser that utilizes an InGaAsP strain-compensated quantum-well active layer 
and two AIAs/GaAs quarter-wave mirrors. The 6 and 8 l~m diameter devices exhibit room- 
temperature pulsed threshold currents as low as 4 mA, and a maximum output power of 

14 mW was measured on a 60 gm diameter device. 

L ong-wavelength vertical-cavity 
lasers are potentially integrable 
low-cost sources for optical 

communication systems. The practi- 
cal choice for 1.3 lma and 1.55 gm 
emitt ing/absorbing material is the 
qua t e rna ry  InGaAsP alloy la t t ice  
matched to InP. The difficulty in 
using this material system lies in the 
relatively small refractive index va- 
lues that can be achieved by varying 
the InGaAsP composition. A large 
refractive index ratio is essential for 
the realization of high ref lect ion 
coefficients in practical distributed 
Bragg reflectors. Furthermore,  the 
thermal conductivity of quaternary 
alloy is an order  of magnitude lower 
than that of InP. To address these 
issues we have proposed [1] and 
demonst ra ted  [2] long-wavelength 
vertical-cavity lasers (VCLs) using 
AIAs/GaAs mirrors and InGaAsP ac- 
tive layers bonded by wafer fusion 
[3]. Using this method, substrates of 
vastly different lattice constants can 
be bonded to produce  an optically 
t ransparent  junct ion that is bo th  
electrically and thermally conductive 
[4]. Wafer fusion opens great possi- 
bilities for realization of novel optoe- 
lectronic devices that utilize InGaAsP 
and GaAIAs materials in a single 
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Figure 1. 
Double-fused 
vertical-cavity 
laser structure. 
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structure. Recently, we reported a 
new long-wavelength VCI structure 
that uses two AIAs/GaAs quarter- 
wave mirrors and an InGaAsP strain- 
compensa ted  quantum-well  active 

Ltd. Page 36 Vol 9 No 2 

region [5]. These devices were  fabri- 
cated by two wafer fusion steps and 
exhibited record values for pulsed 
threshold current  at room tempera- 
ture. In this paper, we report  on 
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devices that have similar mirrors and 
active layer s tructure but were  fabri- 
cated using improved reactive ion 
etching. This process improvement  
has resulted in a threefold reduct ion 
in the lowest  threshold current  value: 
4 mA pulsed al room-temperature .  
Furthermore,  we  show that, even 
though these lasers operate  in many 
transverse modes, the light output  is 
highly linearly polarized with  the 
electric field parallel to the [011] 
direction. Single mode  operat ion was 
observed on 6 and 8 ~tm diameter  
devices  in wh ich  the  deg ree  of  
polarization along the [011] ,axis was 
as high as 97%. 

The double-fused vertical-cavity la- 
ser structure, shown in Figure 1, uses 
two MBE-grown AIAs/GaAs quarter- 
wave mirrors fused to an MOCVD 
grown InGaAsP active region. The 
bo t tom reflector is a Si-doped 25- 
period GaAs/AIAs mirror  designed for 
99.8% reflectivity, while the top is a 
Be-doped 24-period GaAs/AIAs mir- 
ror designed for 99.5% reflectivity. In 
order  to reduce the effects of absorp- 
tion in p-type Ga_&s and AlAs at long 
wavelengths, the p-mirror features a 
hybrid doping scheme: the 10 peri- 
ods closest to the cavity are doped  
3X1017 c m  .¢, while the rest of  the 
mirror is doped  lxl0~Scm 3. All the 
interfaces have been linearly graded 
over 18 nm and doped approximately 
live times the bulk doping. 

Recent studies have shown that 
strained quantum wells have higher 
optical gain and lower t ransparency 
than unstrained quantum wells [6], 
[7]. In order  to achieve the high gain 
needed in InP-based vertical-cavity 
lasers the number  of wells required 
exceeds  the number  of  strained wells 
that can be grown coherently. For 
this reason, strain compensa ted  In- 
GaAs / InGaAsP [8} quantum wells 
have been investigated for long-wa- 
velength vertical cavity laser applica- 
tions. In this laser we have used 
s t ra in -compensa ted  InGaAsP wells 
and barriers grown under  a constant 
As/P ratio [9]. MOCVD growth under  
the  cons tan t  As/P rat io has the  
advantage of minimizing the Group 
V element  interdiffusion during the 
g rowth  and the subsequen t  high 
tempera ture  processing (wafer fu- 
sion). The active layer of our dou- 
ble-fused laser consis ts  of  seven 
strained InGaAsP quantum wells (7 
nm and 1% compressive strain) with 

Figure 2. Finished double-fused vertical-cavity lasers.Ten different sizes between 6 and 
60 gm inclusive are shown. 

Figure 3: Threshold 
current as a function 
of the diameter for 
devices reported in 
this work compared 
to the device 
reported in Ref. [5]. 
The error bars 
indicate the largest 
and the lowest value 
measured, while the 
data point is the 
median of the 
measurements. 
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strain-compensating InGaAsP barriers 
(8 nm and 0.9% tensile strain). The 
fabrication process  involves two wa- 
fer fusion steps: the first step is the 
fusion of the n-type mirror to the InP 
active layer, and then after InP sub- 
strate removal, the p-type mirror  is 
fused to the other  side of the active 
layer. In order  to minimize Be diffu- 
sion, the p-type mirror  undergoes the 
high tempera ture  fusion step only 
once. Both fusion steps are per-  
formed at 630°C for 20 minutes in a 
hydrogen a tmosphere  [1-4]. The InP 

substrate was selectively removed  
using a mixture of  HCI:H20 down to 
an InGaAsP etch-stop layer, while the 
GaAs substrate was removed using 
NH4OH:H20z spray etching at pH 8.3 
[10]. The devices were  defined with 
circular p-type contacts  which  were  
used as a mask in C12 reactive ion 
etching. An SEM micrograph of fin- 
ished devices is shown in Figure 2. 

All ten laser sizes on the mask (6 to 
60 lam inclusive) operate  at room- 
tempera ture  under  pulsed conditions 
(50 ns / 25 kHz / 25'C).  The lasing 
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Figure a. Polarization-resolved light-current 
characteristics of a 36 gm diameter device. 
The associated near-field patterns are 
shown in Figure 5. 

wavelength is 1517 n m +  2 nm, 
depending on the location on the 
sample. The lowest threshold current 
of 4 mA was measured on several 6 
and 8 ktm devices. The highest pulsed 
output power  of 14 mW was mea- 
sured on a 60 gm device. The ex- 
ternal differential quantum efficiency 
Of devices with diameters larger than 
26 gm was approximately 2.5%, while 
for smaller devices it reduced to 
below 1%. The temperature depen- 
dence  of  the th resho ld  cu r r en t  
shows an exponent ia l  behaviour  
around room temperature with a 
characteristic temperature of To~ 
28 K. The voltage drop across the 
devices at threshold ranges from 12 V 
on the largest to 24 V on the smallest 
devices and is dominated by the 
p-AlAs/GaAs mirror heterojunction 
resistance. This high voltage drop 
can be significantly reduced with an 
improved mirror design. The uncer- 
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Figure 5. Polarization-resolved near-field pattern for the device with light-current 
characteristic shown in Figure a. (a) I ~ Ith, E_I_ [011], (b) I ~ Ith, Ell [011], (c) I ~ 1.8 Ith.E_l_ [011]. 
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tainty of our current and voltage 
measurements  is estimated to be 
+5%. 

Figure 3 shows the threshold cur- 
rent of 120 devices (measured in this 
work)  compared  to our previous 
result [5]. The largest and the lowest 
value of the threshold current mea- 
sured are shown with the upper and 
the lower ends of the error bars. The 
devices repor ted  in Ref. [5] had 
corrugated sidewalls resulting trom 
selective etching of GaAs over AlAs 
and roughness from interruptions 
during the etch. In this work, the 
e t ch ing  was u n i n t e r r u p t e d ,  the  
GaAs/AIAs selectivity was reduced 
by reducing the base pressure before 
the etch three times (down 17 ktPa), 
and the etched devices were kept in 
N 2 atmosphere to slow down AlAs 
oxidation. This improved etching 
scheme resulted in a threefold re- 
duc t ion  in the lowest  threshold  
current as well as the operation of 
smallest devices on the mask (down 
to 6 gm). The yield on this run was 
better than 95%: out of 125 devices 
of all diameters, 120 were found to 
laser. The difference between the 
threshold current data for devices in 
Ref. [5] and this run clearly indicates 
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that  the rough  sidewalls have a 
significant impact  on the cavity loss 
for small diameters, while for large 
devices both samples show that the 
best  broad-area threshold current  
density possible with this cavity is 
in the range 3-4 kA/cm. 2 Further 
improvement  of these values is ex- 
pec ted  with a be t ter  p-type AlAs/ 
GaAs mirror design. 

Multiple t ransverse-mode opera-  
tion was observed in the near-field 
patterns and the spectra of devices of 
"all sizes. Most of the 6 and 8 gm 
diameter  dcvices lased in a single 
transverse mode up to 3 or 4 times 
the threshold current. The output  
from all devices was highly polarized, 
even when  many transverse modes 
were  lasing. In all of the devices 
tested, the maximum intensity was 
polarized along the [Oll] direction 
(electric field parallel to the [011]). 

Figures 4 and 5 show the polariza- 
tion resolved light-current character- 
istics and the associated near-field 
patterns of a 36 gm diameter  device 
at I ~ lth and at I ~ 1.8 I.th The 
existence of a field pat tern with 16- 
fold radial symmctr  T at 1 m lth (Figure 
Sb) attests the quality of the e tched 
sidewalls and the absence of damagc 
to the active layer from wafer fusion. 
The absence of emission from the 
center  may be a result of current  
crowding at the edges and indicates 
that a large number  of  transverse 
modes are already present  at thresh- 
old. The near-field pat tern  with the 
16-ff)ld radial symmett  T clearly exists 
only with the electric field polarized 
along the [011] direction. The central 
region of the laser starts to emit at 
higher currents  (Figure 5d), while 
the light intensity along the orthogo- 
nal direction (Figures 5a and 5c) is 
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Figure 6. Polarization-resolved light-current characteristic of a 6 -I~ m diameter device. At 15 
mA the degree of polarization was 97 %. 

much weaker  on all device sizes. The 
cause for this highly polarized beha- 
viour is not well understood. We 
speculate that polarization anisotro- 
py has been  introduced by uniaxial 
strain locally introduced and relaxed 
by the  dislocat ions at the fused 
interface. We have per formed polar- 
ization resolved measurements  of the 
photoluminescence  from the active 
layer of this device and were  not able 
to observe such anisotropy (note that 
the InP cpilaycrs arc exposed in the 

Figure Z Polarization-resolved near-field patterns of a 10 mm diameter device at two times the 
threshold current. (a) E 11 [011] (maximum intensity), and (b) E .1 [011] (minimum intensity). 

c o m p l e t e d  device  to make  such 
measurements  possible). An example 
of a highly polarized output  from a 6 
/am device is shown in Figure 6, 
w h e r e  at 15 mA the d e g r e e  of  
p o l a r i z a t i o n  V = ( I m a x - m i n ) /  
( I m a  x + I m i n )  w a s  97%. The threshold 
current  of this laser was be low 4 mA, 
and the line width was limited to 
0.5 nm by chirping during the p u m p  
pulse. The mult iple-mode operat ion 
of a 10 gm diameter  device at two 
times threshold is illustrated in the 
polarization-resolved near-field pat- 
tern shown in Figure 7. 

Very strong polarization anisotropy 
has been  observed in mult i -mode 
double-fused vert ical-cavity lasers. 
The max imum intensity for all de- 
vices occurs  with the electric field 
para l le l  to the  [011] d i r ec t ion .  
Further investigation of this polariza- 
tion anisotropy may open possibili- 
ties for realization of vertical cavity 
lasers wi th  stable and control led  
polarization characteristics. Finally, 
the improved fabrication of double- 
fused 1.52 gm vertical-cavity lasers 
resul ted in record  low values of  
pulsed threshold current  and thresh- 
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old cur ren t  densit ies at room- tem-  
perature.  With improved  p- type  AI(- 
Ga)As/GaAs mirrors  and a suitable 
surface passivation cont inuous-wave  
r o o m  t empera tu re  opera t ing  long- 
w a v e l e n g t h  ver t i ca l  cav i ty  lasers  
should be possible. 
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Update on long-wavelength vertical-cavity laser development 
by Dubravko Babic 

The double-fused vertical-cavity lasers 
reported in [1] demonstrated record 
low threshold currents and current 
densities under  pulsed operat ion.  
However, their continuous-wave op- 
eration at room-temperature was lim- 
ited by high power  dissipation in the 
device. For this reason, two issues 
were  addressed in the later develop- 
ment  of  these devices: the reduction 
of the resistance of  the p-AIAs/GaAs 
mirror and better high-temperature 
operation of the active layer. Using 
similar laser structure (as in [1]), and 
improved active layer and p-mirror 
designs, we  have recently demon- 
strated the first room-tempera ture  
continuous-wave operat ion double- 
fused vertical-cavity lasers [2]. The 
active layer of  these devices contains 
seven 6 nm compressively strained 
InGaAsP quantum-wells and six 7 nm 
s t ra in -compensa t ing  barriers,  em- 
bedded in an InP cladding on both 
sides. The quaternary separate con- 
f inement region, used in previous 
devices [1], was omitted in order to 
reduce carrier leakage and improve 
high temperature performance. The 
p-mirror has 30 periods of  Be-doped 
A1o.67Gao.332~lT/GaAs with bulk doping 
of  4 x 10 7 cm-3 and parabolically 
graded interfaces. 

Five lasers with diameters between 
8 pm and 20 ~m operated continu- 
ously, while all other sizes operated 
pulsed at room temperature (23 C). 
(The mask pattern is identical to that 
shown in Fig. 2 of  Ref. [ 1 ]). The lasing 
wavelength was 1542+/ -1  2 nm. The 
narrowest  l inewidth -easured was 
0.32 nm limited by the presence of  
multiple transverse modes within this 
linewidth. The lowest CW and pulsed 
threshold currents were  2.3 mA and 
1.8 mA (8 t~m device), while the 
lowest  CW and pulsed threshold  
current densities are 2.5 kA/cm 2 (20 
pm device) and 1.4 kA/cm 2 (60 ~m). 
The continuous-wave characteristic 
t e m p e r a t u r e  To dT /d ln I th (T )  at 
room-temperature varies between 28 

and 37 K, while the pulsed To value is 
in the neighborhood of  37 K. Highest 
CW and pulsed operation tempera- 
tures were  34°C and 50°C, respec- 
tively. 

Future developments of  this struc- 
ture involve the reduct ion of  the 
thermal resistance by flip-chip mount- 
ing, the r educ t ion  of  the device 
electrical resistance by engineering 
lower resistance mirrors, and finally 
the reduction of optical scattering on 
the sidewalls by the use of lateral 
AIGaAs oxidation. Our group at UC 
Santa Barbara has recently demon- 
strated the first laterally- oxidized 
long-wavelength vertical-cavity laser 
(1.56 ram) with a record-low contin- 
u o u s - w a v e  t h r e s h o l d  c u r r e n t  o f  
1.5 mA at room temperature [3]. The 
highest continuous-wave and pulsed 
operation temperatures for these de- 
vices were  39°C and 70°C indicating 
that a wide range of  temperatures and 
very low threshold currents will be 
possible in long-wavelength vertical° 
cavity lasers obtained by wafer fusion, 
making these devices a promising 
choice for low-cost communicat ion 
optical sources. 
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