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Abstract: Vertical-cavity surface-emitting lasers( VCSELs) are widely used in short-reached optical intercon-
nects and data communication links because of their low energy consumption and high modulation speed. Ca-
pacitance, as the parasitic parameters, affects the modulation bandwidth. In this paper, parasitic capacitance
of VCSELs is reduced by using a low-k benzocyclobutene (BCB) planarization technique. The detail BCB pla-
narization technique has been discussed with optimal process parameters, which is useful for high-speed VC-
SEL fabrication. The small signal modulation bandwidth of the low-k BCB planarization VCSEL with 7 pm ox-
ide aperture has been achieved to 15.2 GHz.
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1 Introduction

850 nm vertical-cavity surface-emitting lasers
( VCSELs ) are standard light sources for short-
reached optical interconnects and data-communica-
tion links , including supercomputer clusters and da-
ta centers, because of their high modulation speed,
low power consumption, low current operation, good

31 The modulation fre-

beam quality, and etc.
quency of the VCSELs is mainly limited by their in-
trinsic resonance frequency, damping, and extrinsic
parasitic parameters. Many methods were proposed
to improve the modulation frequency of VCSELs,
such as applying InGaAs/AlGaAs strain quantum
wells to increase the differential gain and then the
modulation frequency'*', optimizing the photon life-
time through etching top distributed Bragg reflector
(DBR) to reduce the damping”® , and growing
multiple oxide layers to decrease the oxide capaci-
tance which is the largest parasitic capacitance in the
devices ™.

In order to decrease the oxide capacitance,
Benzocyclobutene ( BCB ), which is an important
material for high-speed devices, is introduced into
the VCSELs. Because it has a low dielectric con-
stant of 2. 65, lower to other frequently-used dielec-
tric materials including SiO, and polyimide with die-
lectric constant of 3.9 and 3. 3, respectively'"’’. By
planarizing the low-k BCB film between the P- and
the N-type ohmic contact layer, the pad capacitance
can be greatly reduced due to the capacitance calcu-
lation equation'"""?'.

In this paper,
850 nm GaAs quantum wells (QWs) VCSELs using

a low-k BCB planarization technique to reduce para-

high-speed  oxide-confined

sitic capacitance are reported. The small signal mod-
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ulation bandwidths of the VCSEL with oxide aperture

of 5 pm and 7 pm are demonstrated.

2 Design and Fabrication of High
Speed VCSEL

The epitaxial structure of the VCSEL was grown
by metal-organic chemical vapor deposition on a
(100) -oriented n " -GaAs substrate. A graded sepa-
rate confinement heterostructure region containing an
active region with 3 unstrained 7 nm thick GaAs
multiple quantum wells(MQWSs) separated by 8 nm
thick Al ;Ga, ;As barriers was centered in the one-
A resonant optical cavity with p-type and n-type
Al, ;Ga, ;As phase compensation layers. The photo-
luminescence peak was located at 835 nm. 20.5
pairs of p-doped and 35 pairs of n-doped graded
Al 50 Gay o As/ Al 1, Ga, ¢ As DBRs were located on
each side of the active region, respectively. A
30 nm thick Al, o4Ga, o, As layer, which was located
near a node in the cavity standing wave profile where
the optical intra-cavity scattering loss was reduced,
was included in the top DBR to allow for selective
oxidation during fabrication and then for transverse
optical and electrical confinement. The topmost
DBR layer consists of a 25 nm thick heavily p”-
doped GaAs layer, located on top of the p-type DBR
as a low-contact resistance layer.

Both the top and bottom mesa were fabricated
by wet etching. The oxide aperture was formed in a
wet oxidation furnace at 390 °C with an N, flow of
1 L/min, giving an oxidation rate of approximately
0.52 pm/min for the Alj 4Ga, o, As layers. An ox-
ide aperture of 7 um was selected. Ti/Au was sput-
tered on the top surface to form the ohmic contacts.

Then, the devices were annealed in a rapid thermal
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annealing system at 430 °C in an N,atmosphere. Co-
planar ground-signal-ground ( GSG ) contacts were
applied for direct high-frequency probing measure-
ments, in order to avoid parasitic coupling at the
probe tips and thus improve the measurement accu-
racy of the microwave probing test'"!.

In this paper, the BCB is used to decrease the
oxide capacitance of the VCSEL. Fig. 1 (a) shows
the simulation results of the small signal modulation
performance for the VCSELs with SiO, and BCB pas-
sivation, which comes from the small signal modula-
tion transfer function derived by carrier and photon

[14]

kinetic equations' "'. The parasitic cutoff frequency

—-—BCB |

S,, of parasitic circuit/dB

Frequency/GHz
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Fig. 1

for VCSELs with the BCB passivation can reach to
~17.8 GHz, higher than that for SiO,-passivated
ones about 10. 6 GHz . Fig. 1(b) demonstrated the
small signal modulation response results measured by
network analyzer, where the VCSELs are respective-
ly passiated by SiO, and BCB both with the oxide
aperture of 7 um@ 6 mA. The -3 dB small signal
modulation bandwidth is 15.2 GHz and 9. 85 GHz,
respectively, which indicates the modulation band-
width limits by the RC parasitic parameter, thus to
greatly increase its cutoff frequency depending on

BCB passivation.
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(a) Simulation results of small signal modulation response for VCSELs with BCB and SiO, passivation. The parasitic

cutoff frequency can reach to 17.8 GHz and 10. 6 GHz for BCB and SiO, -passivated VCSEL, respectively. (b)The

measured small signal modulation response for VCSELs with BCB and SiO, passivation. The —3dB bandwidth is

15.2 GHz and 9. 85 GHz with the oxide aperture of 7 pum@ 6 mA , respectively, which indicates the parasitic capac-

itance limits the modulation frequency of the devices

The schematic cross-sectional structure of high
speed VCSEL devices is shown in Fig.2 (a).

The photosensitive BCB is coated on the VC-
SEL surface by spinning process. Fig. 3(a) presents
the dependence of the spinning speed on the BCB
thickness before and after hard baking of 1.5 min
with the temperature of 70 °C in the oven. Accord-
ing to the epitaxial structure, the spinning speed is
selected to be 2 000 r/min with the BCB thickness
of around 6 pm. The thick film requires more expo-
sure energy. Fig. 3(b) shows the relationship of ex-
posure time with the diameter difference ( Ad) be-

tween patterns on the mask and on the devices.

Fig. 2(b) presents a top-view image of the high-
speed VCSEL.

Generally, the pattern size on the devices is larger
than that on the mask. The diameter difference in-
creases with the exposure time because the diffrac-
tion occurs at the edge of the mask patterns. Decrea-
sing the exposure time will decrease the pattern size
discrepancy, however, and the residues on the pat-
terns are hard to be removed due to the thick BCB
film determined by the VCSEL structure. Fig.3(c)
demonstrates the microscopic image of the exposed
area. Colorful strips are caused by the refractive in-

dex difference between the residue BCB and the sub-
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Fig.2 (a)Schematic cross-sectional structure of high-speed VCSEL devices. (b)Top-view image of the high-speed VCSEL

with coplanar GSG electrode structure

strate, which will deteriorate the Ohmic contact. In
our experiment, inductively coupled plasma ( ICP)
etching with SF, and O, chemistry is applied to re-
move these BCB residues. Fig. 3 (d) demonstrates
the microscopic image of the pattern after the ICP
etching using SF,/0, chemistry with ICP power of
1 000 W and RF power of 50 W.

3  Static and Dynamic Performance

Characteristics

The static light output power-current-voltage ( L-
I-V) characteristics were measured under the wafer
probes at room temperature. The L-I-V results for
BCB planarization VCSELs with the 5 wm and 7 pm
oxide aperture diameter are shown in Fig. 4 (a). Tt
can be seen that the threshold currents I, are
0. 12 mA and 0. 22 mA, and the threshold electrical
powers are 0. 65 mW and 0. 84 mW at the 5 pm and
7 wm oxide aperture, respectively[m , while the
threshold current density J, is about 0. 57 kA/cm”.
As the current injection increases, the photon densi-
ty in the active region increases and the optical pow-
er also increases. Correspondingly, the maximum
output optical power increased with aperture size.
The maximum output optical power reached to
0.47 mW at a9 mA and 0. 68 mW at a 12 mA re-
spectively for the 5 pm and 7 pm oxide aperture
VCSELs. That is because red shift in wavelength

and decrease in efficiency would be caused by self-

heating effects, and optical power therefore de-
creased rapidly. The differential resistance, depen-
ding on the size of the oxide aperture and epitaxial
structure " | are 212 Q) and 190 Q at the 5 pm and
7 pm oxide aperture, which determines the thermal
roll-over current of the VCSELs.

The small signal modulation response of the
VCSELs was measured using a 40 GHz R&S ZVA 40
network analyzer and a high-frequency microwave
probe ( Picoprobe 40A-GSG-150-P) to contact the
device under test. A multimode fiber was connected
to a 25 GHz high-speed photodetector ( New Focus
1414-50) , and the signal after detection was con-
nected back to the network analyzer with a high-fre-
quency cable. Before testing the VCSELs, calibra-
tions were made to compensate for losses caused by
the cables and the probe insertion'"”’. Fig. 5 show
small-signal modulation response at room tempera-
ture at different bias currents for the 5 pm(a) and
7 pm(b) oxide aperture VCSELs with BCB planari-
zation. For the 5 pm oxide aperture VCSEL, as the
injection current increases from 2 mA to 5 mA, the
small signal modulation bandwidth increases from
12. 8 GHz to the maximum 15 GHz due to increased
gain. Then the modulation bandwidth decreased to
14. 3 GHz at 8 mA injection current due to heat gen-
eration inside the device. For the 7 pm oxide aper-
ture VCSEL, as the injection current increases from
3 mA to 9 mA, the small signal modulation band-
width increases from 14.1 GHz to the maximum

15.2 GHz, and then dropped to 13.1 GHz. Under
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Fig.3 (a)Relationship between spin speed and film thickness of BCB. (b) Difference in aperture diameter( Ad) between
lithography and BCB patterns at various exposure times. (c¢)Top-view images of the thin BCB layer before dry etch-
ing and (d) after dry etching
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Fig.4 (a)Static P-I-V characteristics of BCB-planarized VCSELs with a 5 pm and 7 pm oxide aperture at room tempera-

ture. (b) Electrical-luminescence spectrum for the VCSEL at room temperature and current injection of 10.0 mA

small injection current bias at 2 mA for 5 pm oxide
aperture and 3 mA for 7 pm oxide aperture, the in-
tensity modulation can follow the current modulation
up to resonance frequency. An obvious enhancement
of modulation response exists at the resonance. As
shown in Fig. 5, beyond the resonance, the response

dropped off dramatically. While, under the large in-

jection currents, the responses measured in Fig. 5
are flat without peak frequency of resonance. The
-3 dB modulation bandwidth increases with the res-
onance frequency until the damping becomes more
and more strong. At same time, the —3 dB modula-
tion bandwidth decreases with the further increase of

resonance frequency and the damping.
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Fig.5 Small-signal modulation response at room temperature at different bias currents for the BCB-planarized VCSEL with

(a)5 pm and (b)7 pum oxide aperture

Fig.6(a) plots the resonance frequency depen-
ding on the square value of injection current above
the threshold current [, for the VCSEL with oxide
aperture of 5 um and 7 pm. The data of resonance
frequency is extracted from the fitting of the curves
in Fig. 5 according to the transfer function™'. As
show in Fig. 6(a), resonance frequency f,increases

linearly with the low injection current. The slope,
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Fig. 6

which is the rate of the resonance frequency in-
creased with bias current, could be defined as D-
factor of 8. 746 GHz/mA"? and 7.492 GHz/mA"?,
for 5 pm and 7 pm oxide aperture VCSELs, respec-
tively. The reason is that, under the same injection
current, VCSEL with small oxide aperture has a

smaller active region volume than that of lager oxide

aperture.
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(a)Plot of the resonance frequency for the VCSELs with 5 pm and 7 pm oxide aperture versus the square root of the

current injection above the threshold current at room temperature. (b) Damping rate versus resonance frequency

square for the VCSELs with 5 wm and 7 pwm oxide aperture at room temperature

Fig.6(b) plots the dependence of damping on
the square of resonance frequency for the VCSELs
with the oxide aperture of 5 pm and 7 pm, respec-
tively. All the damping data are also extracted from
the fitting results for the curves in Fig. 5. The damp-
ing increases in proportion to resonance frequency,

which can be described as follows' "’

y = K + v (1)
where K is the rate of the damping increased with the
square of the resonance frequency, 7y, is damping
factor offset. As shown in Fig. 6(b), the damping
increases linearly with f at the beginning and then
increases dramatically. The value of K-factor, which

is determined by the photon lifetime, is 0.291 and
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0. 305 ns for the VCSELs with the 5 pm and 7 um
oxide apertures respectively, whose slight difference

comes from the measurement errors and fabrication.

4 Conclusion

High-speed oxide confined 850 nm GaAs QWs
VCSELs were designed and fabricated using a low-k
BCB planarization technique. BCB has a very low
dielectric constant of 2. 65 and a 6 pm thick layer

was deposited using a spin-coating process. The par-
asitic cutoff frequency of the VCSEL using BCB pla-
narization technique increased from 10.6 GHz to
17.8 GHz compared with the SiO,-passivated VC-
SEL at 7 pwm oxide aperture. The small signal modu-
lation bandwidth of the low-k BCB planarization VC-
SELs with 5 pm and 7 pwm oxide aperture have been
achieved to 15 GHz and 15.2 GHz, respectively,
mainly limited by the damping and resonance fre-

quency.
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