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(Tailoring the Static Characteristics of Implanted VCSELs with the
Implant and Metal Aperture Radii)
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We have formulated an empirical analytic model for the static characteristics of implanted vertical-cavity
surface-emitting lasers (VCSELs). Specifically, we have derived analytic formulas for the threshold current, slope
efficiency, dynamic resistance, and the output power and forward voltage at the operation current of 12 mA in terms of
the implant and metal-aperture radii by fitting the measured results. The radii of the metal aperture and implant mask
of the 850 nm VCSELs range from 4 to 125 pm and 7 to 175 pm, respectively. The model shows the way of tailoring
the VCSEL characteristics by changing the mask dimensions only.

Abstract

We have formulated an empirical analytic model for the static characteristics of implanted vertical-cavity
surface-emitting lasers (VCSELs). Specifically, we have derived analytic formulas for the threshold current, slope
efficiency, dynamic resistance, and the output power and forward voltage at the operation current of 12 mA in terms of
the implant and metal-aperture radii by fitting the measured results. The radii of the metal aperture and implant mask
of the 80 nm VCSELs range from 4 to 125 pm and 7 to 175 pm, respectively. The model shows the way of tailoring

the VCSEL characteristics by changing the mask dimensions only.
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1. INTRODUCTION

VCSELs are light sources of choice in optical local
area networks and interconnections, because they are
considered an ideal light source for those applications.
include low threshold
current, suitability for 1- and 2-dimensional arrays

Some distinct advantages
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and mass production, high reliability, low temperature
dependence, and high-speed modulation capability.
These excellent characteristics make VCSELs very
attractive in wide variety of applications beyond the
and required VCSEL
—teristics vary widely depending on applications.
Redesigning the VCSEL wafer structure is a direct
but
implanted-VCSEL characteristics strongly depend also

on the radii of the implant mask and metal aperture al

communication use, charac

approach to meet the specific requirements,

Therefore, more convenient and practical approach
is to change the radii of the implant mask and metal
aperture while keeping the wafer structure unchanged.
Nevertheless, there have been little theoretical or
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experimental works relating the VCSEL characteristics forad
to the radii. Our objective is to present an analytic confact mefal i
easy—to—use model that relates the measured static ' W
. S L implanted
characteristics to the radii. With the model, we can region  P-OBR layers
tailor the implanted~VCSEL characteristics by chang ol N ) 42 cavity
~ing only the metal aperture and implant mask radii. ‘?;_; !
- } n-DBR layers
II. DEVICE STRUCTURE )
GaAs substrate
A cross-sectional view of the implanted VCSEL N ——
chze i;dtepictet:i in f}ilg' 1.t{Xdo1;'>ted isa 1~‘kt.cavityf Fig. 1: CroEss—;ectional staczjr; c'); the implanted VEgEL
structure that contains the active layers consisting o
three GaAs quantum wells. The cavity is bounded by 10 T—
two distributed Bragg reflector (DBR) mirrors. The - Y [ —Model
upper p-type mirror is comprised of 215 periods of the & :
AlosGaossAs/AlygsGaowsAs layer pair, while the lower :s 6
n-type mirror is comprised of 39 periods. All the E 5
interfaces of the mirror layers are compositionally % 4
graded to minimize the series resistance. Also, on 2 3
thetop of the p-DBR is a highly doped p-type GaAs g 2
layer for a low resistance Ohmic contact. Contact ; o L .

metals are Au/Zn and Aw/Ge/Ni for p~ and n-type
Ohmic contacts, respectively, All the VCSEL samples
tested and modeled have the same layer structure, and
only the implant mask and p-metal aperture radii
differ from sample to sample. The metal aperture
radius is changed from 4 to 125 pym, and the implant
mask radius is changed from 7 to 17.5 pm. Thus, total
41 kinds of devices have been measured and modeled.
Each experimental datum is obtained by taking the
corresponding average value of 5 devices with the
same radius combination at 23 °C.

M. MODELING THE STATIC HARACTERISTICS

Figure 2 shows the threshold current I [mA] as a
function of the implant radius rimpw: [pml. The
measured threshold currents depend solely on the
implant mask radius, and can be fitted to the following

formula.
2 -5
[//r = ";’mplunl . N W ‘/Ir exp(g th /g g ) ' 10 .
+(0.15 +0.087,,,,, +5/7impio) [mA] (1)
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The threshold current /» as a function of the
implant mask radius fimmy With the metal
aperiure radius /mew as a parameter. The solid
line denotes modeled threshold current while the
dots denote the threshold currents measured at
23 °C.

Fig. 2

where Nw, Jr, gn and go are the number of
quantum wells, transparency current density, threshold
gain, and gain constant, respectively. We used 110
A/em® for Ji and 1300 cm™ for go @, and Fimpia iS in
pm unit. The first term is the radiative current for
lasing, and the second term is the leakage current
through the p-DBR layers just below the implanted
region. From the independence of Im on the metal
aperture radius rmew, the threshold gain g is
determined as gmip{1+15/Fimpire) independent of rimga.
The one dimensional threshold gain gmip of 459.34
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Fig. 3. The average slope efficiency for various combina

-tions of the implant mask and metal aperture
radi. The solid lines denote modeled values
calculated from (3), and the points denote the
measured ones at 23 °C.

cm! is calculated by a transfer matrix method for our
wafer. The leakage current is calculated by the
method in reference [3], and is fitted in the polynomial
form in equation (1).

Figure 3 shows the average slope efficiency SE of
the VCSELs as a function of the implant radius and
the metal aperture radius. Although the linearity of the
output power—driving current characteristics is good,
we use the average slope efficiency defined as

SE =P, /1, —1,) )

where the operation current I, is set to 12 mA, and
operation power P, is the output power at 12 mA.
The slope efficiency is expected to be a very
complicated function of the VCSEL layer structure, its
optical properties, optical properties of the implanted
region, metal aperture radius, implant mask radius, and
field profile of the various laser modes and so the
driving current. But, by defining an effective implant
radius and effective aperture factor, a simple formula
for the slope efficiency has been derived as

SE = 0.90(«/1“2 +0.745% — 0.745) [W/A], (3)
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Fig. 4. Dependence of the dynamic resistance on the

implant mask and metal aperture radi. The solid
lines denote modeled values calculated from (4)
while the points dencte the measured ones at
the driving current of 12 mA.

is defined as
Imeta/Te, and the effective implant radius ref as Timpia
223 al in pm unit. The measured data and the
unexpectedly simple model of (3) agree well as shown

where the effective aperture factor

in Fig. 3. The slope efficiency for rmew/re, =1 is 0.729
[W/A], which corresponds to the measured slope
efficiency of oxide-VCSELs with a similar layer
structure. It is interesting that 2.23 um in the effective
implant aperture is approximately the lateral straggle
of the implanted ions.

Figure 4 shows the dynamic resistance at the
operation current of 12 mA for various radii com
—binations. As compared to conventional edge-emitting
lasers, one of the weakest points of VCSELs is their
high series resistance, and the resultant heating
severely limits the maximum output power even with
their sensitivity. The
resistance was shown to have two components: the

low temperature dynamic
lateral component inversely proportional to the implant
radius and the vertical component inversely propor
~tional to the area of the implant radius'. Based on
this, with the metal aperture dependence newly added,
we have fitted the dynamic resistance Fq as follows.
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Fig. 5. The operation power for various combinations of Fig. 6. The operation voliage for various combinations
the implant mask and metal aperture radii. The of the implant mask and metal aperture radii.
solid lines denote modeled operation power The solid lines denote modeled operation
gven by (5, and the points represent the voltage given by (6) while the points represent
measured values at the drving current of 12 the measured ones at the driving current of 12
mA. mA.
threshold. Thus, the operation voltage is given as
.24
R= -D -11{1 2 | 125 1oy @
rimpl Vim, lan, r,m an; 135 247‘ 2 25
lant plant plant V,,p — Jnl 14+ Zmetal metal +1.46 [V]
’;‘mplam rtmplam rzmplam (6)

The first term is the lateral component proportional
to 1/rimpaz, and the second term is the vertical
component proportional to l/rz,-mm. Measured dyna
-mic resistance data are in good agreement with the
model equation (4), as can be seen in Fig. 4.

From the users’ view point, the operation power and
voltage can be more meaningful, and formulas for the
operation power and voltage of the VCSELs are
obtained. The operation power can be extracted from
the slope efficiency by using (2) and (3), and has the
following form:

P, =090 +0.745* —0.745)(1,,-1,,) [mW]. (5)

Figure 5 shows both the measwred and modeled
operation power “at 12 mA for wvarious radius
combinations. An expression for the operation voltage
can be derived from the dynamic resistance given by
(4) with the junction voltage added. The junction
voltage of our VCSELs is 146 V, which is given by

the quasi-Fermi level separation at the lasing

(548)

As shown in Fig. 6, fitted operation voltage is in
good agreement with measured data.

IV. CONCLUSION

We have presented an experimental model for the
most important static characteristics of implanted 850
nm VCSELs. The threshold current, slope efficiency,
dynamic resistance, operation power and voltage have
been related to the implant mask and metal aperture
radii in simple analytic forms that are in good
agreement with the measured results. The threshold
current is shown to depend solely on the implant
radius, while the slope efficiency depends on the newly
defined effective aperture factor. This model enables
us to tailor the VCSEL characteristics by changing
only the post-epitaxy process parameters: the implant
mask and metal aperture radii.
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