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The proton implantation is one of key procedures to confine the current diffusion in vertical cavity surface emitting lasers
(VCSELs), in which the proton implanted depth and profile are main parameters. Threshold characteristics of VCSELs with
various proton implanted depths are studied after optical, electrical and thermal fields have been simulated self-consistently
in three dimensions. It is found that for VCSELs with confinement radius of 2 m, increasing proton implanted depth can
reduce the injected current threshold power and enhance the laser temperature in active region. Numerical results also
indicate that there are optimal values for current aperture in proton implanted VCSELs. The minimum injected current
threshold can be achieved in VCSELs with proton implantation near the active region and confinement radius of 1.5 m,
while the VCSELs with proton implantation in the middle of p-type distributed Bragg reflectors (DBRs) and confinement
radius of 2.5 m can realize the minimum temperature.
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VCSELs are widely used for optical communications and in-
terconnections because of the grteatly improved far-field di-
vergence angle[1-4]. Proton implantation and selective oxide
have been used to confine the laser threshold current [5,6].
The proton implanted depth and profile are two main param-
eters to affect the threshold current in VCSELs. A high power
VCSEL with the maximum continuous wave optical output of
46 mW at room temperature was reported [7], and various
studies on thermal fields were presented in Refs.[8-13].
However, the influence of proton implanted depth on thresh-
old thermal fields and other characteristics of VCSELs were
not given in these studies.

The purpose of this work is to find the optimal threshold
current in VCSELs for different implanted depths.

The laser is sandwiched between a pair of p and n type
DBRs consisting of 20 and 27 alternating quarter-wavelength
layers of AlAs and Al0.16Ga0.84As, respectively. The active
region is made up of three undoped In0.2Ga0.8As quantum
wells (QWs) separated by the 100 Å GaAs layer. The thick-
ness of QW is 80 Å. In our simulation, the device is fabri-
cated by using the H+ implantation for lateral current
confinement, and the potential satisfies Poisson’s equation
in substrate, p type and n type DBRs.
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The injected current density is
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where is conductivity. The carrier density N diffusion in
the active region can be written as

0
)()()()(

2

ta

s

22
n ed

J
hv

EPrNgrNrBNrND                                                                                                   ,(3)

where d is the thickness of active region, and Dn is the diffu-
sion constant. The optical transverse i-mode i(r)  in VCSELs
is governed by
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The steady-state thermal conduction equation in the laser is
written as
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The resistivities in p type DBR, n type DBR and sub-
strate are 2.3 10-3 m, 3.19 10-4 m and 4 10-5 m,
respectively. Other parameters of the investigated VCSELs,
such as energy gaps, thermal conductivities, absorption coeff-
icients, refractivity etc., can be found in Refs.[8-13]. Fig.1
shows the threshold potentials of two VCSELs with the same
proton implanted aperture radius (S=2 m), but the implanted
depths are near the active region and in the middle of p type
DBR, respectively. Here Hp represents the thickness of p
type DBR and L is the distance from the location of proton
implantation to the active region. The step current is formed
in the VCSEL with proton implantation near the active region,
while the proton implantation in the middle of p type DBR
(L=Hp/3) leads to gradually changing current, as shown in
Fig.2(a). Such phenomena are related with that the proton
implantation confines the carries to diffuse, and the current
cannot spread before it comes into active region.

Fig.1 Threshold potentials in VCSELs with S=2 m and
the proton implantation (a) near the active region and (b)
in the middle of p type DBR

Fig.2(b), (c) and (d) show the distributions of carrier, op-
tical field and temperature in VCSELs with different proton
implanted depths. The distributions of carrier and optical

field exhibit a tendency of becoming narrow when proton
implanted depths are increased. On the other hand, the laser
will be balanced as the heat diffuses into the heat sink and air
by heat transmission. Because the main of current is trans-
mitted in the active region for increasing the proton implanted
depth, relatively high temperature is observed in the VCSEL
with L = 0.

The injected current threshold power and maximum tem-
peratures versus aperture radius S are given in VCSELs with
proton implantion near the active region (Figs.3 and 4). It is
found that the current threshold power is dropped and the
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Fig.2 Threshold characteristics of the proton implanted
VCSELs: (a) Injected current density; (b) Carrier density;
(c) Fundamental mode; (d) Temperature
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Fig.4 Maximum temperatures for different implanted
depths in VCSELs

temperature is improved with decreasing the proton implanted
depth. On the other hand, there are optimal current apertures
in proton implanted VCSELs. The threshold current cannot
be infinitely reduced by decreasing aperture radius, because

Fig.3 Injected current threshold power values for differ-
ent implanted depths in VCSELs

too small current aperture also damages the injected current
threshold power. The lowest injected current power can be
achieved in the VCSEL with confinement radius of 1.5 m
and proton implantation near the active region. The lowest
temperature is found in the VCSEL with confinement radius
of 2.5 m and proton implantation in the middle of DBR.

The injected current threshold power depends on the
size and position of the injected current aperture. We have
presented a numerical model for the simulation of VCSELs
with different proton implanted depths. The current, carrier
and temperature profiles are simulated self-consistently. The
injected current distribution can be controlled by proton im-
planted depth, which is different from the Gaussian function.
When the proton implanted position is near the active region,
the injected current threshold power is reduced and the tem-
perature is improved due to the step injected current in
VCSELs. The performance of VCSELs can be improved with
proton implantation near the active region, and the laser
threshold would be damaged if proton implantation comes
into the active region. The lowest injected current power in
the VCSEL can be realized by using confinement radius in
scope of 1.5 m 3 m. The lowest temperature is obtained in
the VCSEL with confinement radius from 2 m to 4 m.
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