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Two-photon photocurrent imaging of vertical cavity surface emitting lasers
Chris Xu,a) Leo M. F. Chirovsky, W. S. Hobson, J. Lopata, Wayne H. Knox,
John E. Cunningham, William Y. Jan, and L. A. D’Asaro
Bell Laboratories, Lucent Technologies, Holmdel, New Jersey 07733

~Received 22 November 1999; accepted for publication 25 January 2000!

We show that two-photon photocurrent imaging can be used to nondestructively study vertical
cavity surface emitting lasers on a microscopic level. In particular, we study the aperture isolation
created by shallow ion implantation. The combination of two-photon backside imaging and a probe
station is ideal for internal and full wafer characterization. The required peak and average power
levels for testing can be easily satisfied by available compact ultrafast laser sources, making the
technique practical and user friendly. ©2000 American Institute of Physics.
@S0003-6951~00!03612-3#
tic

a
tic
ni
w
e
oy

i
it
o

nt
in

E

oy
el
e

io
or
r
-
o
o
an
th
t
ry
th
ire
ica
e
no
as

s-

icro-
ked

r of

wo

fra-
n

d-
dex
tely
by

erve
rture
gh
he
ical
tep

of
Recently there has been intensive research on ver
cavity surface emitting lasers~VCSELs!. Driven by a wide
variety of applications in optical communications such
optical interconnects, high speed local area networks, op
signal processing, etc., VCSEL technology has made sig
cant progress. Low threshold currents and voltages, as
as high output powers and external efficiencies have b
reported. Creative design and processing steps are empl
to improve device performance.1–3 Thus far, VCSEL struc-
tures with the highest efficiencies have been devices w
oxide-defined current apertures. However, VCSELs w
implant-defined current apertures require only photolith
graphic processing steps. The basic theory of ion impla
tion is understood4 and ion implants have been used
VCSEL processing since the early 90’s.5 These were deep
implants~several microns! into the top mirror. Recently, the
use of shallow implants has been introduced.6 The effective-
ness of these implants is still a concern in regards to VCS
performance and reliability.

To aide the VCSEL design and fabrication, we empl
two-photon photocurrent testing method to quantitativ
study VCSELs on a microscopic level. This study focus
mainly on the current aperture formation by the implantat
process, an issue of critical importance to VCSEL perf
mance. Similar to two-photon backside imaging of inte
grated circuits,7,8 two-photon excitation provides a conve
nient way of injecting localized carriers in the P-I-Ndiodes
the laser through the GaAs substrate. Because the ph
energy of the excitation beam is below the substrate b
gap, two-photon photocurrent generation circumvents
problem caused by the opacity of the substrate and the
metal layer. Backside illumination allows the use of ordina
microprobes to contact the VCSELs on the front side, wi
out the restriction of the probe movement and the requ
ment of long working distance lenses. Thus, high numer
aperture objectives can be used to achieve high spatial r
lution ~<1 mm!. Furthermore, the technique requires
packaging, is nondestructive, and can be implemented
wafer-scale tool.

The experimental layout is illustrated in Fig. 1. In e
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sence, the setup combines an inverted laser scanning m
scope with a standard probe station. A compact modeloc
fiber laser~Femtolite B-35, IMRA America! is used as the
illumination source. The laser provides an average powe
40 mW and<300 fs pulses with;48 MHz repetition rate at
1.55 mm. The excitation beam was raster scanned by t
galvanometer-driven mirrors~Cambridge Technology 6860!
and focused by a microscope objective@either 100 X/0.85
numerical aperature, Hamamatsu A3717 or 100 X/0.9 in
red ~IR!, Zeiss#. Both objective lenses feature a correctio
collar for imaging through thick substrates. By carefully a
justing the collar, spherical aberration caused by the in
mismatch of the air/substrate interface can be comple
compensated.~Performance of the lenses are confirmed
measuring the axial response of confocal imaging.! The relay
lenses between the scan mirrors and the objective also s
as a beam expander. The beam diameter at the back ape
of the objective lens is approximately 10 mm, large enou
to achieve a diffraction limited focus at the sample. T
backsides of the VCSEL wafers were chemical-mechan
polished to a mirror finish, the only sample preparation s

FIG. 1. Experimental setup for the two-photon photocurrent imaging
VCSELs.
0 © 2000 American Institute of Physics
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required before testing. Ordinary microprobes were use
contact the VCSELs. An IR sensitive camera was used
guide the probes and locate the incident beam. Two-pho
generated current was recorded as a function of the b
position and displayed as photocurrent maps of the VCSE
Although results reported here are for VCSELs under z
bias, images have also been taken for VCSELs under rev
bias, for example, to measure the spatial variations of
breakdown voltage. For comparison and registration p
poses, confocal reflected light images are also obtained.
backreflected light is collected by the objective lens and d
canned by the scan mirrors. An 8% reflection beam splitte
used to separate the reflection path from the excitation p
A 250 mm focal-length lens then focuses the light onto
fiber-coupled InGaAs photodiode~2011, Newfocus!. The
small area of the fiber input (diameter562.5mm) is used as
the confocal aperture. Average powers of less than 5 mW
the sample are typically used in our experiments. Deta
VCSEL structure and processing steps have been repo
elsewhere.6

The effectiveness of the two-photon photocurre
method is demonstrated in Fig. 2. Two 980 VCSELs, o
normal device with a 10mm current aperture and the other
test device with implant throughout the active layer, we
imaged. While the confocal reflected light images show
virtually no difference, the contrast is apparent in the tw
photon photocurrent images. Figure 3 compares quan
tively the photocurrent levels of a normal VCSEL and tw
fully implanted devices. Within the implant-defined curre
aperture, the photocurrent measured in the normal devic
more than 15 times larger than that of the fully implant
devices, showing clearly the current-blocking effect of t
implant process. Outside of the current aperture, the m
sured photocurrent levels are about the same for the no
and fully implanted devices, i.e., the large difference in co

FIG. 2. Simultaneous two-photon photocurrent and confocal reflected
images of 980 VCSELs with implant-defined current aperture. The g
scales represent the photocurrent and reflected light levels. The top
shows a normal VCSEL and the bottom row shows a fully implanted
VCSEL. Top and bottom images were obtained under identical conditi
The size of the current aperture is 10mm. See Ref. 6 for detailed VCSEL
structure.
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ductivity within the current aperture has no effect on t
region outside. Combined with the observation of the sh
aperture boundary, we can conclude that lateral carrier
fusion is negligible in the detected photocurrent and the
tected photocurrent represents the local property of the
vice. The devices shown in Figs. 2 and 3 are identical exc
for the implant layer. Thus, Figs. 2 and 3 also show that
two-photon photocurrent image represents the propertie
the implant layer, despite the fact that free carriers are g
erated throughout the confocal length~about 6mm inside the
substrate!, which is much larger than the active layer of th
VCSEL ~less than 0.1mm!.6 Although only results for 980
nm VCSELs were reported here, we have also success
used the same technique to study 850 nm VCSELs~results
not shown!.

The study of the failure mechanisms of VCSELs c
also be aided by the two-photon photocurrent technique,
ticular in locating the defect sites. As an example, t
VCSEL shown in Fig. 4 was intentionally subjected to e

FIG. 4. Simultaneous two-photon photocurrent and confocal reflected l
images of 980 VCSELs before~top! and after~bottom! operating at 24 mA
for several minutes.
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FIG. 3. Line plots of the photocurrent levels. The lines were taken thro
the middle of the 10mm current apertures. The solid line is data taken w
a normal VCSEL. The dashed and dotted lines are data taken with two
implanted devices. Pixel value of 150 represents photocurrent of 10mA.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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treme conditions~24 mA and 6 V, approximately 123
threshold or 1.23 rollover current level! in order to speed up
the degradation process. The uniform degradation of
mesa, i.e., the lack of localized defects in the mesa regio
likely caused by the thermal annealing of the implant; wh
the localized breakdown at the P contact possibly indica
regions of high field strength. The degraded VCSEL s
lased but only at about 20% of its normal power level. T
bias voltage to achieve the same current also dropped sig
cantly, consistent with the observation of a leaky apertu
We also note that the backside confocal reflected light
ages before and after degradation showed little differen
indicating no significant change in the optical properties
the device.

In summary, we have shown that two-photon photoc
rent imaging can be used to quantitatively study VCSELs
a microscopic level. The combination of two-photon bac
side imaging and the probe station is well suited for inter
and full wafer scale testing. The fact that the image is
tained through the backside of the devices makes the t
nique particularly useful for characterizing VCSELs d
signed for flip-chip bonding even before the removal of t
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substrates. Finally, the required peak and average power
els for testing can be easily satisfied by the available co
pact ultrafast laser sources, making the technique prac
and user friendly.
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