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Direct observation of lateral current spreading in ridge waveguide lasers
using scanning voltage microscopy

D. Ban® and E. H. Sargent
Department of Electrical and Computer Engineering, University of Toronto, 10 King's College Road,
Toronto, Ontario, M5S 3G4, Canada

K. Hinzer,” St. J. Dixon-Warren, A. J. SpringThorpe,® and J. K. White
Nortel Networks Optical Components, 3500 Carling Avenue, Ottawa, Ontario, K2H 8E9, Canada

(Received 4 December 2003; accepted 7 April 2003

We report results of two-dimension@D) local voltage measurement of the transverse cross section
of operating multiqguantum-well ridge-waveguid@WG) lasers. We observe lateral nonuniformity

of local voltage in ther-cladding layers of the laser and attribute the voltage variation to 2D carrier
transport effect within the RWG lasers. The quantitative evaluation of this effect indicates the local
vertical current density to be-40% smaller at the edge of the ridge than at its center. Our results
demonstrate the strength and application of scanning voltage microscopy technique in quantitatively
delineating 2D current flow in operating optoelectronic devices.2@3 American Institute of
Physics. [DOI: 10.1063/1.1581982

Ridge-waveguidéRWG) lasers are technologically im- of operating semiconductor devices. In this letter, we report
portant for their applications in optical communication the application of SVM to InAlGaAs/InP ridge-waveguide
systems:~3 Their performance is highly dependent on cur- MQW lasers driven actively above the lasing threshold. We
rent flow to the active regiofr.® Lateral current spreading in present 2D voltage profiles with high spatial resolutisab
this region can significantly affect the device performance20 nm of the transverse cross section of lasing devices. We
and can result in a reduced efficiency above threshad, complement these results using scanning spreading resis-
considerable degradation of operation in the fundamentaince microscopyfSSRM measurements, which delineate
transverse mode operatigahape of the modea perturba- the transverse cross section beneath the ridge and resolve
tion of the longitudinal mode via the lateral mode individual quantum-well/barrier layers. We report measure-
instability,8 and a rise in intermodulation distortion under ment of the lateral voltage distribution within different ver-
direct modulatior?:!° There has been significant interest in tical layers of the RWG laser. Our results provide a direct
quantifying the amount of lateral current spreading present imnd quantitative picture of the impact of 2D carrier transport.
specific designs and the epitaxial layers from which the lat- We carried out both SSRM and SVM using a commer-
eral current originates. This issue has been tackled using exial atomic force microscopeAFM) system(Nanoscope llI,
perimental observation of the external performance of thdimension 3100, Digital Instruments with SSRM applica-
devices in conjunction with modeling of the internal opera-tions modulg. In SVM mode, a conductive AFM tip was
tion of the laser. For example, Evans and co-workdeyvel- used to measure the voltage profile on a surface. The probe
oped an analytical model to evaluate the impacts of lateravas scanned in contact mode over the transverse cross sec-
current spreading on the performance of mu|tiquantum_we|ti0n of the device. The contact force was set sufficiently high
(MQW) InGaAsP/InP RWG lasers. They reported that thesuch that the tip mechanically penetrated the native oxide
lateral current spreading in narrow ridge width las@ess layer at the sample surface to establish a good electrical con-
than 5um) is significant—up to 42% of the injected current tact. The local voltagéwith reference tg side of the device
escapes from the index-guided region at threshold fopa2 ~Was measured by a voltmeter having a high input impedance
ridge width. As well, Belenkyet al.* by measuring the gain (Keithley 6517 A. The spatial resolution was on the same
and loss and modeling the optical confinement in buried hetorder as the radius of the AFM tip-20 nm). Details of the
erostructure lasers with varied mesa widths, concluded thgxperimental setup can be found in Ref. 14.

up to 30% of the threshold current in single mode devices The RWG laser samplegidge width=2.4um) were
does not contribute to active region pumping. metallized with ohmic contacts. A polish-free sample prepa-

Scanning voltage microscopySVM),'213 pased on ration procedure was conducted to produce clean bar cleaves

atomic force microscopy, is a direct method for measurin%devOid of fracture lines and to minimize overedge current
two-dimensional2D) maps of the internal potential profile '€2kage. The sample bar with 2 mm long Fabry—Perot cavi-
within actively driven semiconductor devices, and thus proies was then mounted with the cleaved edge facing up in a

vides a direct and quantitative view into the internal behavio€Ustom metal clamp. The current-voltage characteristics of
the samples were measured before, during, and after the

) _ . . . ~SVM experiment. No change was observed in the electrical
g't‘;‘g\;;' 'gf]tt';fits fg;r;zgﬁi‘fg“égl Sciences, National Research Councilyyapavior of the device. The topographic AFM image of the
bAuthor to whom correspondence should be addressed: electronic mai@mple surface, obtained 5|mU|_tan90US|y with the SSRM and

khinzer@bookham.com SVM data, showed no perceptible features.
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FIG. 2. (Color) 2D local voltage drop image of the RWG laser in transverse
cross sectiorfNote: to display the measurement as clearly as possible, the
voltage scale is invertedThe laser was biased 40 mA above lasing thresh-
old (a forward bias of 1.372 W The inset shows the full lateral cross-
sectional voltage profiles sampled in three vertical layerstAlAs, MQW

FIG. 1. (Color) SSRM image of RWG laser in transverse cross section. The?Ctive region, and InAlAs. The n InAlAs layer displays a nonuniform
tip bias was 1.0 V and the scan rate was 0.5 Hz. The inset shows the bariateral voltage distribution.
diagram of the laser above threshdicilence bandg,, conduction band:

E., Fermi level for the valence banH#;, , and Fermi level for the conduc-
tion band:Es,). from O V up to 1.5 V. The accumulated voltage drop from the

p metal to the substrate measured from the SVM agrees with

SSRM was first conducted to examine the cross sectiofi © externally applied \_/oltage. Substantial \_/o_ltgge drops can
of the RWG MQW lasers under zero bias. Figure 1 shows e observed at some interfaces of two adjoining layers, in-

2D SSRM image on a freshly cleaved facet of the Iaselcluding thep-metal-t.op—InP.interface gnd the int.er.faces be-
sample. A small scan size was set in the measurement fyveen the MQW active region and adjaceréndn injectors.

obtain high spatial resolution so as to resolve individual It can be seen in the SVM image that the latépirallel

quantum wells. The core laser structures are labeled in Fig{o the ridge top surfagevoltage profile within ther-cladding

1, including the MQW active region, and thecladding lay- é\yer is not uniform from one edge to the other across the
ers (n-InAlAs and n-InAlGaAs), the p-cladding layers

ridge. This lateral nonuniformity in voltage is more readily

(p-InAlAs and p-InAlGaAs), then-InP atop the substrate observed in the cr_os_s-sectional analysis as shown in_the in-
all grown by molecular-beam epitaxy, and at the bottom, thes€t: The voltage within thp-InAlAs layer and MQW active
p-InP layer for ridge definition grown by metalorganic "€9i0n is flat to within the experimental error; hqwgver, a
chemical vapor deposition. The quantum wells of the devicdlifference of up to~75 mV can be measured within the
appear as six bright lines in the middle of the image, illus-N-INAIAs layer. The curvature of the-InAlAs trace is al-
trating the high spatial resolutiofsub 20 nny of this tech- ~ MOst symmetric with respect to the ridge center as would be
nique. The difference in doping typés or p doped, doping  €xpected due to the symmetry of the device.
concentration, and material composition of each semicon- The nonuniform lateral voltage distribution within RWG
ductor layer gives rise to substantial color contrast in thdasers, as revealed in Fig. 2, is directly related to lateral cur-
SSRM image, leading to clear resolution of the nanometrident profiles. It therefore merits in-depth investigation and
features beneath the ridge. The inset of Fig. 1 shows th8irther discussion. Figure 3 shows the laterally cross-
flat-band energy diagram of the laser operating under forsectional voltage profiles as the RWG laser was biased at an
ward bias. The calculation was done using a commercial 2[®levated current injection, i.e., 150 mA, where the device is
laser simulation tool.Note that then-InAlAs is an energetic  emitting more than 15 mW of power. As expected, increased
barrier for electrons due to its type-ll band offset with InP current injection gives rise to more severe lateral current
and InAlGaAs. spreading and consequently increases the nonuniformity in
Figure 2 shows the 2D SVM image in transverse crosghe lateral voltage distribution. This is observed in the lateral
section of a RWG MQW laser biased under a forward currenvoltage difference as measured in tieénAlAs layer, which
injection of 100 mA. The device is operating 40 mA aboveis around 200 mV at 150 m&Fig. 3), while only 75 mV at
threshold and is emitting more than 10 mW in output power100 mA (Fig. 2).
The ridge structure and some buried layers beneath the top Figure 3 provides a depth profile analysis of the laterally
surface, such as the etch stop layer, the MQW active regiorgross-sectional voltage distribution. It shows a different cur-
then- andp-cladding layers and the substrate, are resolved vature of the voltage profiles, across half of the laser ridge,
in the SVM image and correlate with the structure shown inwithin the layers at different depths underneath the top sur-
Fig. 1. For the 2D SVM map to display the measurement asace of the RWG laser. For layers within or close to the ridge

clearly as possible, the voltage scale is inverted and goedefinition, such as the-InP, p-InAlAs, and the MQW ac-
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1.2 — - assume drift current dominates beyond that depth until the
RidgeiCenter Ridgg Edge K
5 peInP n-contact metal layer. The vertical component of local cur-
1 '\/‘WWNM rent density(j) for this region is given by
S 08 ? j=—0oVV, 6y
s 06 1 p-InAlAs whereo is the local conductivity an&V is the voltage gra-
Py E dient along the direction perpendicular to the semiconductor
S 0.4 M MQW active X junctions. For an essentially homogeneous conductivity, the
e voltage gradient drives the current density. The voltage drop
0.2 ~ n-InAlAs (b n-InAlAs (a) from the n-InP to then-InAlAs [Fig. 3@)] layers isAV,
W% =190+ 15 mV at the center, oAV,=114+15mV at the
0 P Substrate) ; edge of the ridge, as read from Fig. 3. The ratio of the local
0 300 600 900 1200 1500 1800 vertical current density at the edge and center is then esti-
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FIG. 3. Lateral cross-sectional local voltage profiles, across half the laser ]_e: oVVe _ AVe _ 114:
ridge, of the layers at different depth from thénP substratébottom trace j oVV AV 190
. Cc Cc Cc
to the p InP near the top of the ridgéop trace. The laser was forward
biased at 150 mAn-doped layers show nonuniform lateral voltage distribu- The result indicates the local vertical current density at the

tion. The curves oh InAlAs (a) and(b) are taken~60 nm apart with trace edge is around 40% smaller than that at the center of the
(a) sampled at depth closer to the MQW and trézesampled closer to the ridge.
n InP layer. .
In summary, we present the results of the first SVM mea-

surement of operating MQW RWG lasers on the nanometer
tive region, the lateral voltage profile is almost uniform from scale. The 2D carrier transport effect in the RWG lasers is
the center to the edge of the ridge within experimental errorinvestigated directly and quantitatively via experimental
However, the lateral voltage is nonuniform in the layers be-means. By examining the lateral nonuniformity of the local
low the ridge definitior(i.e., n InAlAs) and the region inside voltage, we find that the local current density at the edge is
the n substrate. The two curves, as labeledhdpAlAs [Fig. ~40% smaller than that at the center of the 2w wide
3(a)] and[Fig. 3(b)] and sampled~100 nm and~40 nm  ridge under 150 mA forward bias. SVM provides quantita-
from the n-InAIAs—InP interface, respectively, both exhibit tive 2D internal voltage distribution of the transverse cross
a significant curvature but have a slight disparity in lateralsection of actively driven devices with high spatial resolution
voltage variation. The voltage differs along the lateral direc-and holds great potential application in the device design,
tion up to~200 mV in the curven-InAlAs [Fig. 3@] and a  fabrication, and optimization of RWG and other laser de-
reduced value of~170 mV in n InAlAs [Fig. 3b)]. The vices.
bottom curve is sampled within the substrate close to the

0.6. 2
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