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Structural and optical properties of epitaxially overgrown third-order
gratings for InGaN/GaN-based distributed feedback lasers

Linda T. Romano,a) Daniel Hofstetter, Matthew D. McCluskey, David P. Bour,
and Michael Kneissl
Xerox Palo Alto Research Center, 3333 Coyote Hill Road, Palo Alto, CA 94304

~Received 7 August 1998; accepted for publication 11 September 1998!

Laser-diode heterostructures of InGaAlN containing a third-order diffraction grating for distributed
optical feedback have been examined with transmission electron microscopy~TEM! and scanning
electron microscopy~SEM!. The grating was defined holographically and etched by chemically
assisted ion-beam etching into the upper GaN confinement layer of the laser structure. After the etch
step, it was overgrown with an Al0.08Ga0.92N upper cladding layer. Threading dislocations were
present that initiated at the sapphire substrate, but no new dislocations were observed at the
grating/Al0.08Ga0.92N interface. A comparison of TEM and SEM micrographs reveals that there is a
compositional gradient in the AlGaN upper cladding layer; however, calculations show that it did
not reduce the optical coupling coefficient of the grating. ©1998 American Institute of Physics.
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Within the last couple of years, research on semicond
tor lasers with emission wavelengths around 400 nm
received a great deal of attention. Recent milestones in
development of nitride-based light emitters have been
demonstration of high-brightness blue/green light emitt
diodes and both pulsed and continuous-wave laser opera
at room temperature.1–5 Mainly for the purpose of overcom
ing difficulties in high-quality mirror fabrication, but also i
order to improve mode selection and wavelength stabil
distributed feedback~DFB! blue lasers have been demo
strated recently.6 Etching and regrowth of the grating, whic
typically completes the device structure, is a major obsta
for the fabrication of DFB lasers in material systems oth
than the nitrides. The strong chemical bonds between
lium and nitrogen result in a very stable and chemically in
surface, compared to GaAs materials for example, where
ides are readily formed on the surface.

In this letter, we present a structural evaluation of
third-order diffraction grating from InGaN/GaN-based DF
lasers. The grating was defined by holography and etc
into the GaN upper confinement layer by chemically assis
ion-beam etching~CAIBE!. After etching, it was overgrown
with an Al0.08Ga0.92N upper cladding layer and a GaN co
tact layer. We compare scanning electron microscopy~SEM!
and transmission electron microscopy~TEM! cross sections
of the grating before and after overgrowth. Based on th
observations, we estimate how an effective alteration of
grating profile due to a compositional gradient might affe
the grating’s coupling coefficient and thus the threshold g
of the laser.

The fabrication of these devices relied on growing a
mm thick n-type GaN:Si layer onC-face sapphire. On top o
this layer, we grew a 500 nm thick,n-type Al0.08Ga0.92N:Si
lower cladding layer, a 100 nm thickn-type GaN:Si lower
waveguiding layer, an active region with five 3.5 nm thi
In0.1Ga0.9N quantum wells and 9.0 nm thick GaN barrier
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and a 180 nm thickp-type GaN:Mg upper waveguiding
layer. More details about growth conditions and doping le
els can be found in Ref. 5. The thicknesses of the layer
the active region were determined by TEM. The third-ord
grating with a period of 240 nm was then defined by a h
lographic exposure with a single-mode HeCd laser at
emission wavelength of 325 nm. Next, we transferred
grating into the GaN upper waveguiding layer with CAIBE
The grating depth was approximately 85 nm, which theor
cally results in a coupling coefficient of 50–100 cm21 for a
rectangular grating. Figure 1 shows an SEM cross sectio
the grating before regrowth. The tooth shape is a symme
trapezoid with 70° sidewall angle, a slightly rounded top, a
approximately 2:3 line to space ratio. The bottom of the gr
ing looks flat with a slight slope in the areas close to t
sidewall, the sloped bottom being an etching artifact. T
composition of the lower AlGaN cladding layer was me
sured by x-ray diffraction~XRD! with the AlGaN ~0006!
reflection. The position of the peak corresponded to an
mole fraction of 8.2%, by assuming a relaxed alloy, and h
a full width at half maximum~FWHM! of 5.4 arcmin. The
width of the AlGaN peak was found to be slightly broad
than the width of the GaN~0006! peak ~4.9 min!, which
indicates that either strain or small composition variatio
are present in the AlGaN layer.

Next, we proceeded with an epitaxial regrowth to co
plete the device structure. The regrowth consisted of a
nm thickp-type Al0.08Ga0.92N:Mg upper cladding layer and a
100 nm thick p-type GaN:Mg contact layer. The rockin

FIG. 1. SEM cross section of a third-order grating fabricated in GaN. T
period is 240 nm and the grating depth is 85 nm.
6 © 1998 American Institute of Physics
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curve for the full device structure after overgrowth is pr
sented in Fig. 2. The width of the AlGaN peak~5.6 arcmin!
and the position of the peak do not change significantly a
the regrowth, which shows that the two AlGaN layers ha
nearly identical Al content. In addition, no change was o
served in the intensity or width of the zeroth-, first-, a
second-order superlattice peaks corresponding to the InG
GaN multiquantum wells, which indicates that they we
structurally similar after regrowth. From the position of th
InGaN zeroth-order peak and the period of the superlat
peaks, we obtained a value of 10% In for the InGaN al
composition of the quantum wells. This value was obtain
by taking into account that the InGaN layers are pseudom
phically strained as discussed recently.7 The period of the
superlattice peaks~12.4 nm! in the XRD spectrum corre
sponds very well to the total well and barrier thickness
determined from TEM.

Cross-sectional TEM images of the overgrown gratin
taken near thê112I 0& zone, are shown in Fig. 3. Disloca
tions with components of their burgers vectors parallel
perpendicular to the interface are shown in Fig. 3~a! (g
50002) and 3~b! (g5101I 0), respectively. The imaging
conditions in Fig. 3~a! also show the contrast in the laye
due to the difference in atomic number. In this image,
AlGaN, GaN, and multiquantum well layers were identifi
by both the contrast difference and by x-ray chemical ana
sis in the TEM. Therefore, the position of the grating cou
be determined and compared in both of the images. Note
slightly higher magnification~two grating periods! used in
Fig. 3~a! to reveal composition details in the region arou
the grating. The lower magnification image in Fig. 3~b! rep-
resents an area that covers four grating periods. In both
ages, only threading dislocations are observed that initia
at the GaN/substrate interface. No additional dislocati
could be found at the interface between the grooved G
waveguide layer and the upper AlGaN cladding layer. Thi
very different from overgrowths made with InGaAsP/In
based infrared DFB lasers, for example, where the groo
interface serves as starting point for numerous dislocatio8

An additional fringe contrast is observed in the area of
grating @Fig. 3~a!# which will be discussed below.

Although the TEM and SEM specimens were prepa

FIG. 2. X-ray diffraction curve measured after regrowth indicating no d
radation of the QW multiple superlattice peaks.
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from adjacent areas of the device, the two microscopies
vealed a different shape of the grating teeth. In the TE
picture in Fig. 3~a!, the grating does not appear flat bo
tomed. By choosing different imaging conditions, we we
able to observe the as-etched grating profile, as indicate
the arrows; but the contrast was very low. On the other ha
there were several fringes with a relatively high contr
above of the grating. As shown in the schematic drawing
Fig. 4, these fringes most likely represent a compositio
gradient in the overgrown AlGaN layer. This phenomenon
similar to what has been observed in the growth of AlGaA
GaAs quantum wire lasers,9,10 where Ga-rich and Al-rich
superlattices spontaneously form along the sidewalls of
grooves due to the lower surface mobility of Al atoms
compared to Ga atoms. Likewise, we can expect the for
tion of a Ga-rich AlGaN alloy in the GaN grooves present
our samples. However, as growth proceeds, the surface
comes planar, leading to less severe segregation effects

Since a compositional gradient could also affect the g
ing coupling coefficient,k, we estimatedk from experimen-
tal data and compared it with results from a numerical ana
sis. The following formula is the amplitude equalit
condition which can be solved for the net threshold gain,g th

~Ref. 11!.

-

FIG. 3. TEM cross-sectional images of the grating near the^1120& zone
direction: ~a! g50002 and~b! g51010.

FIG. 4. Schematic picture of the grating after regrowth.
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e2g thL

~g th!
21F ~m10.5!p

L G2 5S 2

k D 2

. ~1!

This formula describes the relation between net thresh
gain, coupling coefficient,k, and cavity length,L. The pa-
rameterm is the order of the mode and usually can be se
m50. The experimental value fork was determined specifi
cally by comparing threshold current densities of DFB las
with different cavity lengths and assuming an absorption
scattering loss value which was measured independently
set of Fabry–Perot lasers with different cavity lengths a
mirror coatings.12,13 From this measurement, we found th
the total scattering and absorption loss is on the orde
40–50 cm21. This number was added to the net thresh
gain in order to obtain threshold gain values. Further ass
ing a linear relationship between optical gain and curr
density allowed us to fit threshold current densities of D
lasers as a function of inverse cavity length with the coupl
coefficient being a fit parameter. This procedure yieldedk
54 – 8 cm21.

The numerical analysis is based on Ref. 10 as wel
takes into account the shape of the grating teeth and
overlap of the optical mode with the grating layer accord
to the formula

k5
ive0al

4 E
2`

`

Dn2~x!@Ey~x!#2dx ~2!

which contains the effective index difference of the cor
gated interface,Dn2(x). For flat-bottomed gratings,Dn2(x)
is defined via

Dn2~x!5H nGaN
2 2nAlGaN

2 tooth area

0 elsewhere.
~3!

In Eq. ~2!, Ey(x) is the electric field distribution in the ver
tical direction,e0 represents the dielectric constant,v is the
frequency of the propagating wave, andal the l th Fourier
component of the tooth shape function. This calculation
sulted in a value of 5 cm21, which is well within the range
determined experimentally. Thus, there is no strong reaso
believe that the grating strength is adversely affected by
compositional gradient we observed in the TEM study.
changing the sidewall angle of the individual grating tee
and preventing rounding of the profile, it should be possi
to increase the grating coupling coefficientk significantly
and achieve a lower threshold current density for DFB las
in this material system.
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In conclusion, we have presented SEM and TEM mic
graphs along with x-ray data of third-order diffraction gra
ings in InGaN/GaN-based DFB lasers. We find that the to
shape appeared different in the TEM versus SEM pictu
because of a compositional gradient at the GaN/AlGaN
terface, which caused much higher fringe contrast than
tainable from the actual GaN/AlGaN interface. Since suc
compositional nonuniformity might affect DFB laser perfo
mance, we also compared numerically calculated and exp
mentally based values for the grating coupling coefficie
which indicated that the coupling coefficient is not signi
cantly reduced by this compositional nonuniformity.
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