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Facet roughness analysis for InGaN/GaN lasers with cleaved facets
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Atomic force microscope images reveal a root-mean-square roughAes$6 nm for InGaN/GaN
double-heterostructure laser structures with cleaarpthne facets. The-plane sapphire substrate
cleaves cleanly along both tleeandm planes. A theoretical model is developed which shows that
the power reflectivity of the facets decreases with roughness by a factor&F ("4@20)° where

n is the refractive index of the semiconductor axglis the emission wavelength. Laser emission
from the optically pumped cavities shows a TE/TM ratio of 100, an increase in differential quantum
efficiency by a factor of 34 above threshold, and an emission line narrowing to 13.5 me¥99®
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In the GaAs and InP material systems, laser facets are Figure Xa) is a cross-sectional atomic force microscope
formed by cleaving the substrate and epilayers along a muAFM) image of a cleaved GaM plane, showing striations
tual cleavage plane. The formation of facets in GaN growrwith a root-mean-squar@ms) facet roughness of 16 nm.
on sapphire, however, has proven to be more difficult, beThese striations may be caused by misalignment of the epil-
cause sapphire does not cleave readily. For this reason,ayera planes with the sapphina planes. Figure (b) shows
variety of methods, including dry etchifg® polishing? @ scanning electron microscoff8EM) image of a cleavedh
sawing®’ and cleaving on a variety of substrate$ has plane GaN facet. The surface is very smooth, except for
been used for fabricating lasers in IlI-N materials. In this90-nm steps that occur at 2/4n intervals. These steps have
study, we report on facet fabrication and roughness analysis
for cleaved-facet InGaN/GaN double-heterostructure laser m-plane
structures. (a) Sapphire a-plane

The InGaN/GaN double-heterostructure lasers were pre- GaN
pared as follows: After an initial 1@am-thick buffer layer of .
GaN was grown ore-plane sapphire by hydride vapor phase
epitaxy, a 0.5um GaN bottom cladding layer, a 1000-A
INg 0dGa oiN:Si active region, and a 2200-A GaN top clad-
ding layer were deposited by metal—organic vapor phase ep-
itaxy. Waveguide calculations reveal that the double hetero-
structure is a single-mode waveguide with an active region
confinement factof” = 0.06.

Sapphire does not cleave readily, and there has been

some disagreement as to whether it cleaves at all. Some re- pm

ports indicate that sapphire has no cleavage planeqérts (b)

along both th0001) and (012) planes'® Cleavage is the m-plane a-plane
ability of a crystal to break along definite crystallographic Vacuum GaN Sapphire

directions, while parting is the splitting of a crystal along a

plane that does not normally cleave, and can be caused by

stress, defects, or other perturbations of the crystal

structure'® Other reports indicate parting only along the

(0007 plane when a layer of defects is present, and no cleav- 2.2um
age in any directiod? We have observed cleavage along

both thea (1120) and them (1010) planes. In preparation

for cleaving the substrate is thinned to 20, polished, and

scribed. After being mounted with wax to a thin piece of i
flexible metal, the samples are cleaved along the scribes by Toam
bending the metal.

FIG. 1. Images of cleaved GaN anplane sapphire(a) AFM image of
cleaveda-plane GaN, showing striations with a rms roughness of 16 nm. All

dE|ectronic mail: stocker@bu.edu units are inum. (b) SEM micrograph of cleavedr+plane GaN, showing
Ypresently with Alcatel. 90-nm steps occurring every 2.
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wheren is the refractive index of the semiconductor angd
is the emission wavelength in vacuum. For an incident wave
with a magnitudeJ,, the reflected wave is a superposition
of all of the reflected elementary waves, which have a Gauss-
ian phase shift distribution. The magnitudeof the reflected
wave as a function of phase shifthas a standard deviation
A¢ and is dependent upon the incident magnitubg the

p— T amplitude reflection coefficient, and the phase broadening
Ag:
Uor
U(¢)= —==—e #2A% )
V27A ¢
Vacuum Because the wave is monochromatic, the superposition of all

of the waves in this distribution of phase shifts results in a
wave with a magnitudé&; given by

Sapphire o .
Ufzf U(¢p)e?dp=Uqre 242, 3

[—T The exponential factor is interpreted as a decrease in the
_ _ _ amplitude reflectivityr. Substituting Eq(1) into Eq.(3), we
FIG. 2. SEM images of cleaved sapphife) Sapphire cleaved smoothly  finq that the ratio of the actual power reflectivity to the

gLoorﬁir:tsg’:éig?(:ég? attempt to cleave sapphire 2° off of isplane, power reflectivity for a perfectly smooth facet is given by
R(Ad)

been observed previously and have been attributed to a 2.4° Ro

rotation of the GaNm plane with respect to the sapphiae  \hereR, is the reflectivity of a perfectly smooth facet. For
plane’® The rotation of the epilayers with respect to the sap-an uncoated faceR,=r2=(ny—n,)2/(n;+n,)2.
phire substrate is further supported by crystallographic wet  The model was verified by examining the intensity of a
etching of GaN'® in which the crystal planes formed in the HeNe laser =633 nm) reflected off of a roughened silica
GaN are misaligned by approximately 2° with the cleavagesyrface. The results of this test are shown in Fig),3long
planes of sapphire. Because of the hardness of the GaN eRjth the theoretical curve. The values in FigaBare nor-
ilayers, the steps can propagate several microns into the sagralized so that 1.0 corresponds to the maximum signal ob-
phire substrate, as seen in Figb}l The steps disqualify the served for a smooth surface. The theory is next applied to the
GaNmplane from use in fabricating laser facétsinless the  |nGaN/GaN laser structure with an emission wavelength of
sapphire substrate could be cleaved at an angle 2.4° off &fg5 nm. The GaN refractive index at 395 nm, 2'8# used,
the a plane. since the confinement factor for the guided mode is 0.94 in
Typical results of cleaving sapphire are shown in Fig. 2.the GaN cladding layers. The normalized reflectivity of a
Figure 2a) shows an edge cleaved exactly alongafane.  GaN surface as a function of surface roughness is shown in
Figure 2b) shows a jagged edge of the same piece of sapFig. 3(b), along with published roughness measurements on
phire, this time broken 2° off of tha plane. The two distinct GaN-based laser structures. The 16-nm roughness of our fac-
results show that tha plane is a cleavage plane of sapphire. ets corresponds to a decrease in reflectivity to 20Rgfor
It also cleaves cleanly along time plane, but cleaving along 49%. There is no minimum reflectivity required for laser ac-
other crystal planes perpendicular to tbeplane was not tion, since the round-trip gain can be increased by lengthen-
successful. ing the cavity or coating the facets, but the performance of
The method used to analyze laser facets in Ref. 17 ashe laser is strongly degraded by facet roughness. In order to
sumes a step-like surface like that observed in cleawed achieve reflectivities of greater than 90%, facets with a rms
plane GaN. The striations in treeplane GaN facets are not roughness of less than 4 nm are required.
step-like, so we have developed a model, which gives the The InGaN/GaN lasers that we have fabricAtede
reflectivity of facets with Gaussian roughness distributionsi-mm long with facets produced by cleaving along the
We take the reflected wave to be a superposition of Huygenglane of the double heterostructure. The transverse electric
elementary waves generated at the surface of the laser fac€TE) modes are enhanced due to the lower reflection of trans-
Because we are applying the model to a laser cavity, only theerse magneti€TM) modes at the facets of the lasers, con-
specular, normal-incidence reflection is considered. We adirming feedback from the facets. Figure 4 shows that the
sume a facet with a rms roughnesd that follows a Gauss- TE/TM ratio is 100 at an incident optical pumping power
ian distribution. The roughness of the facet causes phase difiensity of 3.1 MW/cri. The emission linewidth decreases
ferences in the elementary waves generated at the surfadepm 115 meV in the spontaneous emission regime to 13.5

broadening the phase of the reflected wave by meV in the lasing regime. A large change in differential
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@ _10 I——SS In conclusion, we have demonstrated a method for fab-
g . ricating 1lI-N lasers with cleaved facets. A model has been
> o8t _ developed which shows that the power reflectivity of laser
£ = Measured
5 T tical facets decreases as a result of facet roughtvedsy a factor

—— Theoretica 162 2
% 06| 1 of e 167 (MAdMo)” Uncoated cleaved-plane GaN facets on

o . c-plane sapphire are shown to have a rms roughness of 16

§ 04l . nm, which corresponds to a reflectivity of only 4%. Mis-

5 alignment of the GaNn plane with the cleavage planes of
g 02} - sapphire prevented it from being used for laser facets, and

pd the c-plane sapphire did not break smoothly in any direction

o.o0 TR TR R R R R other than thea and m planes. The laser emission from our

Rough 4 optically pumped cavities shows a TE/TM ratio of 100, an

oughness 4d (nm) increase in differential quantum efficiency by a factor of 34

at threshold, and a line narrowing to 13.5 meV.
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