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Ultrahigh spontaneous emission extraction efficiency induced

by evanescent wave coupling
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A spontaneous emission extraction efficiency greater than 50% is observed in a GaAs/AlGaAs
quantum well structure grown on the subwavelength-sized ridge top facet of a V-grooved substrate
by means of photoluminescence study. This is an extraction efficiency about 20 times higher than
that of a similar structure grown on a flat substrate. It is demonstrated both experimentally and
theoretically that the high extraction efficiency is the result of the efficient conversion of evanescent
waves into propagating waves in air through constructive coupling of evanescent waves generated
on the two sidewall facets of the V-grooved substrate by total internal reflection. © 2009 American

Institute of Physics. [DOI: 10.1063/1.3086887]

Control of the spontaneous emission of semiconductor
materials is of great interest both from the standpoint of ba-
sic physics and of improving optoelectronic device perfor-
mances. For example, efficient extraction of spontaneous
emission generated in semiconductors has been proven to be
a very challenging task since spontaneous emission tends to
be trapped inside semiconductors owing to total internal
reflection (TIR) that occurs at the semiconductor-air
interface.” For a planar structure, only light in the narrow
escape cone defined by the critical angle for TIR, which
accounts for only a few percent of the total emission, can
escape to air."? An important effect accompanying TIR is the
formation of an evanescent wave, which propagates only
parallel to the semiconductor surface. In the direction normal
to the surface, the evanescent wave decays exponentially and
is localized in air over a distance of the order of the emission
wave:le:ngth.3’4 Up until now, the only known way of trans-
forming an evanescent wave into a propagating wave in air is
to scatter the evanescent wave with a subwavelen§th-sized
object placed in contact with the evanescent field. ~ Here,
we report that the evanescent wave can be transformed into a
wave propagating in air with a very high efficiency through a
constructive coupling effect of two evanescent waves, which
is achieved in a GaAs/AlGaAs quantum well (QWL) struc-
ture grown on the subwavelength-sized ridge top facet of a
V-shaped substrate. An extraction efficiency of spontaneous
emission exceeding 50% was obtained owing to this unique
evanescent wave coupling effect.

As illustrated in Fig. 1(a), the sample used in this study
is a single Aly3Gay;As/GaAs/Aly;Gay,As QWL structure,
sandwiched between two higher Al-content Alj4sGa35As
layers (hereafter referred to as “Alg¢5Gag3sAs confinement

layers”), grown on a 4-um-pitched, [110]-oriented,
V-grooved GaAs substrate by metal organic vapor phase
epitaxy.8 In this structure, the GaAs well layer consists of
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three different quantum structures depending on crystal
facets, that is, a thicker QWL grown on the (001) flat
facet, a thinner QWL grown on the (111)A sidewall
facet, and a crescent-shaped quantum wire (QWR) formed
at the V-groove bottom.*® The thicknesses of the (001)
flat and (111)A sidewall QWLs, as determined through
high-resolution transmission electron microscopy (TEM),
were about 4.3 and 1.7 nm, respectively. The lateral
width and growth thickness of the (001) flat
Al 3Gag;As/GaAs/ Aly3Gag;As QWL are about 0.5 and
0.6 um, respectively, and the thickness of the Al ¢sGag35As
confinement layers is about 0.75 um at the ridge top [Fig.
1(b)].

Figure 2(a) compares the 4.5 K photoluminescence
(PL) spectrum of the sample described above with that of a
similar structure grown on a flat substrate. In the PL mea-
surement of the V-grooved sample, the wavelength of a
Ti:sapphire excitation laser (normal incidence, spot size of
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FIG. 1. (Color) Schematic drawing (a) and cross-sectional TEM image (b)
of the GaAs/AlGaAs QWL structure used in this study. The red dashed line
in the TEM image indicates the position of the (001) QWL.

© 2009 American Institute of Physics

Downloaded 17 Mar 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.3086887
http://dx.doi.org/10.1063/1.3086887
http://dx.doi.org/10.1063/1.3086887

091102-2 Wang et al.
1.0 T T T T T T T T T T T T T
(a) (001), T=45K
QwL Excitation laser
08 wavelength: ]
’;; V-grooved sample
p =720 nm
;0.6 - QwL Flat-substrate QWL
."";; on flat =708 nm
= substrate
2
£04rF -
-
o
02 -
QWR
0.0 : —— e
720 730 740 750 760 770 780 790 800
Wavelength (nm)
T T T T T T T T T T T T T
b D
(b) 1. WP
3f | 2.2 um | 8

Integrated PL intensity (a.u.)
N

s /[T
Critical andle

1k L] .

- flat substrate

" onom =]

0.5 1.0 1.5 20 25 3.0 3.5
(001) facet width (um)

FIG. 2. (Color) (a) Comparison of PL spectrum of the sample shown in Fig.
1(b) with that of a similar sample grown on a flat substrate measured at
4.5 K. (b) Integrated PL intensities of the (001) QWL as a function of the
(001) facet width W. The lower inset shows the development of the escape
cones for the sample with 2.2-um-wide (001) facet, where the dashed lines
indicate the surface normal.

~65 wum, and power density of =226 W/cm?) was tuned to
be longer than the (111)A QWL emission wavelength
(~704 nm), and thus only the (001) QWL and the V-groove
bottom QWR were excited selectively. The strong and the
weak peaks were attributed to luminescence from the (001)
QWL and the QWR, respectively.g’m It is very surprising that
the (001) QWL, with a surface occupation ratio of only about
12.5% (=0.5/4), showed an integrated PL intensity about 1.6
times stronger than that of the flat substrate sample. We
would like to point out that the actual intensity ratio should
be even larger since part of the incident beam is diffracted by
the intersection between the (001) and the (111)A facets,
which will reduce the laser excitation efficiency of the
V-grooved sample. It was also found that the PL intensity is
very sensitive to the lateral width of the (001) facet. Figure
2(b) shows the integrated PL intensity of the (001) QWL as a
function of the (001) facet width W, where the PL intensities
were normalized to unit (001) QWL area. For this experi-
ment, a series of V-grooved substrates with different (001)
facet width W and constant V-groove opening D were fabri-
cated (the upper inset). As can be seen in Fig. 2(b), the inte-
grated PL intensity drops rapidly when the (001) facet width
is increased from 0.5 to about 1 um. Beyond 1 um, the PL
intensity decrease becomes much slower and eventually
saturates at a value about 11.7 times lower than that for the
0.5-um-wide sample. Temperature-dependent PL. measure-
ments have confirmed the internal quantum efficiencies of all
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FIG. 3. (Color) Polar plot of angle-resolved PL intensity of the sample
shown in Fig. 1(b) measured in the direction perpendicular to the V-groove
stripe. The blue curve gives the calculated Lambertian emission pattern of a
flat-substrate sample.

these samples to be 100% at 4.5 KM Thus, the above differ-
ence in PL intensity essentially reflects the difference in light
extraction efficiency.

We next estimated the light extraction efficiency of
the sample in Fig. 1(b) by using the PL intensity ratio of
this sample to the 2.2- um-wide sample. As will be discussed
later, finite-difference time-domain (FDTD) simulation has
confirmed that the light extraction process of the
2.2-um-wide sample is governed by the conventional TIR
mechanism. Simple geometrical examination shows that at
least two escape cones are developed [the lower inset of Fig.
2(b)] in this sample: one full escape cone on the (001) flat
facet and two larger-than-half cones on the two sidewall fac-
ets. The amount of light that can be extracted from one es-
cape cone is given by (1-cos 6,)/ 2,"% where 0. is the critical
angle for TIR and equals sin™! 1/n with n being the refrac-
tive index of the material. Using a refractive index of n
=3.15 for Al sGag 35As (at 4.5 K and 750 nm),'*"? the ex-
traction efficiency of a single escape cone was calculated to
be about 2.6%. Thus, the total light extraction efficiency of
the 2.2-um-wide sample should be at least 2 X2.6%=5.2%.
Using this value and an integrated PL intensity ratio of 9.6
for these two samples, we finally obtained a light extraction
efficiency for the 0.5-um-wide sample in excess of 5.2%
X9.6=50%. This is a light extraction efficiency approxi-
mately 20 times higher than that of a similar structure grown
on a flat substrate.

It is well known that the spontaneous emission can be
controlled by modifying the local densities of electromag-
netic modes around an emitter, as demonstrated in micro-
cavities and photonic crystals.m_'6 The great enhancement of
spontaneous emission extraction efficiency observed in
samples with submicron-wide (001) facets suggests the exis-
tence of strong nonuniformity in the spatial distribution of
electromagnetic mode densities around the ridge top facet.
To gain insight into the spatial distribution of electromag-
netic mode density of samples showing high light extraction
efficiency, we investigated the spatial distribution of PL in-
tensities of the 0.5-um-wide sample by means of angle-
resolved PL measurements. Figure 3 shows the polar plot of
the angle-resolved PL intensity measured in the direction
perpendicular to the V-groove stripe at 8 K. One can see that
the emission pattern is composed of several very sharp emis-
sion lobes: one strong lobe in the direction normal to the
(001) facet and two weak lobes on either side, about 30° and
60° away from the strong lobe. This emission pattern is com-
pletely different from the Lambertian pattern of a flat sub-
strate sample (indicated by the blue curve in Fig. 3)," and
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clearly indicates the existence of spatial nonuniformity in
mode densities of electromagnetic waves.

Next, in order to obtain further confirmation of the exis-
tence of the localized spatial distribution of electromagnetic
modes and to understand the formation mechanism involved,
a theoretical calculation of the electromagnetic field around
the ridge top facet was performed using the FDTD method.
In the simulation, a point source from an electric dipole ori-
ented in the in-plane direction,'” in the form of a short pulse,
was placed in the center of the (001) QWL. Shown in Fig. 4
is a series of calculated images demonstrating the evolution
of electromagnetic field with time. When the uniform wave
from the point source (red dots) arrives at the ridge-air inter-
face, two electromagnetic modes spatially localized at the
interface, indicated by the white bars in Fig. 4(a), appear on
the two (111)A facets. These two localized modes were at-
tributed to the evanescent waves induced by TIR since they
exhibited all the characteristic features of an evanescent
wave: (i) they moved only along the (111)A facet surface
toward the center of the ridge top and did not propagate in
air [Figs. 4(a) and 4(b)]; (ii) they were strongly localized in a
region much narrower than the emission wavelength in the
direction normal to the (111)A facets and; (iii) they always
started to appear at a position on the (111)A facets that forms
an angle of incidence with the (111)A facets with respect to
the point source comparable to the critical angle for TIR
(~18.5°). The two evanescent waves couple together when
they meet at the ridge top and are transformed into light
propagating in air in the direction normal to the (001) facet
[Figs. 4(c)-4(e)]. We note that the diffraction effect at the
intersection between the (001) and the (111)A facets presum-
ably plays an important role in the above coupling process
by changing the wave vectors of the two evanescent waves to
promote their coupling. At 25.55 fs [Fig. 4(e)], when most of
the light has escaped the sample, we can clearly observe
three spatially localized emission lobes: one strong lobe in
the normal direction of the (001) facet and two weak lateral
lobes about 40° from the strong lobe, which is in good agree-
ment with the angle-resolved PL data. These results clearly
demonstrate a great enhancement in the density of electro-
magnetic modes around the ridge top in the direction normal
to the (001) facet due to the coupling of evanescent waves.
The experimentally observed high spontaneous emission ex-
traction efficiency can thus be explained by the efficient cou-
pling of electronic excitations of the (001) QWL into these
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FIG. 4. (Color) Spatial distribution of
electromagnetic field intensity around
the ridge top facet of the sample
shown in Fig. 1(b) calculated by the
FDTD method as a function of time:
(a) r=18.67 fs, (b) t=19.21 fs, (c) ¢
=20.37 fs, (d) 1=20.54 fs, (e) ¢
=20.71 fs, and (f) r=25.55 fs. The
red dashed lines represent the position
of the sample-air interface.

spatially localized electromagnetic modes. When the ridge
top width is increased beyond the emission wavelength, the
two localized modes can no longer couple with each other
and we revert to the uniform distribution regime of a flat
sample.

In conclusion, we have demonstrated the ultrahigh spon-
taneous emission extraction efficiencies from GaAs/AlGaAs
QWLs grown on the subwavelength-sized ridge top facet of
a V-grooved substrate due to a constructive coupling effect
of evanescent waves generated on different facets by TIR.
We believe that our results have the potential to not only
greatly impact the field of nanophotonics, but also to lead to
significant improvements in the performance of various op-
toelectronic devices, in particular, light extraction efficien-
cies of light-emitting diodes."
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