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Efficient directional spontaneous emission from an InGaAs/InP
heterostructure with an integral parabolic reflector
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In order to increase the radiative efficiency and directivity of spontaneous emission from a
lattice-matched InGaAs/InP heterostructure, we have polished the substrate into a parabolic
reflector. We combine optical and thermal measurements to obtain the absolute external efficiency
over a wide range of carrier densities. Using a simple model, the measurement is used to determine
interface, radiative, and Auger recombination rates in the active material. At the optimal density, the
quantum efficiency exceeds 60% at room temperature. The divergence of the emitted light is less
than 20°. In fact, the beam profile is dominated by a 6° wide lobe that can be swept across the field
of emission by changing the excitation position. This suggests a way to create an all-electronic
scanned light beam. ©1998 American Institute of Physics.@S0021-8979~98!06721-8#
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For many applications, light emitting diodes~LEDs! are
superior to laser diodes. The primary advantages of LEDs
derived from the fact that they produce spontaneous ra
than stimulated emission. This means that LEDs have z
threshold current and are consequently more efficient t
lasers in low power applications. Furthermore, spontane
emission is not sensitive to the spurious optical feedback
often hinders laser diode performance. LEDs utilize re
tively simple driving circuits and are capable of operati
over a wider range of temperatures than their stimula
emission counterparts.

A fundamental disadvantage of spontaneous emissio
its isotropic emission pattern. This property is problema
for two reasons. First, it is difficult to collect the highl
divergent emitted light. Second, due to total internal refl
tion, isotropic spontaneous emission in planar semicondu
structures has a very small chance of escaping the high
fractive index (n'3.5) material. Recycling~i.e., reabsorp-
tion and emission! of trapped photons yields additional op
portunities for nonradiative recombination and sever
limits the efficiency of ordinary LEDs.

In recent years, a wide variety of approaches have b
developed to address this problem. Efficiency and directiv
can be improved by placing the active layer of the device
the antinode of a resonant optical cavity.1 This technique has
the additional property of narrowing the spectral width of t
emission.2 While these devices can be extremely efficie
~the current record is approximately 20% at 976 nm!,3 they
tend to have broad beam profiles. Indeed, the highest
ciencies are only obtained at the expense of increased b
divergence. The LED output can also be enhanced via i
gral microlenses. The most recent example of this tech
ogy is the mushroom-shaped photoresist microlens.4 Here, a
highly directional beam was obtained but the efficiency
the microlens LED was only a factor of 2 larger than t

a!Electronic mail: gfroerth@jmu.edu
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original device. Presumably, the efficiency enhancemen
limited by the poor index match of the photoresist (n'1.6)
to the semiconductor.

Using the substrate as an integral optical reflector,
have obtained both record external efficiencies and exce
beam directivity. A schematic of our device is shown in F
1. This light coupling scheme has been used before to
prove the efficiency of GaAs and GaAsP diodes,5 but the
absorbing substrate in these systems limited the externa
ficiency to about 1%. Our In0.53Ga0.47As/InP double hetero-
structure is grown on undoped InP, which is transparen
the emission wavelength of 1620 nm. The epitaxy was p
formed on a 25 mm diam32 mm thick wafer by metalor-
ganic vapor phase epitaxy~MOVPE!. Since the MOVPE
system is optimized for growth on 50 mm30.5 mm wafers,
a special receded susceptor was used to maintain the ori
reactor geometry. The heterostructures were patterned
mesas using standard photolithographic and wet-chem
etching techniques. Finally, the substrate was ground
polished into a spherical approximation of the desired pa
bolic shape and optical coatings were applied.

We have developed a very accurate technique for m
suring the external quantum efficiency of light emitting d
vices with unspecified emission profiles. The device is s
pended by a thin gold wire in the sample chamber of a st
exchange-gas cryostat. The pressure in the sample cham
which controls the thermal link between the device and
vacuum-insulated heat exchanger, is held constant at
mTorr. Excitation is provided by a NaCl:OH2 color center
laser tuned to 0.855 eV and focused to a spot size of 75mm
full width half maximum~FWHM! positioned on the mesa
The device temperature is monitored by a platinum resis
and luminescence is collected through a low pass filter
focused onto an InGaAs photodetector.

Our measurement of the external radiative quantum
ficiency relies on the argument6 that uncalibrated measure
ments of radiative and nonradiative efficiency against ex
0 © 1998 American Institute of Physics

 Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



c
o

re
es
n
he
an
i-
a

xc

th
t

d
ali-

con-
ter-
is

ser
r di-

it-
sion
c-
al
ing
that
di-

d
ust

ng
ruc-
of
ly.

n
wth
ds

lue
sly

on

te
a

w

pe
ea
tio

ole
ady-
om-

5361J. Appl. Phys., Vol. 84, No. 9, 1 November 1998 Gfroerer, Cornell, and Wanlass
tation can be combined to determine the absolute efficien
Since the absorbed power is converted into either light
heat, an increase in one must be accompanied by a dec
in the other. In our experiment, we measure the lumin
cence intensity and the temperature change as a functio
excitation power to obtain the calibrated result. A plot of t
normalized luminescence signal versus temperature ch
is shown in Fig. 2. At low excitation, the normalized lum
nescence increases and the normalized temperature ch
decreases with increasing excitation. However, at high e
tation the radiative efficiency rolls off~see Fig. 3! and the
data begin to show the opposite trend. The linearity of
results and the agreement in both regimes indicate that
model is working well.

FIG. 1. Schematic of the integral parabolic reflector device. Light emit
towards the substrate is reflected from the gold coated back surface
directed perpendicular to the anti-reflection coated front surface as sho

FIG. 2. Relative measurements of the luminescence intensity and tem
ture change, normalized by the excitation intensity and plotted against
other. The dotted line indicates how the result evolves as the excita
power is increased from approximately 0.1 to 10 mW.
Downloaded 18 Sep 2013 to 152.42.204.83. This article is copyrighted as indicated in the abstract.
y.
r
ase
-
of

ge

nge
i-

e
he

They intercept of the linear fit in Fig. 2 can be combine
with the excitation and average emission energies to c
brate the luminescence data.6 The results of this calibration
are presented in Fig. 3. For such a small band-gap semi
ductor, where nonradiative recombination via Auger scat
ing is large, the peak external radiative efficiency of 63%
extremely high. In fact, the device outperforms most la
diodes with comparable emission energies. Usually, lase
ode efficiency is vastly superior to that of spontaneous em
ters because the directional character of stimulated emis
provides excellent coupling of light out of the semicondu
tor. Typical LEDs emitting at this wavelength have extern
efficiencies of a few tenths of a percent. When compar
our results with those of diodes, we should acknowledge
converting our device to electrical injection will cause ad
tional losses.

The fit in Fig. 3 is derived from the principle of detaile
balance. In steady state, the rate of carrier generation m
equal the rate of recombination:

Pabs

Eex

5VS An1
B

N
n21Cn3D .

Here,Pabs is the absorbed laser power,Eex is the excitation
energy,V is the volume, andn is the carrier density. We
assume that the spatial distribution of carriers is flat alo
the growth axis and Gaussian in the plane of the heterost
ture. A, B, and C are parameters that describe the rates
interface, radiative, and Auger recombination, respective
We find thatA54.53105 s21, B51.46310210cm3 s21, and
C59310229cm6 s21give the best fit. Since recombinatio
at heterostructure interfaces depends on a variety of gro
issues,A is highly sample dependent. Our value correspon
to an interface recombination velocity of 45 cm/s. The va
for C is about a factor of 3 smaller than what has previou
been reported in the literature.7,8 However, our values forB
andC agree very well with recent transient measurements

d
nd
n.

ra-
ch
n

FIG. 3. External radiative quantum efficiency vs the rate of electron-h
pair generation and recombination in steady state. The solid line is a ste
state fit to the data that accounts for interface, radiative, and Auger rec
bination.
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similar structures.9 The photon recycling factorN is the av-
erage number of radiative recombination events required
a photon to escape the semiconductor. Assuming an ave
absorption coefficient of 63103 cm21 for luminescence in
the active layer, we calculateN56 in our device via numeri-
cal averaging over photon trajectories.

The beam profile of the luminescence is shown in Fig
Regardless of the position of the excitation spot on the m
all of the observed emission lies within a 20° divergen
cone. If we assume that the emission is cylindrically sy
metric, integration of the radiation pattern recovers over 5
of the excitation power, confirming that we are collecting t
majority of the emitted light. Inspection of the beam profi
and how it changes with excitation position, suggests that
assumption of cylindrical symmetry is not justified. Neve
theless, all three of the patterns shown in Fig. 4 give sim
integration results indicating that the details of the radiat
pattern are not important.

The most striking feature of the radiation pattern is t
sharp central lobe that can be swept across the field of e
sion by changing the position of the laser excitation spot.
the light source is moved from the focus of the parabo
reflector, the reflected beam changes direction. The meas
deflection of approximately 7° with a vertical spot displac
ment of 125mm is larger than what is expected theoretica
for a parabolic reflector~4° maximum!. However, similar
deflections are observed when the spot is translated hori
tally. The lack of agreement with theory is attributed to d
viation from the intended parabolic geometry. Since the
FWHM of this lobe is smaller than the steering range

FIG. 4. Angular distribution of the spontaneous emission. The laser
was translated6125mm for measurement of the dashed curves. The ang
coordinate is expanded so that detail in the beam profiles can be reso
Downloaded 18 Sep 2013 to 152.42.204.83. This article is copyrighted as indicated in the abstract.
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number of applications can be envisioned. In particular,
propose a LED where the beam shape and directions
controlled by selective excitation of a grid of electrical co
tacts on the mesa.

The pointing and scanning capability of such a dev
could be useful for inspection systems and spatially resol
spectroscopic measurements. The key feature of this app
tion is that the beam steering is controlled electrically a
requires no moving parts. Hence, the proposed LED is
pected to be faster and more reliable than mechanic
scanned systems. Driving a pattern of contacts simu
neously could produce a variety of structured light bea
including lines, circles, cross hairs, and other targets
alignment and position sensing. Communications appli
tions might include directional wireless transmission and
lective coupling of the emission into specific branches o
bundle of fibers. In addition, careful calibration of the ele
trical excitation pattern could yield the uniform illuminatio
profile required for machine vision.

In conclusion, we have developed an extremely effici
and highly directional 1620 nm spontaneous emitter by p
ishing the substrate of an InGaAs/InP heterostructure into
optical reflector. The peak external efficiency of 63% is t
highest ever achieved at this wavelength. This result is p
ticularly significant because 1620 nm coincides with a ma
communications band where optical fiber loss and dispers
are minimal. The high efficiency is augmented by the e
hanced directivity of the beam profile and the unique sc
ning capability of the principal lobe of the emission.

We have also demonstrated an experimental techn
for measuring the external quantum efficiency of light em
ting devices with unspecified radiation patterns. The e
ciency measurement is performed over a wide range of
rier densities, which permits the characterization of vario
density-dependent recombination mechanisms in the m
rial. In the present case, we obtain numerical values for
coefficients that describe interface, radiative, and Auger
combination rates in the heterostructure. These parame
are important for designing and modeling the performance
a variety of electro-optic devices.

The authors would like to thank J. J. Carapella and J
Ward, both at NREL, for performing the MOVPE growt
and device processing. They also acknowledge support f
the Office of Naval Research.
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