
JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 5 1 MARCH 2002
Experimental determination of the internal quantum efficiency of AlGaInP
microcavity light-emitting diodes
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Detailed study of external quantum efficiencyhQE is reported for AlGaInP-based microcavity
light-emitting diodes~MCLEDs!. Unlike conventional light-emitting diodes~LEDs! the extraction
efficiencygext and far field profile depend on the linewidth of the intrinsic spontaneous emission and
wavelength detuning between cavity mode and peak electroluminescence. This dependence makes
it difficult to estimate the intrinsic spectrum, hence the performances of MCLEDs. By using a
nondestructive deconvolution technique, the intrinsic spectra of a MCLED and a reference LED
~with the same active regions! could be determined at different current densities. This allowed
precise calculation ofgext for both devices~values close to 11% were found for the MCLED!, and
hence of their apparent internal quantum efficienciesh int

app. At 55 A/cm2, values of 90% and 40%
were determined for the LED and MCLED, respectively. In order to explain this difference, we
measuredhQE for devices with different sizes. From a fitting procedure based on a simple model
taking into account the device size, we found that the radiative efficiencies of LEDs and MCLEDs
were close to 90%. We concluded that the lowh int

app of MCLED was due to a bad current injection,
and especially to electron leakage current, as confirmed by numerical simulations. ©2002
American Institute of Physics.@DOI: 10.1063/1.1433938#
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I. INTRODUCTION

Because of their high brightness, narrow linewidth, a
high extraction efficiency per facet, microcavity ligh
emitting diodes~MCLEDs! are of great interest for low-cos
applications like optical fiber networks or short distance o
tical interconnects.1–4 MCLED structures consist of an activ
medium placed at the antinode of a low order cavity s
rounded by two mirrors which can be either metallic or
electric.

An important figure of merit of these devices is the e
ternal quantum efficiency, which is defined as the ratio
tween the flux of emitted photons and the flux of inject
electronshQE5Fext/Fel . Because of total internal reflec
tion, most of the light generated in the semiconductor can
be directly extracted. The ratio between the flux of emit
photons and the flux of photons generated inside the se
conductor is defined as the extraction efficiencygext

5Fext/F int . Simple calculations5 show that for single face
planar nonmicrocavity devicesgext50.5(12cosuc) for iso-
tropic emission in the semiconductor. The critical angleuc

5arcsin(nout/nsc) depends on the refractive indices of th
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outside medium (nout) and semiconductor (nsc). For most of
the III/V semiconductors, extraction efficiencies~per facet!
close to 2%~4%! in air ~epoxy! are found. On the contrary
for MCLEDs, gext depends strongly on the combined pro
erties of the passive cavity and of the intrinsic spectr
r spont(l) emitted by the active region inside the device.6,7

These last few years, a much effort has been devoted
optimizing and studying the extraction efficiency
MCLEDs.7–11 Hence, as the extraction efficiency of LED
significantly increases, there is more interest and need
optimizing the electron to photon conversion efficiency
these devices, i.e., the internal quantum efficiencyh int

5F int /Fel . Although this parameter can be easily measu
at high current densities for lasers,12 no simple way of deter-
mining h int exists for LEDs operating at low current dens
ties. The simplest method is to measurehQE and to calculate
gext, which allows calculation ofh int5hQE/gext. The accu-
racy of this procedure relies on the calculation ofgext, which
is difficult to determine precisely for nonplanar LEDs.
contrast, numerical methods for simulations of plan
multilayer emitters are readily available.13 For MCLEDs, the
main difficulty for accurate calculation of the extraction e
ficiency is to determine precisely the intrinsic spectru
r spont(l) emitted by the active region. Indeed, because
spontaneous emission is generated between two close
highly reflective mirrors, the emitted light is coupled to th
optical modes of the cavity which dominates the externa

ni-

2,
3 © 2002 American Institute of Physics
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observed spectrum. The simplest method to estim
r spont(l) relies then on destructive techniques. The m
common methods are to measure the photoluminesc
from either a cleaved edge of the wafer or from the act
region after etching off the top mirror. We recent
showed14,15 that using angle-resolved measurements of
top-emission spectra and comparison with numerical sim
tions, it was possible to precisely and nondestructively m
surer spont(l).

The first objective of this article is to apply this tec
nique to AlGaInP-based MCLEDs emitting at 650 nm. Lig
sources emitting at this wavelength are indeed of great in
est for local area networks based on plastic optical fib
which exhibit a minimum of absorption at this wavelength3

It is well known that red AlGaInP-based MCLEDs an
VCSELs suffer from bad injection efficiency compared
infrared AlGaAs-based emitters because of less favora
material properties such as smaller carrier confinement
tential and larger effective masses.19,20 It is then of great
interest to determine the internal quantum efficiency of th
devices so as to optimize the design of their active reg
The first section of this article describes the design and
fabrication of the devices investigated. The second sec
presents the determination of the internal quantum efficie
of an AlGaInP-based MCLEDs and of planar nonreson
cavity LED which was grown for comparison purposes. W
show thath int is 2.25 times higher for the nonresonant cav
LED compared to the MCLED.

The second part of this article is then devoted to expla
ing this difference. For that purpose, the current density
pendence of the external quantum efficiencyhQE is approxi-
mated by a simple analytical expression which involves
lateral size of the devices. Measurement ofhQE for both
kinds of devices and for different lateral sizes allowed us
explain whyh int is higher for the nonresonant cavity LE
than for the MCLED.

II. DESCRIPTION OF THE DEVICES AND PROCESSING

The MCLED structure studied here is the same as
one presented in Ref. 3. It consists of GaInP quantum w
surrounded by AlGaInP spacer layers forming a one-lam
cavity. The two distributed Bragg reflectors~DBRs! sur-
rounding the active region consist of alternating layers
AlGaAs and AlAs materials. These devices are proces
into planar top-emitting devices: square shape mesa are
etched through the active region so as to define current
fining structures. The width of the mesas is 262mm. Plasma
enhanced chemical vapor deposition of Si3N4 is used for
passivation of the wafer surface and for electrical isolation
adjacent diodes. Windows are then dry etched in the Si3N4

covering top of the mesa. Top contacts are deposited on
mesa by lift-off technique. The current is injected in the me
through a grid with honeycomb geometry~masking part of
the mesa’s surface! so as to spread the current uniformly ov
the active region. Because of the large surface of the dev
this grid is required to prevent current crowding. The botto
contacts are evaporated on the whole surface of the subs
The processed devices are finally bonded and mounted
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TO-46 headers. The fabrication of these devices ensures
light is emitted through the top facet of the wafer only. Fi
ure 1 shows the optical microscope picture of a proces
MCLED ~a!, and its cross section~b!. For comparison pur-
poses, a reference LED structure was grown with the DB
replaced by AlGaInP cladding layers surrounding the sa
active region as the MCLED.

III. DETERMINATION OF THE EXTRACTION
EFFICIENCY

For large size MCLEDs,gext can be numerically deter
mined by using the model described in Ref. 13. The spon
neous emission is calculated in the dipole approximation
using a plane and evanescent wave decomposition of
radiation. Propagation of these waves inside the MCLED
calculated with the transfer matrix formalism. The extracti
efficiency of the MCLEDgext can then be calculated pro
vided the intrinsic spontaneous emission spectrumr spont(l)
of the quantum wells is known. Indeed, contrary to conve
tional LEDs for whichgext depends mainly on the devic
geometry, the extraction efficiency of MCLEDs depen
critically on the combined properties of the cavity and intri
sic spectrum.6,7 Precise calculation of the MCLED’s extrac
tion efficiency requires accurate knowledge of the pass
MCLED’s structure~indices of refraction and thicknesses
the layers!, and of r spont(l) at the chosen current densit
Indeed, the intrinsic spectrum is the product between
joint density of states of the active region, their occupat
probability, and a function describing line shape broaden
effects.12 Hence the intrinsic spectrumr spont(l) greatly de-
pends on the injected current density.

In order to calculate the MCLED extraction efficienc
the first step is to accurately determine the layer thicknes
Using the model described in Ref. 13, the angle-resol

FIG. 1. ~a! Optical microscope picture of a processed device.~b! Cross
section of the MCLED~not on scale!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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top-emission spectraPext(u,l) of any planar multilayer
structure emitting in the spontaneous regime can be
pressed as

Pext~u,l!5r spont~l!Psim~u,l!, ~1!

wherePsim(u,l) is the response of the optical system
a white spectral source andu the angle defined with respec
to the growth axis. This relation allows us to iteratively d
termine the actual structure of the MCLED: starting from t
nominal layer thicknesses, the angular dependence
Psim(u,l) can be numerically calculated at each wavelen
l and compared to those ofPext(u,l), which is determined
by angle-resolved spectral measurements. Since the intr
spectrum does not depend on the angleu, this procedure can
be performed at any chosen current density. Because o
microcavity, Pext(u,l) and Psim(u,l) display very sharp
resonances that are easy to match by iteratively adjusting
layer thicknesses of the DBRs and of the cavity. This wo
when the nominal and actual thicknesses are not too di
ent.

The second step of thegext determination consists o
measuringr spont(l). For our MCLEDs, the active medium i
at the antinode of a low-order cavity defined by the tw
DBRs. Consequently, the intrinsic spectrum emitted by
active region is coupled to the cavity modes, which co
pletely dominate the externally observed spectr
Pext(u,l), and is then difficult to measure directly withou
destruction of the device. Indeed, the most common meth
consist of measuringr spont(l) from either a cleaved wafe
edge or from the active region after etching off the top m
ror. The method chosen in this work relies on a deconvo
tion procedure presented in Refs. 14 and 15, which is n
destructive and takes advantage of the angle-reso
spectral measurements. The intrinsic spectra were d
mined by the deconvolution procedure for ten current de
ties between 15 and 145 A/cm2. The device were driven in
quasicontinuous mode: voltage pulses of 500ms were ap-
plied at a frequency of 1 kHz. We observed that for the
rather small current densities, the deconvolved intrinsic sp
tra are well fitted by the following function:

r spont~l!5
2e@cm~l2lQW!#

22c1ce@2m~l2lQW!# , ~2!

wherelQW is the peak electroluminescence of the quant
wells andc, msome fitting constants. This function presen
two exponential tails for wavelengths far fromlQW with
different slopes and displays a maximum atl5lQW. The
parameterc describes the asymmetry of the function where
m is related to its full width at half maximum~FWHM!. The
physical justification of this empirical function, based on
super-radiance model, is given in Ref. 16. Figure 2 displ
the spontaneous spectrum measured on a reference
~which has nominally the same active region as the MCLE!
at a current density of 36 A/cm2.

Fitting the deconvolved spectra with function~2! then
allowed us to characterizer spont(l) by the wavelength of
emissionlQW, and the FWHMsQW, which is mainly re-
lated to the coefficientm ~c was found to be constant an
close to 1.5 for the considered current densities!. The extrac-
Downloaded 14 May 2002 to 128.113.4.235. Redistribution subject to A
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tion efficiency of the MCLED was then calculated nume
cally for different couples~lQW, sQW! using the thicknesse
which were previously determined. Result of these calcu
tions are shown in Fig. 3: the contour lines ofgext are dis-
played as solid lines for extraction efficiencies between
and 17%. The horizontal axis represents the quantum w
emission wavelengthlQW and the vertical one the sourc
linewidth sQW. The vertical dotted line represents the po
tion of the Fabry–Pe´rot resonancelFP determined by the
cavity and DBR layers thicknesses. The difference betw

FIG. 2. Electroluminescence spectrum measured at normal incidence~solid
line! for the reference LED, at a current density of 36 A/cm2. The dotted line
represents a fit using the analytical expression ofr spont(l).

FIG. 3. Contour plot of the extraction efficiency calculated for differe
values of quantum well emission wavelengths and linewidths. Closed cir
represent experimental values measured between 15 and 145 A/cm2.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



g
r

i-
-

c
ci
we
e
le

ffi

s
-
ng
f

n
e
w

en

is

t
te
b
ls
m

er
su

us
h

l

fo
n

er

to

th

o

ons

iers
f
and
cant
y is
on
ld
ea-

D
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lQW andlFP is often defined as the cavity-source detunin
Dl5lQW2lFP. The extraction efficiency is maximum fo
negative detunings whatever the source linewidthsQW is and
the linewidth broadening always decreasesgext. Because of
the microcavity, light emitted by the active region is red
rected into the Fabry–Pe´rot modes which are extracted pro
vided they fit in the cone of half-angleuc ~also called the
escape cone!. When the detuning is zero, the intrinsic spe
trum is in resonance with the cavity mode at normal in
dence. When the detuning is negative, the resonance bet
the intrinsic emission and the cavity is found at a larg
angle, and the maximum light output occurs at this ang
This increases the extraction efficiency.6,7

Figure 3 displays as closed circles the extraction e
ciencies calculated for the parameters (lQW,sQW) measured
with the deconvolution technique, at different current den
ties. The measuredgext follow approximately the 11% con
tour line of Fig. 3. Here, the effect of spectral broadeni
~which always decreasesgext! is compensated by redshift o
the spontaneous emission~mainly due to heating!: measured
gext then remains on a contour line of Fig. 3. In contrast, o
sees that if the detuning was close to zero at low curr
density, then the extraction efficiency would tend to follo
the gradient of the contour line with increasing current d
sity, implying a significant decrease ofgext. We should point
out that it is easier to calculate thegext of a MCLED than a
LED. The multilayers of MCLEDs are indeed easier to d
tinguish in reflectivity. Thegext of MCLEDs is not that sen-
sitive to layer thickness changes and mainly depends on
intrinsic spectrum properties, which can be accurately de
mined by the deconvolution technique, and which can
confirmed with LED measurements. In LEDs, there are a
incoherent reflections and scattering very difficult to para
etrize, whereas MCLEDs are only coherent.

IV. DETERMINATION OF THE INTERNAL QUANTUM
EFFICIENCY

The extraction efficiency being known, we can det
mine the apparent internal quantum efficiency after mea
ing the external quantum efficiency:h int

app5hQE/gext. The
optical power emitted by the MCLED was measured by
ing an integrating sphere so as to collect all the emitted lig
Figure 4 displays the voltage~left axis! and optical power
~right axis! versus the injected current for the LED~dotted
line! and MCLED ~solid line!. The corresponding externa
quantum efficiencies were found to peak to 4.5%~1.75%! at
55 A/cm2 ~50 A/cm2! for the MCLED ~LED!. Figure 5 dis-
plays the apparent internal quantum efficiency calculated
LED and MCLED as a function of the injected current de
sity. A maximum of 40%~90%! is found at 55 A/cm2 ~60
A/cm2! for the MCLED ~LED!. While the internal quantum
efficiency reported for this MCLED is consistent with oth
AlGaInP-based MCLEDs,17,18 its value is significantly lower
than in conventional LEDs. Considering the semiconduc
rate equation, the apparent internal quantum efficiency
LEDs and MCLEDs can be approximately expressed as
product between a shadowing efficiencyhsh ~representing
the effect of grid shadowing and current crowding effects
Downloaded 14 May 2002 to 128.113.4.235. Redistribution subject to A
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light emission!, a radiative efficiencyh r ~defined as the ratio
between radiative recombinations and total recombinati
in the active region!, and an injection efficiencyh i ~repre-
senting the fraction of terminal current that generates carr
in the active region!.12 Table I lists the different definitions o
the efficiencies used in this work. Since the processing
the geometries of both devices are the same, the signifi
difference observed on their apparent quantum efficienc
due to either a poor radiative efficiency or a poor injecti
efficiency of the MCLED. We indeed checked by near-fie
experiments and by differential and sheet resistance m

FIG. 4. Voltage–current density characteristics~left axis! and power–
current density characteristics~right axis! for the LED ~dotted line! and
MCLED ~solid line!.

FIG. 5. Apparent internal quantum efficiency of the LED and MCLE
plotted vs the current density.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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surements, that at these low current densities, current cro
ing underneath the grid was of the same order of magnit
for both devices and could be neglected.

V. STUDY OF THE EXTERNAL QUANTUM EFFICIENCY

Let us first consider the radiative efficiencyh r . This
parameter is the ratio between the radiative recombina
rate and total recombination rate in the active region, wh
can be expressed with respect to the carrier density in
active regionN by h r5BN2/(AN1BN2). The coefficientB
is the bimolecular recombination coefficient, and the non
diative recombination rate can be expressed asAN with A
5A014vs /ASmesa. The termA0 is the inverse of a captur
rate describing nonradiative recombinations related to b
defects and impurities, whereasvs is a recombination rate
velocity describing surface and interface nonradiative reco
bination mechanisms.12 The surface of the active region
Smesa and its total thickness isLa . Auger nonradiative re-
combinations can be neglected: for high band gap alloys
AlGaInP, this effect is small because the split off valen
band gap (D050.1 eV) is much smaller than the direct ban
gap energy (EG52 eV), resulting in small Auger
coefficients.19 Using the continuity equation (h iJ)/(eLa)
5AN1BN2 ~e is the electron charge!, one finds the follow-
ing current dependence (I 5JSmesa) of the radiative effi-
ciency:

h r~ I !5
I 0

I F11
I

I 0
2A11

I

I 0
G , ~3!

whereI 0 is a characteristic current defined as

I 05
e La

2h i

A0
2

B
SmesaF11

4vs

A0ASmesa
G 2

. ~4!

Relation~3! is derived assuming that the injection ef
ciency does not vary rapidly with the current. The radiat
efficiency calculated with Eq.~3! continuously increase
with the current and saturates to one~when the carrier den
sity is large enough, the radiative recombination rate do
nates the nonradiative recombination rate!. Note that the
smaller the characteristic currentI 0 , the quickerh r(I ) con-
verges to one. For the MCLEDs and LEDs we are consid
ing, the efficienciesgext, h i , andhsh decrease as the curre
density increases. Since these factors contribute to the
over of the devices, we use the following phenomenolog
function to describe their combined current dependence:

TABLE I. Definitions of the efficiencies used in this work.

Parameter Definition

hQE5gexth int
app External quantum efficiency

gext Extraction efficiency
h int

app5hshh rh i Internal quantum efficiency~apparent!
hsh Shadowing efficiency
h r Radiative efficiency
h i Injection efficiency
Downloaded 14 May 2002 to 128.113.4.235. Redistribution subject to A
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h0~ I !5hsh~ I !h i~ I !gext~ I !5
hs

11
I

I s

, ~5!

wherehs andI s are two constants. The efficiencyh0(I )
is close tohs at very small current, and decreases with t
current. Note that the higherI s is, the slower this function
decreases. The external quantum efficiency can then be
proximated by the following relation:hQE(I )5h r(I )h0(I ).

The characteristic currentI 0 depends on the surface o
the mesa. Hence, fitting the measuredhQE(I ) with expres-
sions~3! and~5! for different device sizes, we can deduce t
surface dependence ofI 05I 0(Smesa), from which the physi-
cal parametersA0

2/(Bh i) andvs /A0 can be deduced. Figur
6 displays as closed circles the external quantum efficien
measured on MCLEDs with various mesa widthsD
5ASmesaas function of the injected current. The solid line
represent the external quantum efficiencies fitted from
simple model. Considering the simplicity of the model a
the small number of fitting constants~hs , I s and I 0!, the
agreement between measurements and calculations is g
Measurement of the external quantum efficiency was p
formed on LEDs with the same mesa widths. The analyti
expression ofhQE(I ) was also found to agree well with mea
surements. The characteristic currentsI 0 were extracted for
both types of devices and are plotted as closed~open! circles
in Fig. 7 with respect to the surface of the mesaSmesafor the
MCLED ~LED!. These values were then fitted using the e
pressionI 05I 0(Smesa) given in Eq.~4!. Results are shown a
solid ~dotted! lines for the MCLED~LED!. The good agree-
ment between measured and calculatedI 05I 0(Smesa) indi-
cates the consistency of the simplified model presented h
These results show that at low current,hQE(I ) is dominated
by the radiative efficiency factorh r(I ), which can be rea-
sonably approximated by expression~3!. From the fits

FIG. 6. External quantum efficiencies measured on MCLEDs with vari
mesa widths~closed circles!. The solid lines represent the external quantu
efficiencies fitted from the simple model.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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performed on the data displayed in Fig. 7 we g
(eLaA0

2)/(2Bh i)522 mA/cm2 for LEDs and
(eLaA0

2)/(2Bh i)5184 mA/cm2 for MCLEDs. The ratio
4vs /A0 is equal to 470mm for LEDs and 84mm for
MCLEDs. It is difficult to obtain reasonable values ofA0 ,
vs , andB from these results because our simple model p
vides ratios of these coefficients only. However, we can
the extracted values of (eLaA0

2)/(2Bh i) and 4vs /A0 so as to
determine the radiative efficiency of the large size diodes
which we determined the apparent internal quantum e
ciency in Sec. IV. We find that, forD5262mm and at 55
A/cm2, the radiative efficiency of the LED and MCLED i
approximately the same~h r50.95 andh r50.92!. Figure 5
shows that at this current density, the apparent internal qu
tum efficiency of the LED is 2.25 times higher than for th
MCLED. We conclude that at this current density, the inje
tion efficiency of the MCLED is about two times smalle
than for the LED. Preliminary investigations indicate that t
injection problem arises in MCLEDs due to the limitations
the AlGaAs-based mirror surrounding the thin~one-lambda!
AlGaInP-based active region, and due to electron confi
ment, which is a well-known obstacle for red VCSELs.19–21

VI. CONCLUSION

In conclusion, the external quantum efficiency
AlGaInP-based MCLEDs was measured. By using a non
structive deconvolution technique, the intrinsic spectra o
MCLED and a reference LED~with the same active regions!
could be determined at different current densities. This
lowed precise calculation of the extraction efficiency f

FIG. 7. Characteristic current plotted vs the surface of the mesa. Cl
~open! circles represent values extracted from the fits on the measure
the MCLED ~LED!. Solid ~dotted! lines correspond to analytical expre
sions.
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both devices~values close to 11% were found for th
MCLED!, hence of their apparent internal quantum efficie
cies. At 55 A/cm2, values of 90% and 40% were determine
for the LED and MCLED, respectively. In order to expla
this difference, we measured the external quantum effic
cies of LEDs and MCLEDs with different sizes. From a fi
ting procedure based on a simple model taking into acco
the device size, it was found that the radiative efficiencies
the large size LEDs and MCLEDs were close to 90%. It w
concluded that the low apparent internal quantum efficie
measured on the MCLED was due to a bad current inject
and especially to electron leakage current. It is demonstra
that it is possible to accurately determine the extraction e
ciency and the internal quantum efficiency of MCLEDs. Th
procedure can then be applied to optimize the design of t
active region and their injection efficiency.
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