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Detailed study of external quantum efficienay, is reported for AlGalnP-based microcavity
light-emitting diodeSMCLEDs). Unlike conventional light-emitting diode&EDs) the extraction
efficiency vy, 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 regiongould be determined at different current densities. This allowed
precise calculation o, for both devicegvalues close to 11% were found for the MCLERnd
hence of their apparent internal quantum efficiencjf®¥. At 55 A/cn?, values of 90% and 40%
were determined for the LED and MCLED, respectively. In order to explain this difference, we
measuredyqe 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 Igfff° of MCLED was due to a bad current injection,
and especially to electron leakage current, as confirmed by numerical simulation2002
American Institute of Physics[DOI: 10.1063/1.14339338

I. INTRODUCTION outside medium,,) and semiconductom(,). For most of
the 1lI/V semiconductors, extraction efficiencigser facet
Because of their high brightness, narrow linewidth, and;|gse to 29(4%) in air (epoxy are found. On the contrary,
high extraction efficiency per facet, microcavity light- o MCLEDS, o depends strongly on the combined prop-
emitting diodeSMCLEDs) are of great interest for low-cost grties of the passive cavity and of the intrinsic spectrum
applications like optical fiber networks or short distance opy_ (\) emitted by the active region inside the device.
tical interconnect$-*MCLED structures consist of an active Trﬁese last few years, a much effort has been devoted to

medium placed at the antinode of a low order cavity SUroptimizing and studying the extraction efficiency of
rounded by two mirrors which can be either metallic or di- \yc| EDs7! Hence. as the extraction efficiency of LEDs

electric. significantly increases, there is more interest and need in

An important figure of merit of these devices is the ex-qstimizing the electron to photon conversion efficiency of
ternal quantum efficiency, which is defined as the ratio bejase devices. ie. the internal quantum efficiengy;

tween the flux of emitted photons and the. flux of injected:q)im/q)el_ Although this parameter can be easily measured
electrons nge= P ¢,/ P¢. Because of total internal reflec-

’ > > ) at high current densities for las€fsno simple way of deter-
tion, most of the light generated in the semiconductor Cann%ining 7o €xists for LEDs operating at low current densi-

be directly extracted. The ratio between the flux of emittedties The simplest method is to measug: and to calculate

photons and the flux of photons generated inside the semi; it o1ows calculation of.— / The accu-
conductor is defined as the extraction efficiengy, o brin= 1Qe! Yot

—d D ol lculatior&ssh hat for sinale f racy of this procedure relies on the calculationygf;, which
— et int _Slmpe_ca cu a_tlo show that for smge_acet is difficult to determine precisely for nonplanar LEDs. In
planar nonmicrocavity devicege,—= 0.5(1— cosé,) for iso-

tropi ission in th iconductor. The critical contrast, numerical methods for simulations of planar
ropic emission in the semiconductor. The critica angle multilayer emitters are readily availabl’®For MCLEDs, the
=arcsinf,,/ns) depends on the refractive indices of the

main difficulty for accurate calculation of the extraction ef-
ficiency is to determine precisely the intrinsic spectrum
dpresent address: Department of Electrical and Computer Engineering, Unr_spon()\) emitted by the active region_ Indeed, because the

versity of California, Santa Barbara, CA93106; electronic mail: spontaneous emission is generated between two close and
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observed spectrum. The simplest method to estimate (a) Top view

I'spon{\) relies then on destructive techniques. The most r

common methods are to measure the photoluminescence

from either a cleaved edge of the wafer or from the active

region after etching off the top mirror. We recently

showed**® that using angle-resolved measurements of the | p-pad

top-emission spectra and comparison with numerical simula- |

tions, it was possible to precisely and nondestructively mea- |

SUrer gponf\)- 1
The first objective of this article is to apply this tech- | 2%~ 1

nique to AlGalnP-based MCLEDs emitting at 650 nm. Light Top DBR

sources emitting at this wavelength are indeed of great inter- AlGaAs/AlAs
est for local area networks based on plastic optical fibers ﬂ Active region
which exhibit a minimum of absorption at this wavelength. AlGaInP

It is well known that red AlGalnP-based MCLEDs and

VCSELs suffer from bad injection efficiency compared to gfg:?;ﬁfs
infrared AlGaAs-based emitters because of less favorable Sulbefraie
material properties such as smaller carrier confinement po- ;Gam
tential and larger effective mass€s? It is then of great N

interest to determine the internal quantum efficiency of these (b) Cross-section

devices so as to optimize the design of their active region. _ _ _ _

The first section of this article describes the design and thE'G: 1. (@ Optical microscope picture of a processed devigs. Cross
L . . . . _Section of the MCLED(not on scalg

fabrication of the devices investigated. The second section

presents the determination of the internal qguantum efficiency

of an AIGaInP.-based MCLEDs and of planar nonresonantl-o_46 headers. The fabrication of these devices ensures that
cavity LED which was grown for comparison purposes. WeIight is emitted through the top facet of the wafer only. Fig-

show thatn;, is 2.25 times higher for the nonresonant cavityure 1 shows the optical microscope picture of a processed

LED compared to the MCLED. MCLED (a), and its cross sectiofb). For comparison pur-

_ The s_econd part of this article is then devoted to ex_pla'n'poses, a reference LED structure was grown with the DBRs
ing this difference. For that purpose, the current density de

replaced by AlGalnP cladding layers surrounding the same
pendence of the external quantum efficiengy is approxi- P y 418y g

) . : = active region as the MCLED.
mated by a simple analytical expression which involves the

lateral size of the devices. Measurementgfe for both
kinds of devices and for different lateral sizes allowed us td!l. DETERMINATION OF THE EXTRACTION
explain why 7, is higher for the nonresonant cavity LED EFFICIENCY

than for the MCLED. For large size MCLEDsy,,; can be numerically deter-

mined by using the model described in Ref. 13. The sponta-
neous emission is calculated in the dipole approximation by
using a plane and evanescent wave decomposition of the
The MCLED structure studied here is the same as theadiation. Propagation of these waves inside the MCLED is
one presented in Ref. 3. It consists of GalnP quantum wellsalculated with the transfer matrix formalism. The extraction
surrounded by AlGalnP spacer layers forming a one-lambdafficiency of the MCLEDv,,; can then be calculated pro-
cavity. The two distributed Bragg reflectof®BRs) sur-  vided the intrinsic spontaneous emission spectrygg,(\)
rounding the active region consist of alternating layers ofof the quantum wells is known. Indeed, contrary to conven-
AlGaAs and AlAs materials. These devices are processetional LEDs for which y,, depends mainly on the device
into planar top-emitting devices: square shape mesa are dgeometry, the extraction efficiency of MCLEDs depends
etched through the active region so as to define current coreritically on the combined properties of the cavity and intrin-
fining structures. The width of the mesas is 282. Plasma  sic spectrun?:’ Precise calculation of the MCLED's extrac-
enhanced chemical vapor deposition ogN5j is used for tion efficiency requires accurate knowledge of the passive
passivation of the wafer surface and for electrical isolation oMCLED’s structure(indices of refraction and thicknesses of
adjacent diodes. Windows are then dry etched in th&lSi the layer$, and of rgy,q(N) at the chosen current density.
covering top of the mesa. Top contacts are deposited on tHadeed, the intrinsic spectrum is the product between the
mesa by lift-off technique. The current is injected in the mesgoint density of states of the active region, their occupation
through a grid with honeycomb geometfyasking part of  probability, and a function describing line shape broadening
the mesa’s surfageo as to spread the current uniformly over effects'?> Hence the intrinsic spectrumy,o,(N) greatly de-
the active region. Because of the large surface of the devicgends on the injected current density.
this grid is required to prevent current crowding. The bottom  In order to calculate the MCLED extraction efficiency,
contacts are evaporated on the whole surface of the substratie first step is to accurately determine the layer thicknesses.
The processed devices are finally bonded and mounted dusing the model described in Ref. 13, the angle-resolved

II. DESCRIPTION OF THE DEVICES AND PROCESSING
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top-emission spectrdl(6,\) of any planar multilayer —_ 10 ' ' ' '
structure emitting in the spontaneous regime can be ex-% —— Measured
=

pressed as '§ N Fitted |

Hext(av)\):rspon()\)nsim( 0,\), (1) g

wherellg;,(6,\) is the response of the optical system to i
a white spectral source artithe angle defined with respect = 10 F |
to the growth axis. This relation allows us to iteratively de- g
termine the actual structure of the MCLED: starting from the §

nominal layer thicknesses, the angular dependence of &
I4(6,N) can be numerically calculated at each wavelength § 20 [
\ and compared to those of.,( 6,\), which is determined
by angle-resolved spectral measurements. Since the intrinsic
spectrum does not depend on the anfjlthis procedure can
be performed at any chosen current density. Because of the

<30 |

aneous emissi

nt

microcavity, IT¢,( 6,\) and Ilg,(6,\) display very sharp 8 -
resonances that are easy to match by iteratively adjusting the” 40 ! ! 1 !
layer thicknesses of the DBRs and of the cavity. This works 620 640 660 680 700

when the nominal and actual thicknesses are not too differ-

ent Wavelength [nm]
The second step of the,,, determination consists of FIG. 2. Electroluminescence spectrum measured at normal incidsole

measuring’spon()\)_ For our MCLEDSs, the active medium is line) for the reference LED, at a current density of 36 Afcithe dotted line

at the antinode of a low-order cavity defined by the two'ePresents afit using the analytical expressiongfn(A).

DBRs. Consequently, the intrinsic spectrum emitted by the

active region is coupled to the cavity modes, which com+jon efficiency of the MCLED was then calculated numeri-
pletely ~ dominate the externally observed —spectrunya)y for different coupleh ow, o) Using the thicknesses
ITex{(6,1), and is then difficult to measure directly without yhich were previously determined. Result of these calcula-
destruction of the device. Indeed, the most common method$,ns are shown in Fig. 3: the contour lines f,, are dis-
consist of measuringspon(X) from either a cleaved wafer pjayed as solid lines for extraction efficiencies between 7%
edge or from the active region after etching off the top mir-3n4 1704, The horizontal axis represents the quantum well
ror. The method chosen in this work relies on a deconvolugmission wavelength o, and the vertical one the source
tion procedure presented in Refs. 14 and 15, which is nongnewidth oow. The vertical dotted line represents the posi-
destructive and takes advantage of the angle-resolveghn of the Fabry—Pet resonance\p determined by the

spectral measurements. The intrinsic spectra were detegyyity and DBR layers thicknesses. The difference between
mined by the deconvolution procedure for ten current densi-

ties between 15 and 145 A/éniThe device were driven in
quasicontinuous mode: voltage pulses of 589 were ap- A (0=0)

plied at a frequency of 1 kHz. We observed that for these 40
rather small current densities, the deconvolved intrinsic spec-
tra are well fitted by the following function: I
Ze[cm()\*)\Qw)] = 10 b
where\ g is the peak electroluminescence of the quantum § | /J s [A/cm]\ﬂ%
wells andc, msome fitting constants. This function presents = Cd‘;;'s‘::" 1% |
two exponential tails for wavelengths far froiy,y with b?v 20 y - 12 %
different slopes and displays a maximumlat gy . The = / /_\13%
parametec describes the asymmetry of the function whereas § 15 o 1i% ]
mis related to its full width at half maximurtFWHM). The E J=15[A/em’] 15%
physical justification of this empirical function, based on a ¢ 10 16 %
super-radiance model, is given in Ref. 16. Figure 2 displaysv%; 17 %
the spontaneous spectrum measured on a reference LEL 5
(which has nominally the same active region as the MCLED x/ﬁ

at a current density of 36 A/ch 06385 s 185 535 685 6635
Fitting the deconvolved spectra with functidg) then ) T x ’ ’

allowed us to characterizes,,n(\) by the wavelength of Emission wavelength .., [nm]

emISSIOm\QW’ an.d .the FWHMUQW’ which is mamly re- FIG. 3. Contour plot of the extraction efficiency calculated for different

lated to the CoeﬁICIGnm.(C was found to be_ _ConStant and values of quantum well emission wavelengths and linewidths. Closed circles

close to 1.5 for the considered current densjti&he extrac-  represent experimental values measured between 15 and 148 A/lcm
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Mow and\gp is often defined as the cavity-source detuning: 23 * 8
AN=Now—Agp. The extraction efficiency is maximum for
negative detunings whatever the source linewiggf, is and 7
the linewidth broadening always decreasgs. Because of 2 r (_q
the microcavity, light emitted by the active region is redi- - 6
rected into the Fabry—Pat modes which are extracted pro- r’" 1. =
vided they fit in the cone of half-anglé. (also called the 15 | > %
escape coneWhen the detuning is zero, the intrinsic spec- & 1, Y
trum is in resonance with the cavity mode at normal inci- ‘g E_
dence. When the detuning is negative, the resonance betwee% 1| 3 E
the intrinsic emission and the cavity is found at a larger * g
angle, and the maximum light output occurs at this angle. 4, ©
This increases the extraction efficierfcy. 05 b

Figure 3 displays as closed circles the extraction effi- - LED 4d1
ciencies calculated for the parametexsyfy,oqw) measured —— MCLED
with the deconvolution technique, at different current densi- 0 e | . 0
ties. The measureg,,, follow approximately the 11% con- 0 50 100 150

tour line of Fig. 3. Here, the effect of spectral broadening

(which always decreaseg,,; is compensated by redshift of

ieci ; ; FIG. 4. Voltage—current density characteristigsft axis and power—
the Spomaneo.us emISSI(m“amly.due 0 _heatm)g measured current density characteristigsight axig for the LED (dotted ling and
Yext then remains on a contour line of Fig. 3. In contrast, ongyc| £p (solid line).
sees that if the detuning was close to zero at low current
density, then the extraction efficiency would tend to follow
the gradient of the contour line with increasing current den-- o o o _ .
Sity, |mp|y|ng a Signiﬁcant decrease ngt- We should point |Ight emISSIOI), a radiative efflClenCWr (dEmed as the ratio
out that it is easier to calculate the,, of a MCLED than a  between radiative recombinations and total recombinations
LED. The multilayers of MCLEDs are indeed easier to dis-in the active regioj and an injection efficiency; (repre-
tinguish in reflectivity. They.,, of MCLEDs is not that sen- senting the fraction of terminal current that generates carriers
sitive to layer thickness changes and mainly depends on th8 the active _fegiohlz Table | lists the different definitions of
intrinsic spectrum properties, which can be accurately detetthe efficiencies used in this work. Since the processing and
mined by the deconvolution technique, and which can bdhe geometries of both devices are the same, the significant
confirmed with LED measurements. In LEDs, there are alsélifference observed on their apparent quantum efficiency is
incoherent reflections and scattering very difficult to param-due to either a poor radiative efficiency or a poor injection
etrize, whereas MCLEDs are only coherent. efficiency of the MCLED. We indeed checked by near-field

experiments and by differential and sheet resistance mea-

Current density [A/em’]

IV. DETERMINATION OF THE INTERNAL QUANTUM
EFFICIENCY

The extraction efficiency being known, we can deter-
mine the apparent internal quantum efficiency after measur-
ing the external quantum efficiencysii™= 7og/ yex. The
optical power emitted by the MCLED was measured by us-
ing an integrating sphere so as to collect all the emitted light.
Figure 4 displays the voltaggeft axis and optical power
(right axig versus the injected current for the LEDotted
line) and MCLED (solid line). The corresponding external
guantum efficiencies were found to peak to 4.8B45% at
55 Alcn? (50 Alent) for the MCLED (LED). Figure 5 dis-
plays the apparent internal quantum efficiency calculated for
LED and MCLED as a function of the injected current den-
sity. A maximum of 40%(90%) is found at 55 A/crfi (60
Alcm?) for the MCLED (LED). While the internal quantum
efficiency reported for this MCLED is consistent with other
AlGalnP-based MCLEDS'*8its value is significantly lower
than in conventional LEDs. Considering the semiconductor
rate equation, the apparent internal quantum efficiency of
LEDs and MCLEDs can be approximately expressed as the
product between a shadowing efficiengy, (representing

Internal quantum efficiency (apparent) [%]

100

80

60

40

20

LED

MCLED

N

/

90% @ 61 [A/em’]

40% @ 55 [A/em’]

50
Current density [A/cmZ]

100 150

; - ) FIG. 5. Apparent internal quantum efficiency of the LED and MCLED
the effect of grid shadowing and current crowding effects orplotted vs the current density.
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TABLE |. Definitions of the efficiencies used in this work. 6 T T T
Parameter Definition Mesa width in {um]:
N0E= YextoP External quantum efficiency 51 262
YVext Extraction efficiency = - 212
7= nenm M Internal quantum efficiencyapparent & /
Nsh Shadowing efficiency g‘ 4 16271
e Radiative efficiency 2 )
ni Injection efficiency % ’ 112
E3 n
E | 92
=
=
=
surements, that at these low current densities, current crowd- & 2 2]
. . . W
ing underneath the grid was of the same order of magnitude % 52
for both devices and could be neglected. 1 -
32
4 H i 1
V. STUDY OF THE EXTERNAL QUANTUM EFFICIENCY 0
0 20 40 60 80 100

Let us first consider the radiative efficienay . This
parameter is the ratio between the radiative recombination
rate and total recombination rate in the active region, whicH . . g

. . L mesa widthgclosed circles The solid lines represent the external quantum
can be expressed with respect to the carrier density in thgficiencies fitted from the simple model.
active regiorN by 7,=BN?/(AN+BN?). The coefficienB
is the bimolecular recombination coefficient, and the nonra-
diative recombination rate can be expressedAbiswith A Ns
=Ao+4vs/\Smesa The termA, is the inverse of a capture 70(1)= st (1) Yex ) = ——
rate describing nonradiative recombinations related to bulk 1+ i
defects and impurities, whereag is a recombination rate s
velocity describing surface and interface nonradiative recom-  Wherezg andl are two constants. The efficienay (1)
bination mechanism¥ The surface of the active region is is close to7s at very small current, and decreases with the
Smesa@nd its total thickness i&,. Auger nonradiative re- current. Note that the highdg is, the slower this function
combinations can be neglected: for high band gap alloys likélecreases. The external quantum efficiency can then be ap-
AlGalnP, this effect is small because the split off valenceProximated by the following relationyqg(l) = (1) 70(1).
band gap 4,=0.1 eV) is much smaller than the direct band The characteristic currenty depends on the surface of
gap energy Er=2eV), resulting in small Auger the mesa. Hence, fitting the measurgge(l) with expres-

Current [mA]

IG. 6. External quantum efficiencies measured on MCLEDs with various

®)

coefficientst® Using the continuity equation 7(J)/(eL,)
=AN+BN? (eis the electron chargeone finds the follow-
ing current dependence €JS,,.s Of the radiative effi-
ciency:

I I I
(1) =21+ == \J1+ |, 3
[ lo lo
wherel, is a characteristic current defined as
2
e L, A 4y,
lo=——=S 1+ ———| . (4
T2 BT oS

sions(3) and(5) for different device sizes, we can deduce the
surface dependence bf=1y(Smesa, from which the physi-

cal parameterAS/(Bni) andvgs/Ag can be deduced. Figure

6 displays as closed circles the external quantum efficiencies
measured on MCLEDs with various mesa width3s
=/Shesa@s function of the injected current. The solid lines
represent the external quantum efficiencies fitted from the
simple model. Considering the simplicity of the model and
the small number of fitting constants)s, I and 1), the
agreement between measurements and calculations is good.
Measurement of the external quantum efficiency was per-
formed on LEDs with the same mesa widths. The analytical

Relation (3) is derived assuming that the injection effi- expression ofyog(l) was also found to agree well with mea-
ciency does not vary rapidly with the current. The radiativesurements. The characteristic currenjswvere extracted for
efficiency calculated with Eq(3) continuously increases both types of devices and are plotted as clasgmbn) circles

with the current and saturates to ofvehen the carrier den-

in Fig. 7 with respect to the surface of the m&ag,for the

sity is large enough, the radiative recombination rate domiMCLED (LED). These values were then fitted using the ex-

nates the nonradiative recombination jatblote that the
smaller the characteristic currehy, the quickerz, (1) con-

pression = 1y(Snesa given in Eq.(4). Results are shown as
solid (dotted lines for the MCLED(LED). The good agree-

verges to one. For the MCLEDs and LEDs we are considerment between measured and calculatge | o(Syesa indi-

ing, the efficiencies.,, 7, andng, decrease as the current cates the consistency of the simplified model presented here.
density increases. Since these factors contribute to the rollFhese results show that at low currenke(l) is dominated
over of the devices, we use the following phenomenologicaby the radiative efficiency factor,(l), which can be rea-

function to describe their combined current dependence:

sonably approximated by expressidB). From the fits
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0.25 T T T both devices(values close to 11% were found for the
MCLED), hence of their apparent internal quantum efficien-
cies. At 55 A/cm, values of 90% and 40% were determined
for the LED and MCLED, respectively. In order to explain
this difference, we measured the external quantum efficien-
cies of LEDs and MCLEDs with different sizes. From a fit-
ting procedure based on a simple model taking into account
the device size, it was found that the radiative efficiencies of
the large size LEDs and MCLEDs were close to 90%. It was
concluded that the low apparent internal quantum efficiency
measured on the MCLED was due to a bad current injection,
and especially to electron leakage current. It is demonstrated
that it is possible to accurately determine the extraction effi-
ciency and the internal quantum efficiency of MCLEDs. This
procedure can then be applied to optimize the design of their
active region and their injection efficiency.

0 |. | | { L | |

0

0.2

0.15

I [mA]

0.1

0.05
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