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We study the carrier distribution in multi quantum well �multi-QW� InGaN light-emitting diodes.
Conventional wisdom would assume that a large number of QWs lead to a smaller carrier density
per QW, enabling efficient carrier recombination at high currents. We use angle-resolved far-field
measurements to determine the location of spontaneous emission in a series of multi-QW samples.
They reveal that, no matter how many QWs are grown, only the QW nearest the p layer emits light
under electrical pumping, which can limit the performances of high-power devices. © 2008
American Institute of Physics. �DOI: 10.1063/1.2839305�

High-power GaN-based light-emitting diodes1 �LEDs�
require high injection currents which translate into high cur-
rent densities J, on the order of Jhigh�100–1000 A cm−2. It
is well known that the internal quantum efficiency �int of
InGaN /GaN quantum-well �QW� structures peaks at lower
current densities Jmax�1–10 A cm−2, and is lower by a fac-
tor of 2 at high J.1–3 It was recently suggested that Auger
recombination is the cause of this behavior.4

To maintain a high �int at high J, a straightforward ap-
proach is to increase the number of QWs, thus spreading
carriers and lowering their density in each QW for a given J.
If the QWs are uniformly injected, the peak current Jmax
should scale as the number of QWs. In this letter, we show
that only the QW closest to the p-GaN emits light in a typi-
cal �0001�-InGaN /GaN LED.

The data presented below were taken on three samples
with two, four, and six QWs, respectively, emitting at �
=445 nm. Their structure is similar to the QW samples de-
scribed in Ref. 3, with QW and barrier thicknesses of 3 and
11 nm. The thickness of the p layers above the QWs is kept
constant to d=116 nm to ensure comparable injection prop-
erties. Thickness values were checked by x ray. We label
QWs starting from the p side: the two QW sample only
contains QWs 1 and 2, while the six QW sample contains
QWs 1–6.

To estimate the quality of the QWs, we perform photo-
luminescence �PL� with excitation by a 375 nm InGaN laser.
The laser is only absorbed by the QWs ��1% absorption per
QW� so that the PL signal should be proportional to the
number of QWs �although cavity effects in the GaN layer
can slightly alter the laser absorption by each QW�. Indeed,
the PL signals for the two, four, and six QW samples are 1.0,
1.7, and 2.8, respectively �in arbitrary units�, suggesting that
the �int of the QWs is uniform.

We then test the electroluminescence in a simple geom-
etry, using a Ni layer as the p electrode under which lumi-
nescence occurs. Figure 1 displays the external efficiency
�i.e., the radiometric light output divided by the current� of
the samples versus J. All curves are nearly identical, as al-
ready reported on similar structures in Ref. 3. Notably, Jmax
is nearly constant, suggesting that the same number of QWs

are injected in each sample even though the total number of
QWs is varied.

In order to determine optically which QWs emit light,
we use angle- and wavelength-resolved far-field pattern
�FFP� measurements. Instead of Ni as a p contact, we now
use Ag, which possesses strong reflectivity and enhances
cavity effects. We measure the FFP emitted downward
through the sapphire substrate, with a fiber mounted on a
rotating arm located 10 cm away from the source. Spectra
are collected at polar angles �=0° �vertical� to �=70°, at a
current density J�80 A cm−2, beyond the efficiency peak
and well within the high-current regime which we seek to
characterize.

Let us discuss the principle of the experiment. Each QW
is located at a specific distance from the Ag mirror, which
modulates its extraction efficiency by cavity effects.5,6 Fig-
ures 2�a� and 2�b� show the epitaxial structure and theoretical
extraction to air �integrated over the full half space� of each
QW as a function of wavelength, computed by a scattering
matrix method.7 Figures 2�c� and 2�d� detail the correspond-
ing calculated angle-resolved FFPs for QWs 1 and 6. Notice
the Fabry–Pérot fringes due to the GaN cavity which modu-
lates the FFP. Since intensity vanishes at large � �because of
Fresnel coefficients and solid angle effects�, we normalize
these plots in the � direction by a function cos2 �, which
reveals the large-angle behavior. As can be seen, cavity ef-
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FIG. 1. �Color online� Efficiency vs. injection current for samples with two,
four, and six QWs. The peak current Jmax is identical for all structures,
suggesting that the same number of QWs emit in all three structures. The
peak emission wavelength at Jmax is 445�1 nm for all samples.
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fects yield very different FFPs for different QWs. Since the
p-layer thickness is constant, the distance d between a given
QW and the Ag mirror is the same in all samples. The inter-
ference caused by the mirror yields maximum extraction at
an angle � and a wavelength � satisfying the condition
4n�d cos �in /�+�=2�m, where n is the index of GaN, �in
the inner angle corresponding to �, � the phase shift of the
mirror, and m an integer �m=1 here�. Thus, each QW is
efficient at extracting a specific range of wavelengths in a
specific direction. In principle, the emitting QWs can thus be
determined by fitting measured FFPs.

Figure 3�a� shows the experimental FFP for the two-QW
sample. Unfortunately, the comparison with calculations is
hindered by the spectral line shape of the QWs. Indeed, Figs.
2�b� and 2�c� correspond to a “white” source emitting a con-
stant intensity at all wavelengths. The exact QW line shape is
not known �and may vary from sample to sample and with J�
and would be necessary to compare the measurements to the
calculated FFPs. Rather, we resort to the following normal-
ization procedure. An approximate line shape is estimated by
integrating the experimental FFP over �. After normalization
by this line shape, the FFP is considerably “flatter,” similar to
those shown in Ref. 8. We then normalize the FFP a second
time along � �with a hand-defined smooth function� so that
all the maxima of the Fabry–Pérot peaks of the FFP at �
=0° are pinned to 1. �Formally, the FFP can be expressed as
FFP~Ay�L ,����L ,d ,��l���− with Ay the Airy function repre-
senting the response of a passive Fabry-Pérot cavity, � the
antinodal factor corresponding to the QW’s interface, l the
QW’s shape, L the cavity’s thickness and d the distance be-
tween the QW and the metal mirror. Our normalization pro-

cedure cancels out � and L at normal incidence, but informa-
tion about d is still contained in the large angle behavior.�
Finally, we normalize the obtained FFP along � by cos2 � to
reveal the large-angle behavior �Figs. 3�b� and 3�e��. We then
apply the same procedure to the calculated FFP: flattening
the Fabry–Pérot peaks to 1 at �=0° and normalizing by
cos2 �.

Since the normalization along � is arbitrary, we can no
longer compare the data for different wavelengths �indeed,
all information is lost along the �=0° axis, where all the
peaks are forced to 1�. On the other hand, a known function
is used along � so that we can still compare, for a given �,
the values at �=0° and at large �. In practice, the information
on the emitting QWs is thus contained in the large-angle
region of the normalized FFP.

FIG. 4. �Color online� Normalized emission from a two QW and a six-QW
structure. �a� Two-QW measurement. ��b�–�d�� Fits by QW 1, QW 1 and 2,
and QW 2, respectively. �e� Six-QW measurement. ��f�–�h�� Fits by QW 1,
QW 1–3, and QW 1–6, respectively. All plots use the same color scale,
where the maxima of the Fabry–Pérot peaks at �=0° are set to 1.

FIG. 2. �Color online� �a� Structure of the six-QW sample with correspond-
ing QW numbers. �b� Calculated extraction efficiency of each QW. ��c� and
�d�� Calculated far-field patterns of QWs 1 and 6, normalized by cos2 � to
reveal the large angle behavior.

FIG. 3. �Color online� Normalization procedure of angle-resolved spectra.
The raw spectrum �a� is normalized iteratively along the � axis in order to
flatten the Fabry–Pérot fringes �b�, and then normalized by cos2 � along the
� axis in order to reveal the information at high angles �c�. �d� and �e�,
respectively, show vertical cross sections of �a� and �b� at �=0°. �f� Geom-
etry of the angular measurement.
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Figure 4 shows the normalized experimental FFPs for
the two QW and the six QW samples, together with several
theoretical fits. First, let us note that the experimental FFPs
are nearly identical for both samples. In itself, this is a strong
indication that only the two first QWs �at most� emit light in
the six-QW sample; emission from QWs 3–6 would strongly
alter the FFP. For the two-QW sample, we consider fits by
emission from QW 1 alone, QWs 1 and 2 �with equal inten-
sity�, and QW 2 alone. An excellent fit is obtained with QW
1 only emitting, while both other scenarios give poor fits,
overestimating the signal at large � and short �. For the
six-QW sample, we show fits by emission from QW 1 alone,
QWs 1–3 �with equal intensity�, and QWs 1–6 �with equal
intensity�. Again, the best fit is obtained for QW 1 only emit-
ting. Many other fits corresponding to various QW popula-
tions were considered �not shown�, and none yields a better
match.

The above results correspond to high current operation.
To check for lower-current behavior and possible evolution
of the QW population with J, we collected additional FFPs
on the same samples at lower J �8.0 and 0.8 A cm−2�. Figure
5 displays the ratio R of the FFP at J=8 A cm−2 by the FFP
at J=80 A cm−2. Again, any difference in the carrier distri-
bution in QWs between low and high J should result in a
different angular distribution. However, Fig. 5�a� shows no
angular dependence: the only remarkable feature is a drop in
R at short wavelengths, but without any angular component.
This indicates that the same QW population occurs at both
currents �namely, only QW 1 emits�. The drop of R at short �
simply manifests the blueshift in the QW emission at high J
�Fig. 5�c��. The analysis is made more obvious on Fig. 5�b�,
where we normalize R along � as previously in order to
cancel this shift �i.e., by normalizing the data to 1 along �
=0°�. �No angular normalization is necessary in this case,

since taking the ratio of the two spectra naturally removes
angular effects.� The normalized ratio is then constant over
the full �-� plane, excluding any variation in the QW popu-
lation. A similar observation holds at even lower current J
=0.8 A cm−2.

Finally, let us point out that similar experiments were
repeated on other samples with similar growth parameters,
but using various p-layer thicknesses in order to optically
probe the QWs in a different way �specifically, the p-layer
thickness was tuned to minimize light extraction from QWs
1 and 2, making the measurements more sensitive to poten-
tial light emission from other QWs�. In all cases, the results
are consistent with emission from the p-side QW alone, and
never suggest that more than 20% of the emission may come
from the next QW.

In conclusion, we have studied conventional �0001� In-
GaN LEDs with varying number of QWs to explore the pos-
sibility of decreasing the carrier density in each well. No
matter how many QWs are grown, spontaneous emission
only occurs in the p-side QW. This suggests that high-power
devices require specific efforts in order to push the peak
efficiency to higher current. One approach is to modify the
design of the QW active region to improve carrier spreading.
Another approach was also reported recently in Ref. 3, where
the QWs are replaced by a double heterostructure, ensuring
uniform carrier spreading across the active region and a
lower carrier density.
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FIG. 5. �Color online� �a� Ratio R of angular measurements for the six-QW
sample at current densities J=8 A cm−2 and J=80 A cm−2. �b� Same as �a�,
normalized along � to cancel out the blueshift of emission with J: the re-
sulting ratio has no dependence along �. �c� Approximate corresponding line
shapes evidencing the blueshift with J.
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