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Barrier-width dependence of quantum efficiencies of GaN ÕAlxGa1ÀxN
multiple quantum wells
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We present the results of picosecond time-resolved photoluminescence~PL! measurements for a set
of 30 Å well GaN/AlxGa12xN (x;0.2) multiple-quantum-well~MQW! structures with varying
barrier widthsLB from 30 to 100 Å, grown by metalorganic chemical-vapor deposition. The PL
quantum efficiency and the recombination lifetime of these MQWs were observed to increase
monotonously with an increase of the barrier width up to 80 Å. These behaviors were explained by
considering two distinct mechanisms that control the radiative recombination efficiencies in MQWs.
When the barrier width is below the critical thickness, the nonradiative recombination rate increases
with a decrease of the barrier width due to enhanced probabilities of the electron and hole wave
functions at the interfaces as well as in the AlGaN barriers. On the other hand, the misfit dislocation
density increases as the barrier width approaches the critical thickness, which can result in an
enhanced nonradiative interface recombination rate. Our studies here have shown that the optimal
GaN/AlGaN (x;0.2) MQW structures for UV light-emitter applications are those with barrier
widths ranging from 40 to 80 Å. ©2000 American Institute of Physics.@S0003-6951~00!00534-9#
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The group-III-nitride semiconductors consisting of AlN
GaN, InN, and their alloys are recognized as very promis
materials for many optoelectronic device applications s
as blue-green and UV light-emitting diodes~LEDs!, laser
diodes ~LDs!, UV solar blind detectors, and high
temperature/high-power electronic devices.1 Because many
III-nitride-based devices have utilized the advantages
multiple-quantum-well~MQW! structures, the optical prop
erties of GaN/AlxGa12xN MQW structures are of great cur
rent interest.2–10 For the optimization of LEDs and LDs
structures, it is crucial to maximize the optical emission
quantum efficiencies~QEs! in the quantum-confined states
the well regions. It is expected that the QEs of MQWs d
pend strongly on the growth conditions. For the growth
GaN/AlxGa12xN, MQWs, one can choose the growth cond
tions to be the optimal growth conditions of either GaN e
ilayers ~GaN-like! or AlxGa12xN epilayers (AlxGa12xN-
like!. It was demonstrated that the optimal growth conditio
for GaN/AlGaN MQWs by metalorganic chemical-vap
deposition ~MOCVD! are GaN-like.9 On the other hand
MQW structural parameters such as well and barrier wid
are expected to affect the QE as well. It was shown rece
that for a fixed barrier width of 50 Å GaN/AlxGa12xN
MQWs with well widths between 12 and 42 Å exhibited th
highest QE.10

In order to bring the work along this line to a compl
tion, we have grown a set of 30 Å well GaN/AlxGa12xN
MQW structures with varying barrier widths from 30 t
100 Å. Picosecond time-resolved photoluminescence~PL!
measurements have been employed to investigate the
properties including quantum efficiency and carrier dyna
ics of this set of GaN/AlxGa12xN MQW structures. Our re-

a!On leave from the Korea Research Institute of Standards and Scie
Taejon 305-600, Korea.

b!Electronic mail: jiang@phys.ksu.edu
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sults revealed that the QE and the recombination lifetime
these 30 Å well GaN/AlxGa12xN MQWs increase with an
increase of the barrier width up to 80 Å. These behaviors
be explained by two different effects in MQWs:~1! en-
hanced nonradiative recombination rates in MQWs of n
rower barrier widths due to enhanced probabilities of
electron and hole wave functions at the interfaces as we
in the barriers~at LB&80 Å! and ~2! enhanced nonradiative
recombination rates in MQWs due to an increased misfit d
location density at the interfaces when the barrier width
proaches the critical thickness,LB;100 Å.

The GaN/AlxGa12xN (x'0.2) MQW samples were
grown on 0001-oriented sapphire substrates under the o
mal GaN-like growth conditions by MOCVD.9,10 The MQW
structure has 30 periods of GaN wells and AlxGa12xN bar-
riers. The MQW samples were terminated by 250-Å-thi
Al xGa12xN cap layers with the same composition as the b
riers. The Al molar fraction in the AlxGa12xN barriers was
targeted at 20%. The barrier width was targeted to vary fr
30 to 100 Å. The well and barrier widths were determined
the growth rate of the GaN and AlxGa12xN epilayers under
the optimal GaN-like growth conditions. The low
temperature PL spectrum for one of our representative G
epilayers grown under the same conditions as those of
GaN wells in the MQWs studied here is shown in Fig.
One can see that our as-grown GaN epilayers on sapp
substrates emit only the exciton transitions at 3.483 eV w
a full width at half maximum~FWHM! of about 4 meV~the
ratio of the exciton emission intensity to the yellow line i
tensity exceeds 104!. Picosecond time-resolved photolum
nescence spectroscopy11 was employed to study the optica
properties of these MQWs. The excitation wavelength a
average pumping power were 290 nm and 20 mW, resp
tively.

The low-temperature (T510 K) PL spectra of the
GaN/AlxGa12xN MQW samples with various barrier width

ce,
0 © 2000 American Institute of Physics
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of LB530, 40, 50, 80, and 100 Å are presented in Fig. 2. T
position of the dominant emission peak at;3.56 eV~10 K!
in these spectra is almost independent of the barrier w
and is due to the excitonic transition from the GaN we
The FWHM of the transition line from the wells is aroun
20230 meV, which is among the better values reported
the GaN/AlGaN MQW system.2–10 The PL spectra also
show a transition line with a lower emission intensity arou
3.49 eV, which results from the underneath GaN epilaye

One of the features exhibited by these 30 Å well MQ
structures is that the excitonic transition peak resulting fr
the well regions is significantly blueshifted with respect

FIG. 1. Low-temperature PL spectrum for one of our undoped GaN epi
ers ~1.3 mm! recorded in a large emission energy scale to include yel
emission lines. The PL signal in the low-energy region (E,3.1 eV) has
been magnified by a factor of 1000, indicating very little contribution fro
yellow emission and, hence, the high crystalline quality and purity of
samples.

FIG. 2. cw PL spectra of a set of 30 Å well GaN/AlxGa12xN MQW samples
with varying barrier widths,LB530, 40, 50, 80, and 100 Å, measured
10 K. The MQW structures are grown under identical conditions.
rticle is copyrighted as indicated in the article. Reuse of AIP content is s
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the GaN epilayers by about 70 meV~10 K!. The observed
spectral blueshift here suggests that the quantum con
ment dominates the well-known piezoelectric and polari
tion effects in these MOCVD-grown MQW structures. Th
time-resolved PL spectral peak positions of the well tran
tions in these samples shift toward lower emission energ
by less than 10 meV as the delay time increases from 0 to
ns ~not shown!. The magnitude of the redshift decreases w
a decrease ofLB .

Another important feature shown by these 30 Å w
MQW structures is that they exhibit a ratio of well emissio
intensity to barrier emission intensity of about 104 at 10 K.
Moreover, the barrier emission intensity further decrease
the temperature increases and drops to a signal level whic
below the sensitivities of our detection systems when
temperature is above 200 K. This is highly preferred for la
and LED applications, since one important issue in the la
and LED structural design is to maximize the optical em
sion or quantum efficiency in the quantum-confined state
the well regions, while any optical transitions from the ba
rier regions represent a loss to optical gain.

The barrier-width dependence of the integrated PL int
sity of the well transition for these 30 Å well MQW struc
tures can also be obtained from Fig. 2, which is plotted
Fig. 3~a!. The total integrated PL intensities of these MQ
samples are reduced only by one order of magnitude as
temperature rises from 10 to 300 K~not shown!, indicating
high PL efficiencies even at room temperature. The m
important result shown in Fig. 3 is that the integrated

-

r

FIG. 3. ~a! Integrated PL intensity of the well transition for th
GaN/AlxGa12xN MQW samples as a function ofLB measured at 10 K.~b!
The temporal responses of the well transitions in the GaN/AlxGa12xN
MQW samples for various barrier widths at 10 K. The inset shows
barrier-width dependence of the decay lifetime for the well transition.
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intensities~or QEs! of these MQW samples increase mono
nously with an increase of the barrier width up to 80 Å.

The decay lifetime for the well transitions increases
most linearly from 0.2 to 0.4 ns when the barrier width var
from 30 to 80 Å. This is clearly illustrated in Fig. 3~b!, where
the PL temporal responses as well as the barrier-width
pendence of the PL decay lifetime are shown for the w
transitions. Furthermore, a linear increase of the well tra
tion lifetime with temperature has been observed in th
MQW structures when the barrier widths are below 100
~not shown!, which reflects that the radiative exciton recom
bination dominates in these MQW samples. The enhan
decay lifetime with the barrier width up to 80 Å shown
Fig. 3~b! is consistent with the QE enhancement with t
barrier width shown in Fig. 3~a!. For the 100 Å barrier MQW
sample studied here, the well transition lifetime decrea
with temperature, which is an indication of increased non
diative recombination rates at higher temperatures in
MQW sample.

Our experimental results of the barrier-width depe
dence of the PL efficiency and decay lifetime can be und
stood in terms of the barrier-width-dependent nonradia
interface recombination rate in MQWs,Rnr , which can be
described by

Rnr}ucSLu interface
2 Ninterface

DL , ~1!

where c interface
SL and Ninterface

DL denote the electron~and hole!
wave functions and the density of misfit dislocations at
interface, respectively. Thus, two distinct mechanisms p
dominantly control the recombination rates and, hence,
quantum efficiencies in MQW. ForLB&80 Å, Ninterface

DL does
not show a strong barrier dependence. Thus, for the MQ
samples withLB&80 Å, the reductions of the QE and deca
lifetime with a decreased barrier width are mainly caused
an increased nonradiative recombination rate due to the
hanced probabilities of the electron and hole wave functi
at the interfaces as well as in the AlGaN barriers. This s
ation is schematically illustrated in Fig. 4~a!, where the elec-
tron wave-function distributions for two representativeLB

FIG. 4. ~a! Schematic diagrams showing the electron wave-function dis
butions in MQWs for two representative barrier widths. The probability
the electron wave function at the interfacesucSLu interface

2 as well as in the
barriers decreases with an increase of the barrier width;~b! schematic dia-
gram showing the misfit dislocation density at the interfaces in
GaN/AlxGa12xN MQWs. The widths of the dotted lines represent the de
sity of the misfit dislocations which increases sharply asLB approacheshc ,
whereLB andhc denote the barrier width and the critical thickness, resp
tively.
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are shown, which indicates thatc interface
SL decreases with an

increase ofLB . Previously, reductions in the well emissio
intensities in MQWs of narrower barrier widths have be
observed for the GaAs/AlGaAs MQW system.12

On the other hand, the decrease of the QE and the
time behavior in the 100 Å barrier MQW can be account
for by the concept of critical thickness. The critical thickne
hc of the AlxGa12xN epilayers on GaN as a function of A
molar fractionx has been calculated to be around 100 Å
x;0.2.13–15 When LB is approaching the critical thicknes
valuehc , strain is relieved by the creation of misfit disloc
tions at the interfaces, the situation is schematically illu
trated in Fig. 4~b!.

In summary, a set of GaN/AlxGa12xN MQW structures
with varying barrier widths from 30 to 100 Å grown b
MOCVD has been fabricated and studied by time-resolv
PL measurements. The QE and recombination lifetime
these MQWs were observed to increase with the bar
width up to 80 Å. These behaviors have been explained
terms of the combined effects of a reduced probability of
electron and hole wave functions at the interfaces with
increase ofLB and an increased density of misfit dislocatio
at the interfaces whenLB is approachinghc . Highly efficient
emission from the wells and a ratio of the well to the barr
emission intensity of about 104 have been observed in thes
MQW structures. When utilizing the GaN/AlGaN MQWs a
active media for UV light emitters, maximizing the quantu
efficiency from the well regions is one of the important i
sues in their structural designs. Our studies have shown
the optimal GaN/AlGaN (x;0.2) MQWs for UV light-
emitter applications are those with barrier widths rang
from 40 to 80 Å and well widths ranging from 12 to 42 Å

This research is supported by ONR, NSF~DMR-
9902431 and INT-9729582!, DOE ~96ER45604/A000!,
ARO, and BMDO.
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