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ABSTRACT

We present the results of picosecond time-resolved photoluminescence (PL) measurements for GaN/A1Ga1N MQWs with
varying structural parameters, grown by metalorganic chemical vapor deposition under the optimal (iaN-like growth conditions.
We have shown that the optimal GaN/A1GaN (x 0.2) MQW structures for UV light emitter applications are those with well
widths ranging from 12 and 42 A and barrier widths ranging from 40 to 80 A. The decreased quantum efficiency in GaN/AlGa1
N MQWs with well width L<z12 A is due to the enhanced carrier leakage to the underlying GaN epilayers, while the decreased
quantum efficiency in MQWs with well width L>42 A is associated with an increased nonradiative recombination rate as L
approaching the critical thickness of MQWs. For the barrier width dependence, whea the barrier width is below the critical
thickness, the nonradiative recombination rate increases with a decrease of the barrier width due to the enhanced probabilities of
the electron and hole wavefunctions at the interfaces as well as in the A1GaN barriers. On the other hand, the misfit dislocation
density increases as the barrier width approaches the critical thickness, which can result in in enhanced noriradiative interface
recombination rate. Our optimized GaN/AlGa1N MQW structures exhibited extremely high quantum efficiencies as well as a
ratio ofwell emission intensity to barrier emission intensity exceeding iO.
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1. INTRODUCTION

The group Ill-nitride semiconductors consisting ofAlN, GaN, InN and their alloys are recognized as very promising materials
for many optoelectronic device applications such 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 Ill-nitride based devices have
utilized the advantages ofmultiple-quantum-well (MQW) structures, the optical properties of GaN/AlGa,N MQW structures
are of great current interest[2-lO]. For the optimization of LEDs and LDs structures it is crucial to maximize the optical
emission or quantum efficiencies (QE) in the quantum confined states in the well regions. It is expected that the QE of MQWs
depend strongly on the growth conditions. For the growth of GaN/MGa1N MQWs, one can choose the growth conditions to
be the optimal growth conditions of either (iaN epilayers (GaN-like) or AlGa1N epilayers (AlGaiN-1ike). It was
demonstrated that the optimal growth conditions for GaN/A1GaN MQWs by metal organic chemical vapor deposition
(MOCVD) are GaN-like [8-10]. On the other hand, the MQW structural parameters such as the well and barrier widths are
expected to affect the QE as well.

A set of5O A barrier GaN/AlGa1.N (xO.2) MQWs with well widths, L,, varying from 6 to 48 A, and another set of
30 A well GaN/AlGa1N MQW structures with varying barrier widths from 30 to 100 A have been grown by MOCVD under
the optimal GaN-like growth conditions. Picosecond time-resolved photoluminescence spectroscopy has been employed to
probe the well-and barrier width dependencies ofthe quantum efficiencies (QE) ofthese MQWs. Our results have shown that
these GaN/A1GaN MQW structures exhibit negligibly small piezoelectric effects and hence enhanced QE. It was observed that,
GaN/AlGa1N MQWs with L between 12 and 42 A provide the highest QE, which can be attril,Uted to the reduced
nonradiative recombination rate as well as the improved quantum-well quality. The decreased QE in (3aN/AlGa1.N MQWs
with L<12 A is due to the enhanced cather leakage to the underlying GaN epilayers, while the decreased QE in MQWs with
L>42 A is associated with an increased nonradiative recombination rate as L,approaching the critical thickness ofMQWs. On
the other hand, our results revealed that the QE and the recombination lifetime of these 30 A well GaN/AlGa1N MQWs
increase with an increase ofthe barrier width up to 80 A. These behaviors can be explained by two different effects in MQWs:
(1) enhanced nonradiative recombination rates in MQWs of narrower barrier widths due to enhanced probabilities of the
electron and hole wavefunctions at the interfaces as well as in the barriers (at L8 80 A) and (2) enhanced nonradiative
recombination rates in MQWs clue to an increased misfit dislocation density at the interfaces when the barrier width approaches
the critical thickness, LB 100 A.
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2. EXPERIMENTAL

The GaNIA1Ga1N (xO.2) MQW samples were grown on OOO1oriented sapphire substrates under the optimal GaN-like
growth conditions by MOCVD [8]. The growth temperature and pressure were 1050 °C and 300 Torr, respectively. Prior to
the growth of the MQWs, a 250 A GaN buffer layer and a 1.3 xm undoped GaN epilayer were grown on the sapphire
substrate. It was then followed by the growth of the MQW structure with thirty periods of (iaN well and AlGa1N bather.
The MQW samples were terminated by 250 A thick A1GajN cap layers with the same composition as the barriers. The Al
molar fraction in A1GajN barriers was targeted at 20%. For the set of MQWs with varying well widths, the barrier width
was fixed at 50 A and the well widths ofthese samples were 6, 12, 18, 24, 30, 36, 42, and 48 A. For the aset of 30 A well
GaN/AlGajN MQWs, the barrier width was targeted to vary from 30 to 100 A. The well and barrier widths were
determined by the growth rates ofthe GaN and AlGa1N epilayers under the optimal GaN-like growth conditions.

The low temperature PL spectrum for one of
our representative GaN epilayers grown under the

. . . . .
same conditions as those of GaN epilayers
underneath the MQWs studied here is shown in Fig.
1. One can see that our as-grown GaN epilayers on
sapphire substrates emit only the exciton transitions
at 3.483 eV with a fill-width-at half-maximum
(FWHM) of about 4 meV (the ratio of the exciton
emission intensity to the yellow line intensity exceeds
1O). The typical room temperature electron
concentration and mobility of our undoped 3 tm
thick GaN epilyers are about 5 x 1016cm3 and 650

____________________________________ cm2fVs, respectively. Picosecond time-resolved
. -

photoluminescence (PL) spectroscopy [1 1] was
employed to study the optical properties of these
MQWs. The excitation wavelength and average
pumping power were 290 nm and 20 mW,
respectively. The time-resolved PL signals were
dispersed by a 1.3 m monochromator and collected
either by a single-photon counting detection system
or a streak camera (Hamamatsu C5680) with a time
resolution of25 ps or 2 Ps.

2. RESULTS AND DISCUSSIONS

2.1 Well width dependence

The cw PL spectra of GaN/A1GaN MQWs with varying well widths measured at 10 K are shown in Fig. 2. The main
emission peaks (varying from 3.507 to 3.693 eV) in these spectra are due to the excitonic recombinations in the GaN-well
regions. The low energy emission peaks around 3.490 eV are from the underlying undoped GaN epilayers. No transition
peaks from the AlGa1N-bather regions are observed, indicating that the PL emission and carrier confinement in the well
regions are highly efficient, which is consistent with our previous result that barrier transition is absent in GaN/AlGa1.N
MQWs grown under the optimal GaN-like growth conditions [8]. The PL emission spectral peak position as a function of the
well width is shown in Fig. 3. Compared with the emission peaks from the underlying GaN layers around 3.490 eV, the main
emission peaks from the quantum wells are all blue shifted, which results from both the quantum confinement and the biaxial
compressive strain in the well regions.

From Fig. 2, the linewidths of the well emission peaks of these MQWs replotted in Fig. 4 are between 25 and 35
meV, which are among the narrowest values reported for the GaN/AlGa1.N MQW system. This indicates that the interface
quality ofthese MOCVD grown MQWs is reasonably high, which should result in more efficient carrier confinement in these
MQWs. An increased interface quality can also lead to a decreased nonradiative recombination rate at the interface and thus
an enhanced radiative recombination rate or higher QE in the quantum wells.

The integrated well emission intensity versus L measured at 10 K for these GaN/AlGa1.N MQWs is plotted in
Fig. 5, which shows that highest QE are achieved when L is between 12 and 42 A. The uncertainty in the integrated emission
intensity is mainly due to the slight variations in crystal &owth between different runs. However the general trend shown here is
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Fig. 1 Low temperature PL spectrum for one of our GaN
epilayers recorded in a large emission energy scale to include
yellow emission lines. The Pt signal in the low energy
region (E<3.1 eV) has been magnified by a factor of 1000,
indicating very little contribution from yellow emission and
hence the high crystalline quality and purity of our samples.
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Fig. 2 The cw PL spectra measured at 10 K
for the GaN/A1Ga1N MQW samples with
well width vaiying from 6 to 48 A and a
fixed barrier thickness of 50 A.
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Fig. 4 FWRM of the well emission peak vs well
width for the 50 A barrier GaN/Al,Ga1.N MQWs.
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Fig. 3 FWHM of the well emission peak vs well
width for the GaN/A1Ga1N MQW samples with
well width varying from 6 to 48 A and a fixed
barrier thickness of 50 A.
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Fig. 5 Integrated emission intensity of the well
emission peak vs well width for the 50 A barrier
GaN/Al,Ga1N MQWs.
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still quite clear despite the large experimental uncertainties. The high QE are resulted from an improved quantum well quality, a
reduced nonradiative recombination rate, and a decreased piezoelectric effect in these MQWs.

Thç time-resolved spectra of the 48 A GaN/AlGa1N MQWs are presented in Fig. 6, where the well emission peak
position demonstrates a total red shift with delay time of only about 5 meV. Similar behaviors have been observed for all
GaN/AlGa1N MQW samples StUdied here, implying the contribution from the piezoelectric field is negligibly small in
GaN/AlGaiN MQWs studied here. Previous studies have shown the time-resolved spectra ofthe well emission of GaN/AlGa1
N MQW samples (L 40 grown under different conditions to exhibit a large redshift (' 60 meV) with delay time due to the
presence of a strong piezoelectric effect together with the photoexcited carrier screening [7]. It is well known that the
piezoelectric field will cause a spatial separation of the electron and hole waveflinctions and hence a large redshift of the well
emission peak with respect to the GaN epilayers as well as a reduction ofthe radiative recombination rate (or QE)[3-7]. It seems
that the piezoelectric field is greatly reduced and the QE are thus enhanced in these GaN/AlGaiN MQWs grown under the
optimal GaN-like growth conditions by MOCVD [81.

3.42 3.45 3.48 3.51 3.54

E (eV)
Fig. 6 Time-resolved PL spectra of the 48 A
well (and 50 A barrier) GaN/A1Ga1XN
MQWs show a total red-shift with delay time
ofabout 5 meV.

Delay Time (ns)
Fig. 7 PL decay profiles measured at 10 K
from the well transitions of the 50 A barrier
GaN/AlGa1N MQWs with L6, 12, and 48
A, respectively.

In addition to the reduced piezoelectric effect, the high QE achieved in the GaN/AlGa1N MQWs with L between
12 and 42 A can be attributed to the reduced nonradiative recombination rate as well as the improved quantum well interface
quality. The decreased QE seen in GaN/A1Ga1N MQWs with larger L (>42 A) suggests that the nonradiative
recombination channels start to play an important role. This is consistent with the observation that the recombination lifetime
of the well transition is shortest in the 48 A GaN/AlGa1.N MQW sample. In Fig. 7, the PL temporal responses of the well
transitions for three representative MQW samples are shown. We see that the recombination lifetime ofthe well transition in
the 48 A GaN/AlGa1N MQWs is 0.25 ns, which is shorter than the value in the 6 A (0.35 ns) or in the 12 A (0.42 ns)
GaN/AlGa1.N MQW sample. The low temperature lifetimes in all other GaN/AlGa1N MQWs range in between 0.30 and
0.40 ns (not shown). The reduced recombination lifetime in the 48 A well width GaN/AlGa1N MQW sample is due to an
increased nonradiative recombination rate. It is expected that the misfit dislocation density in the GaN-well regions increases
sharply as the well width approaches the critical thickness of MQWs, which results in an enhanced nonradiative interface
recombination rate and thus lower QE.
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Fig. 8 The carrier leakage is enhanced in
GaN/AlGa1N MQWs with smaller well
width than in those with larger well width.
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Fig. 9 CW PL spectra of a set of 30 A well
GaN/AlGa1N MQW samples with varying
barrier widths, L5 = 30, 40 50, 80, and 100
A, measured at 10 K. The MQW structures
are grown under identical conditions.

on the other hand, the decreased QE in
GaN/A1Ga1N MQWs with small L (less than 12 A) is
due to the enhanced carrier leakage to the underlying GaN
epilayer. For MQWs with narrow L, the electron and hole
wave functions will extend further into the banier regions as
illustrated schematically in Fig. 8, which leads to an
increased (decreased) carrier recombination outside (inside)
the well regions. As shown in Fig. 2, PL emission intensity
at 3.490 eV from the underlying GaN epilayer is largest in
the 6 A well GaN/AlGa1N MQW sample and decreases as
L increases. This clearly indicates that the carrier leakage
from the well regions to the underlymg GaN epilayer
increases with a decrease of L.

The temperature variations of the recombination
lifetime and emission intensity have been measured for these
MQW samples For GaN/AlGa1N MQW samples with L
< 48 A, the lifetime increases linearly th temperature up to
80 K, which implies that the radiative exciton recombination
dominates in these MQWs at low temperatures. For L 48
A, a linear increase of lifetime with temperature is not
observed due to an increased nonradiative recombination rate.
The overall trend of the well width dependence of the
integrated emission intensity is similar to that shown in Fig. 5
for all temperatures.

The low temperature (T = 10 K) PL spectra of the 30 A well
GaN/AlGa1N MQW samples with various banier widths of LB =
30, 40, 50, 80, and 100 A are presented in Fig. 9. The position of
the dominant emission peak at -' 3.56 eV (10 K) in these spectra is
almost independent ofthe barrier width and is due to the excitonic
transition from the GaN wells. The full width at half maximum
(FWHM) of the transition line from the wells is around 20 - 30
meV, which is again among the better values reported for the
GaN/A1GaN MQW system [2-10]. The PL spectra also show a
transition line with a lower emission intensity around 3.49 eV,
which results from the underneath GaN epilayer.

One of the features exhibited by these 30 A well MQW
structures is that the excitonic transition peak resulting from the well
regions is significantly blue Shifted with respect to the (iaN
epilayers by about 70 meV (10 K). The observed spectral buleshift
here suggests that the quantum confinement dominates the well
known piezoelectric and polarization effects in these MOCVD
grown MQW structures. The time-resolved PL spectral peak
positions ofthe well transitions in these samples shift toward lower
emission energies by less than 10 meV as the delay time increases
from 0 to 0.8 ns, similar to that shown in Fig. 6. The magnitude of
the redshift decreases with a decrease of LB.

Mother important feature shown by these 30 A well MQW
structures is that they exhibit a ratio of well emission intensity to
barrier emission intensity of about i0 at 10 K. Moreover, the
barrier emission intensity ftsrther decreases as temperature increases
and drops to a signal level which is below the sensitivities of our
detection systems when the temperature is above 200 K. This is
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highly preferred for laser and LED applications, since one important issue in the laser and LED structural design is to maximize
the optical emission or quantum efficiency in the quantum confined states in the well regions, while any optical transitions from
the barrier regions represent a loss to optical gain.
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The barrier width dependence of the integrated
PL intensity of the well transition for these 30 A well
MQW structures can also be obtained from FigS 9, which
is plotted in Fig. 10(a). The total integrated PL
intensities of these MQW samples are reduced only by
one order ofmagnitude as the temperature rises from 10
to 300 K (not shown), indicating high PL efficiencies
even at room temperature. The most important result
shown in Fig. 10(a) is that the integrated PL intensities
(or QE) ofthese MQW samples increase monotonously
with an increase ofthe barrier width up to 80 A.

The decay lifetime for the well transitions
increases almost linearly from 0.2 ns to 0.4 ns when the
bather width varies from 30 to 80 A. This is clearly
illustrated in Fig. 10(b), where the PL temporal
responses as well as the bather width dependence of the
PL decay lifetime are shown for the well transitions.
Furthennore, a linear increase of the well transition
lifetime with temperature has been observed in these
MQW structures when the barrier widths is below 100 A
(not shown), which reflects that the radiative exciton
recombination dominates in these MQW samples. The
enhanced decay lifetime with the barrier width up to 80
A shown in Fig. 10(b) is consistent with the QE
enhancement with the barrier width shown in Fig. 10(a).
For the 100 A barrier MQW sample studied here, the
well transition lifetime decreases with temperature (not
shown), which is an indication of increased nonradiative
recombination rates at higher temperatures in this MQW
sample.

Our experimental results ofthe barrier width dependence ofthe PL efficiency and decay lifetime can be understood in
terms ofthe barrier width dependent nonndiative interface recombination rate in MQWs, R,,,, which can be described by

2
Rnr °C

l/ISLLnteriace N[jce (1)

where and Njrface denote the electron (and hole) wavefünctions and the density of misfit dislocations at the

interface, respectively. Thus two distinct mechanisms predominantly control the recombination rates and hence the quantum

efficiencies in MQWs. For LB 80 A, N/face does not show a strong barrier dependence. Thus for the MQW samples with

LB 80 A. the reductions of the QE and decay lifetime with a decreased barrier width are mainly caused by an increased
nonradiative recombination rate due to the enhanced probabilities ofthe electron and hole wavefunctions at the interfiices as well
as in the A1GaN barriers. This situation is schematically ifiustrated in Fig. 11(a), where the electron wavefunction distributions for
two representative LB are shoi, which indicates that y1"jnce decreases with an increase of LB. Previously, reductions in the
well emission intensities in MQWs ofnarrower barrier widths have been observed for the (3aAS/AIGaAS MQW system [12}.

on the other hand, the decrease ofthe QE and the lifetime behavior in the 100 A barrier MQW can be accounted for by
the concept ofcritical thickness. The critical thickness h ofA1GajN epilayers on GaN as a function ofAl molar fraction x has
been calculated to be around 100 A for x 0.2 [13-15]. When LB is approaching the critical thickness value strain is relieved
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Fig. 10 (a) Integrated PL intensity ofthe well transition for the
GaN/A1GaiN MQW samples as a fimction of L measured at
10 K. (b) The temporal responses ofthe well transitions in the

MQW SWfl1S for various barrier widths at 10
K. The inset shos the barrier width dependence of the decay
lifetime forthe well iransition.
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by the creation ofmisfit dislocations at the interfaces, a situation is being schematically illustrated in Fig. 11(b). Our results seem
to ftirther corroborate the fact that the critical thickness ofthe A1Ga1N/GaN (x '0.2)MQW system is around 100 A.

(a) __________

eria}JjJ Y1erface

small LB large LB

(b) ___ ___ ___ ___________ ___mr
DL -÷• • NDL'1interface : : : : interface

L______; L_____; '._...__

LB�hc LB>hc

Fig. I 1(a) Schematic diagrams showing the electron wavefunction distributions in MQWs for two
representative barrier widths. The probability of the electron wavefunction at the interfaces as well as in
the barriers decreases with an increase of the barrier width; (b) schematic diagram showing the misfit
dislocation density at the interfaces in the GaN/AlGajN MQWs. The widths of the dotted lines
represent the density of the misfit dislocations which increases sharply as LB approaches h, where LB
and h denote the barrier width and the critical thickness, respectively.

2. SUMMARY

GaN/A1GaiN and InGa1N/GaN MQWs with varying structural parameters have been grown by our MOCVD system under
the GaN-like conditions. We have shown that the timal GaN/A1GaN (x 0.2) MQW structures are those with well widths
ranging from 12 and 42 A and banier widths ranghig from 40 to 80 A. When well width L is below 12 A, the carrierleakage to
the underlying GaN epilayers and the nonradiative interlItce recombination become prominent, while in MQWs with well width
L>42 A the nonradiative recombination rate is increased due to approaching the critical thickness ofMQWs. For the barrier
width dependence when the barrier width is below the critical thickness, the nonradiative recombination rate increases with a
decrease ofthe barrier width due to the enhanced probabilities ofthe electron and hole wavefunctions at the interfaces as well as
in the A1GaN 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 interflice recombination rate. An important feature shown by these MQW
structures grown under the GaN4ike conditions is that they exhibit a ratio ofwell emission intensity to barrier emission intensity
of about i04 at 10 K. This is highly preferred for laser and LED applications, since one important issue in the laser and LED
structural design is to maximize the optical emission or quantum efficiency in the quantum confined states in the well regions,
while any optical transitions from the barrier regions represent a loss to optical gain.
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