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Rapid interwell carrier transport is a key process for a uniform carrier distribution and reduced Auger recombination in multiple quantum well
(MQW) light emitting devices. In this work, the interwell transport has been studied by time-resolved photoluminescence in In0.12Ga0.88N MQWs
with InxGa1−xN (x = 0 ÷ 0.06) and Al0.065Ga0.935N barriers. Only for the InGaN barriers the transport is efficient. However, introduction of In into the
barriers is accompanied by an increase of the nonradiative recombination at QW interfaces. Still, even with the increased Shockley–Read–Hall
recombination, structures with InGaN barriers might be advantageous for high power devices because of the reduced Auger recombination.
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F
or an efficient operation of high power GaN/InGaN
multiple quantum well (MQW) light emitting diodes
(LEDs) and laser diodes, a uniform carrier distribution

between the QWs is required. In such a case, all QWs
contribute to the light emission, and a high output power can
be achieved at relatively low carrier concentrations, at which
the detrimental nonradiative Auger recombination can be
kept at minimum. The limiting process for the uniform
interwell (IW) carrier distribution is the transport of holes.
1–6) At room temperature, this transport is thermionic and
proceeds via subsequent capture into and thermionic emis-
sion out of the QWs.5) Even in low In content (12%) InGaN/
GaN QWs, the thermionic IW hole transport is slow and
inefficient. An increase of the IW transport velocity can be
achieved by replacing GaN barriers with that of InGaN.5)

However, the uniform IW carrier distribution and reduced
Auger recombination are not the only factors affecting the
efficiency of high power light emitting devices. The internal
quantum efficiency (IQE) of the MQWs forming the active
region must also be taken into account. The IQE is
determined by the interplay of the radiative and nonradiative
recombination. At moderate carrier densities, the dominating
type of the nonradiative recombination is the Shockley–
Read–Hall (SRH) recombination through impurities and
point defects.7) Replacing GaN with InGaN as the barrier
material might affect both the radiative and SRH recombina-
tion rates. For instance, the concentration of N vacancies and
related complexes that act as SRH recombination centers
might be increased.8) On the other hand, there have been
reports that in QWs with InGaN barriers the SRH recombina-
tion rate is lower.6)

Thus, to determine barrier parameters that are optimal for
light emitting devices, the IW carrier transport should be
studied along with the radiative and nonradiative lifetimes
and, ultimately, the IQE. In this work, by exploring these
effects in InGaN/(In)GaN MQW structures with different
indium percentage in the barriers, we evaluate the interplay
between these effects. In addition, to examine the effect that
ternary barriers with a higher band gap might have on the IW
transport, MQW structures with AlGaN barriers were ex-
plored. A recent study has suggested that AlGaN barriers
might be advantageous for near-ultraviolet InGaN LEDs.9)

The studied structures were grown by metal-organic
chemical vapor deposition on c-plane sapphire substrates.

From the substrate side, the structures consist of a 4.3 μm
GaN buffer layer, a 3 nm thick InGaN detector QW (DQW)
with 16%–18% In, a region of four 3 nm thick transport QWs
(TQWs) with ∼12% In, and a 100 nm thick GaN cap layer
(inset to Fig. 2). For different samples, the In content in the
8 nm thick InGaN barriers is 0%, 4% and 6%. In one sample,
the barrier material is Al0.065Ga0.935N. The structures are
unintentionally n-doped with an electron concentration of
∼1× 1017 cm−3. The threading dislocation density, esti-
mated by plan view transmission electron microscopy and
atomic force microscopy, was 2× 108 cm−2 for all samples.
The surface topography of the samples was identical; thus,
observed differences in the PL intensity were intrinsic and
unrelated to different light extraction efficiencies.
The measurements were performed by time-resolved and

time-integrated photoluminescence (PL) spectroscopy. The
PL was excited by second and third harmonic pulses from a
self-mode-locking Ti:sapphire laser with a 200 fs pulse
duration and central wavelengths of 260, 390, and 430 nm.
The different wavelengths allowed resonant carrier excitation
in layers with different band gaps. In particular, the 260 nm
excitation generated electron–hole pairs primarily in the cap
layer, the 390 nm excitation—in the QWs, and 430 nm—in
the DQW. To assure that long PL transients were measured
without the carrier build-up, the laser pulse repetition rate of
80MHz was reduced to 4MHz with an acousto-optic pulse
picker. PL transients were registered with a time-correlated
single photon counter (temporal response 50 ps) after se-
lecting regions of the TQW and DQW emission with band
pass filters. Time-integrated PL spectra were recorded using a
spectrometer with a liquid nitrogen-cooled charge-coupled
device detector array. The measurements were performed in
the temperature range from 12 to 340 K.
Time-integrated PL spectra of different samples at 300 K,

normalized to the TQW PL intensity, are presented in Fig. 1.
The DQW PL was dominating the spectra of the InGaN
barrier structures. For the GaN and AlGaN barrier structures,
the signal from the TQWs was prevalent. The large difference
in the DQW/TQW PL intensity ratio shows that the number
of carriers that reach the DQW strongly depends on the
barrier height.
The IW carrier transport was evaluated from the rising part

of DQW PL transients using an optical marker
technique.5,10–12) For the 260 nm excitation, most of the
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electron–hole pairs are generated in the cap layer. In a few
tens of ps after the excitation, these carriers are captured into
the first TQW.5) After passing the TQWs, the photoexcited
carriers end up in the DQW; hence, the rise of the DQW PL
signal reflects the process of the carrier transfer through the
TQW region. For the IW transport measurements, the
excitation pulse energy was 25 pJ corresponding to the initial
photoexcited carrier density in the GaN layer of about
5× 1017 cm−3. In the TQWs, the initial carrier concentration
was of the order of 1× 1019 cm−3. The latter value was
estimated taking into account that PL decay time, measured
at the GaN band gap energy (45 ps, determined with a streak
camera), was much shorter than GaN radiative and non-
radiative recombination times of about 5 ns and 0.5 ns,
respectively,13,14) and that the carrier capture to the first
TQW is much more efficient than trapping to the surface
states.5) Since the photoexcited carrier density was consider-
ably larger than the unintentional n-doping, the IW transport
was ambipolar and governed by the slower holes.5)

300 K PL transients for the DQWs of the different
structures are presented in Fig. 2. One can notice that the
transients contain fast (instantaneous on the scale of Fig. 2)
and slow components of the PL increase. These components
reflect radiative recombination of carriers generated in

different regions of the structures. The fast component arises
from the recombination of carriers excited directly in the
DQW and adjacent barriers. The slow component accounts
for carriers excited in the cap layer and transferred to the
DQW via the TQWs.
For the AlGaN barrier structure, the slow PL rise compo-

nent is absent indicating that carriers excited in the GaN cap
layer do not reach the DQW. Thus, the advantage of using
AlGaN barriers for violet InGaN QW LEDs reported in
Ref. 9 must be related to effects other than the uniform IW
carrier distribution and reduced Auger recombination.
For the structure with GaN barriers, the slow PL rise

component extends for a few tens of ns (its initial part in the
interval 0–5 ns is masked by the decay of carriers excited
directly into the DQW). This shows that the carrier transport
via the TQW region is slow. Moreover, the contributions to
the DQW PL signal at ∼30 ns from carriers excited in the cap
layer and directly into the DQW are comparable, even though
the numbers of carriers generated in the respective regions
differ by a factor of ∼50. This explicitly shows that in the
GaN barrier structure the IW hole transport is inefficient.
On the other hand, for the InGaN barrier structures the

slow PL rise is much shorter, extending during 0–4 ns for the
structures with 4% In and 0–2 ns for the 6% In barriers,
respectively. This demonstrates that the IW carrier transfer in
the InGaN barrier structures is fast and efficient. In the further
discussion we will concentrate on these structures using the
GaN barrier structure as a reference.
The PL rise times were evaluated by fitting PL transients

with an empirical equation
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where τr and τd are the (slow) rise and decay times
respectively, and A is a proportionality constant. The IW
transport time per TQW was calculated by dividing the slow
DQW PL rise time by the number of TQWs, i.e. 4. These
transport times for the structures with GaN, 4% and 6% In
barriers at 300 K are listed in Table I.
DQW PL transients at different temperatures for the InGaN

barrier structures are shown in Fig. 3. As the temperature is
increased, the PL rise times become shorter, in agreement
with the previous measurements on similar structures.5)

Analysis of the temperature dependence of the PL rise times
indicates that the mechanism limiting the IW transport is the
thermionic transport of holes. The thermionic emission time
tTE depends on the effective barrier heightDE exponentially,
t µ DE kTexp ;TE ( )/ 15) hence, the large difference in be-
tween the transport times for the different structures is a
direct consequence of the different barrier heights. Activation
energies, extracted from the PL rise time dependence on the

Fig. 1. (Color online) PL spectra of studied samples at 300 K. Fringe
patterns originate from Fabry–Perot interference.

Fig. 2. (Color online) 300 K DQW PL transients for the studied structures.

Table I. Transport and recombination times for the MQW structures with
different barriers.

Type of barriers GaN In0.04Ga0.96N In0.06Ga0.94N

IW transport time, ns 2.5 0.5 0.2
TQW, radiative lifetime, ns 12 12 3.3
TQW, nonradiative lifetime, ns 14 3.9 1.3
TQW relative IQE, % 59 27 29
DQW, nonradiative lifetime, ns 67 7.1 2.9
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inverse temperature, are 110 meV and 90 meV for the 4% and
6% In barrier structures, respectively. This can be compared
to the hole confinement energies of 80 meV and 50 meV,
respectively, obtained from a solution of Schrödinger equa-
tion for a valence band offset of 0.3. The activation energies
exceeding the confinement energies show that the IW
transport is also affected by the band potential tilt in the
barriers.5)

As mentioned in the introduction, the fast IW transport and
uniform carrier distribution in the MQWs is not the only
effect determining efficiency of the high power LEDs. The
IW transport should be analyzed along with the IQE, which
might be affected by replacing GaN barriers with that of
InGaN.
The IQE η was evaluated from the radiative and non-

radiative recombination times according to
h t t t= + ,RNR NR( )/ where tNR and τR are the nonradiative
(SRH) and radiative recombination times, respectively. The
nonradiative recombination time was calculated from the PL
decay time tPL and the radiative lifetime following
t t t= -1 1 1 .RNR PL/ / / The PL decay time was extracted

from single-exponential fits of the PL decay. The radiative
lifetime at different temperatures was evaluated from PL
transient amplitudes taking into account that the radiative
lifetime is inversely proportional to this amplitude.16–18) It
was also assumed that at 12 K and at early times after the
excitation the recombination is purely radiative. The latter
assumption is not entirely strict since some SRH recombina-
tion might take place even at low temperatures via carrier
tunneling into deep recombination centers.19) Hence, the
estimated IQE is the upper limit of the real IQE and will
be referred to as relative IQE. One should note that the used
approach for the IQE evaluation is more accurate than the one
based on comparison of time-integrated PL intensities since it
has weaker requirements for the low temperature IQE (100%
at early times after excitation rather than at all times) and

allows avoiding the impact of the measurement transfer
function variation.
The PL decay, radiative and nonradiative recombination

times for the TQWs of the InGaN barrier structures are
presented in Fig. 4. For estimation of the recombination
times, it is important that no carrier transport between the cap
layer and TQWs, and between the TQWs and DQW would
take place. This was achieved by using excitation below the
GaN band gap at 390 nm. Because of the small thickness of
the absorbing material (five 3 nm thick QWs), the photo-
excited carrier density was low, and there was no carrier
distribution between the TQWs and DQW. This was con-
firmed by the absence of the slow rise component for the
DQW PL, which would have signaled the carrier transfer
from the transport wells. Consequently, the TQW PL decay
was determined solely by the recombination in these QWs.
The difference for the 260 nm (used to evaluate the IW
transport) and 390 nm excitation is that in the latter case the
photoexcited carrier concentration is much lower allowing for
the holes to localize at deep sites from which the thermionic
emission over the barriers is not efficient.
From Fig. 4 one can notice several trends. Firstly, the

radiative lifetime, which is relatively constant at low tem-
peratures, at about 250 K starts increasing. This effect can be
assigned to the change of the prevailing radiative recombina-
tion mode from excitonic to free carrier.20,21) At about the
same temperature the SRH recombination, being weak at low
temperatures, becomes the dominant recombination channel.
With increased In content in the barriers, both τR and tNR

decrease (Table I). First, let us discuss the barrier composi-
tion dependence of the radiative recombination time. The
radiative lifetime, which is proportional to the squared
electron and hole wave function overlap, is affected by the
vertical electric field, which in InGaN QWs is primarily
caused by the piezoelectric effect,22) and by the electron and
hole separation in the QW plane, caused by the carrier
localization at different sites.23–28) The vertical wave function
overlap can be estimated by self-consistently solving one-
dimensional (1D) Schrödinger and Poisson equations. To that
end, we have used a solver of Ref. 29. The squared overlap
integrals are 0.32, 0.41 and 0.47 for the QWs with GaN,
In0.04Ga0.96N and In0.06Ga0.94N barriers, respectively. These
values, although confirming the general trend that the
radiative lifetimes decrease with decreasing barrier height,
considerably differ from the experimental data (Table I),
especially for the structure with 6% indium in the barriers.

(a)

(b)

Fig. 3. (Color online) Normalized transients of the DQW PL at different
temperatures for the structures with 4% (a) and 6% (b) of indium in the
barriers.

(a) (b)

Fig. 4. (Color online) Radiative (circles), nonradiative (triangles) and PL
decay times (squares) for the TQWs of (a) In0.04Ga0.96N and (b)
In0.06Ga0.94N barrier samples at different temperatures measured with
390 nm excitation.
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This deviation shows that the 1D band structure models are
too simplified since they do not take into account the in-plane
wave function separation. This effect is more important for
QWs with higher barriers for which either both electrons and
holes or only holes are localized.26,30) The large decrease of
the radiative lifetimes for the 6% In barrier QWs compared to
those with GaN and In0.04Ga0.96N barriers is most probably
related to the carrier delocalization in the 6% In barrier case.
The calculated confinement potentials for these QWs are by a
factor of 0.6 smaller than for the wells with 4% In barriers
(50 and 80 meV for the valence band). Since the range of the
band potential fluctuations is proportional to the confinement
energy,30) it is likely that for the 6% In barriers the effect of
the lateral electron and hole function separation is much
smaller due to the electron, and possibly even hole deloca-
lization. This would leave only the vertical electron and hole
function separation as a factor affecting the radiative lifetime
for these QWs.
Decrease of tNR occurs due to an increased SRH recombi-

nation. The latter effect may take place in the TQWs, InGaN
barriers, or at the QW/barrier interfaces. The relevance of
these recombination channels can be assessed by comparing
the recombination times in the transport and DQWs of the
different structures.
The DQWs are much deeper than the TQWs; the prob-

ability for holes to be thermally excited into the barriers from
the DQWs is about 60 times smaller than from the TQWs.
For electrons this ratio is even larger, of the order of 2× 103.
However, the experimental values of the nonradiative life-
times do not experience such a large difference. For the 6%
In barrier structure, tNR for the TQWs and DQW are similar;
for the 4% In barriers, the nonradiative recombination time of
the DQW is longer by just a factor of 2. In addition, the
InGaN barriers were grown under identical conditions except
for the trimethylindium flow; thus, the concentration of the
SRH recombination centers should have little dependence on
the In content. Consequently, the nonradiative recombination
in the barriers is not the primary cause of the increased
nonradiative recombination in the InGaN barrier structures.
The relevance of the nonradiative recombination in the

QWs can be evaluated by comparing the PL decay times in
the GaN and InGaN barrier structures. All the structures were
grown in subsequent runs, and the QW layers were deposited
under identical conditions. Hence, the SRH center concentra-
tions in the QWs are expected to be similar, independently
whether the barriers are composed of GaN or InGaN.
However, the recombination times for the GaN barrier
structure are much longer (Table I). This means that the
QWs themselves are not the main channels of the SRH
recombination. Consequently, the increased nonradiative
recombination in the InGaN barrier structures should be
assigned to the third possible channel of the SRH recombina-
tion, namely, the InGaN/InGaN QW interfaces.
The impact of the nonradiative recombination at the

interfaces could probably be reduced by the barrier engi-
neering, e.g. by surrounding the InGaN barriers with thin
GaN layers. Insertion of 1.3-monolayer thick low tempera-
ture grown GaN interlayers has been reported to improve the
InGaN MQW LED performance.31) The improvement has
been assigned to a decreased intermixing between the well

and barrier layers and smoother interfaces leading to a
reduced SRH recombination.
However, even the simple InGaN barriers used in this

study might be advantageous over the GaN barriers for
MQW devices operating in the high current regime. This
supposition is related to the different power dependence on
the carrier density for Auger (cubic) and SRH (linear)
nonradiative recombination rates and may be demonstrated
by a simple numerical estimation.
Let us consider two borderline cases for LED structures

with the 4 QWs in the active region and the same number of
injected carriers. In the first one, the carriers would distribute
evenly between the QWs (the low barrier case). In the second
one, because of the high barriers and inefficient IW hole
transport, all carriers would accumulate in the QW closest to
the p-side of the structure.1) Further on, let us assume that the
carrier concentration in the QWs of the low barrier structure
is 7.5× 1018 cm−3, a typical value for an LED operating at a
high current. For the high barrier structure, the carrier density
in the active QW would be 3× 1019 cm−3. For such carrier
density and a typical Auger coefficient of
3× 10−31 cm6 s−1,32) the Auger recombination time would
be about 4 ns. This is close to the SRH recombination time
for the 4% InGaN barrier structure measured at moderate
carrier densities. Moreover, since the SRH centers are seldom
ideal recombination centers with equal electron and hole
capture rates, the SRH recombination at high carrier densities
tends to saturate increasing the recombination time.7) This
would make the relative weight of the Auger recombination
even more pronounced. For the uniform carrier distribution
between the 4 wells, the rate of the Auger recombination
would be 16 times lower making the overall rate of the
nonradiative recombination smaller compared to the case of
the carrier accumulation in one QW.
Comparing the structures with 4% and 6% indium in the

barriers one should note that both have low IW transport
times that are considerably shorter than the recombination
times, and similar relative IQEs. The structure with the 6% In
barriers should be distinguished as having a much shorter IW
transport time and short radiative lifetime, which increases
the IQE. One should note, however, that 6% In for the
barriers of In0.12Ga0.88N QWs is probably the limit because
lowering the barriers even further would cause a loss of the
carrier confinement in the QWs.
In summary, the influence of barrier composition on the

interwell carrier transport in In0.12Ga0.88N/(In)GaN MQWs
was studied by the time-resolved PL using the optical marker
technique. The study was complemented by measurements of
the relative IQE. With introduction of In into the barriers, the
IW transport time was reduced by a factor of 5 for the
In0.04Ga0.96N barrier structure and by a factor of 12 for the
structure with In0.06Ga0.94N barriers. The relative IQE,
however, in the InGaN barrier structures was about two
times lower compared to the structure with GaN barriers. It is
suggested that the main nonradiative recombination channel
is the carrier recombination at the QW interfaces, which
might be reduced by inserting thin GaN layers at the QW and
barrier boundaries. Even without such reduction, advantage
of the uniform carrier distribution and reduced Auger
recombination for light emitting devices operating in the
high current regime might overcome the drawback of the
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somewhat lower IQE suggesting a viable path in the
development of high power GaN-based light emitters.
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