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We report on the effects of varying the number of
quantum wells (QWs) in an InGaN/GaN multiple QW
(MQW) structure containing a 23 nm thick In0.05Ga0.95N
prelayer doped with Si. The calculated conduction and
valence bands for the structures show an increasing total
electric field across the QWs with increasing number of
QWs. This is due to the reduced strength of the surface
polarisation field, which opposes the built-in field across
the QWs, as its range is increased over thicker sam-
ples. Low temperature photoluminescence (PL) mea-
surements show a red shifted QW emission peak energy,
which is attributed to the enhanced quantum confined
Stark effect with increasing total field strength across the

QWs. Low temperature PL time decay measurements
and room temperature internal quantum efficiency (IQE)
measurements show decreasing radiative recombination
rates and decreasing IQE, respectively, with increasing
number of QWs. These are attributed to the increased
spatial separation of the electron and hole wavefunc-
tions, consistent with the calculated band profiles. It is
also shown that, for samples with fewer QWs, the reduc-
tion of the total field across the QWs makes the radiative
recombination rate sufficiently fast that it is competitive
with the efficiency losses associated with the thermal es-
cape of carriers.

1 Introduction InGaN/GaN quantum wells (QWs)
are regularly incorporated in the active regions of high-
efficiency blue light emitting diodes (LEDs). External
quantum efficiencies as high as 70% [1] occur in c-plane
wurtzite (In)GaN despite the large built-in electric field
across the QWs due to the discontinuities in the spon-
taneous polarisation at the interfaces between GaN and
InGaN layers, and the piezoelectric polarisation due to
the strain in the InGaN layers grown on GaN [2]. There
have been several reports [3–13] that the growth of a layer
of InGaN, 10s of nm thick and referred to as a prelayer,
prior to the first QW in multiple QW (MQW) structures
and LEDs leads to increases in the measured luminescence

intensity and room temperature (RT) internal quantum ef-
ficiency (IQE). Suggestions for the mechanism by which
prelayers bring about these improvements have included
strain reduction in the QW layers [3], acting as an “electron
reservoir” from which carriers tunnel into the QWs [4], and
a reduction in the density of point defects in the active re-
gion [5,8–10]. We have previously demonstrated [11–13]
that the QW IQE improvements associated with the in-
clusion of prelayers can be explained as being due to the
modification of the surface polarisation field between the
sample surface and the prelayer which opposes the fields
across the QWs. This leads to a reduction in the net elec-
tric fields across all of the QWs in the stack. Increased
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RT IQEs and 10 K radiative recombination rates were ob-
served in structures containing 1 and 10 In0.16Ga0.84N/GaN
QWs with prelayers compared with structures that did not
contain prelayers. In this paper we report on the effects of
varying the number of QWs in InGaN/GaN MQW struc-
tures, all containing a Si doped InGaN prelayer, on the
calculated band profiles and measured optical properties.

2 Experimental details The structures studied con-
sisted of 1, 3, 5, 7, 10 and 15 In0.12Ga0.88N/GaN QWs,
labelled as samples 1QW-15QW respectively. The struc-
tures were grown by MOVPE on top of 5 μm thick GaN
pseudo-substrates with a threading dislocation density of
∼ 4 × 10

8 cm-2 grown on c-plane sapphire substrates.
For all of the samples, a 2 μm GaN template doped with
Si to a nominal density of 5 × 10

18 cm-3 was grown fol-
lowed by a 23 nm In0.05Ga0.95N prelayer with the same
nominal Si doping density. On top of the prelayer was then
grown a 3 nm layer of unintentionally (< 10

17 cm-3) doped
GaN followed by the InGaN QW(s) and GaN barrier(s).
The QWs and barriers had nominal thicknesses of 2.3 nm
and 7 nm, respectively, and were grown using the two-
temperature (2T) growth method [14]. X-ray diffraction
(XRD) measurements performed on each sample found all
of the QWs and barriers in all of the structures to have
thicknesses of 2.3 ± 0.1 nm and 7.0 ± 0.1 nm, respec-
tively. The presence of gross well width fluctuations, a
result of the 2T growth method, means that XRD cannot
uniquely characterise the thickness and composition of the
QWs. Nevertheless an equivalent uniform QW thickness
and composition can be obtained. The In compositions of
the QWs were indistinguishable in samples 3QW-15QW
with a value of 12 ± 1 %. For sample 1QW the In content
was determined to be lower at 8±1 %, assuming a constant
well width of 2.3 nm.

The optical properties of the structures were studied by
measuring the photoluminescence (PL) spectra as a func-
tion of temperature, and the PL decay transients at 10 K.
The samples were mounted on the cold finger of a temper-
ature controlled closed-cycle helium cryostat and inclined
at Brewster’s angle with respect to the collection axis to
minimise the effects of Fabry-Pérot interference oscilla-
tions on the PL spectra [15]. For the temperature dependent
PL measurements, a CW He/Cd laser with a photon en-
ergy of 3.815 eV was used as the excitation source. For the
PL decay time measurements, a frequency tripled mode-
locked Ti:sapphire laser system with a final photon en-
ergy of 4.881 eV was used as the excitation source and the
PL decay transients were measured using a time-correlated
single photon counting system.

3 Results and discussion The conduction and va-
lence band profiles of the structures were calculated us-
ing the commercially available device simulation pack-
age nextnano3 [16] using their experimentally determined
structural and compositional parameters. The calculated
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Figure 1 Calculated conduction band profiles for samples 1QW,

3QW and 15QW.

conduction band profiles for samples 1QW, 3QW and
15QW are shown in Fig. 1. For all of the samples, the
Fermi energy is pinned just below the conduction band
edge by the n-type doping in the region of the prelayer and
at the valence band edge by the surface charges formed at
the GaN/air interface at the sample surface [2]. This leads
to significant tilting of the conduction and valence bands
resulting in a surface polarisation field, which opposes the
built-in polarisation fields across the QWs. With decreas-
ing distance between the prelayer and the sample surface,
the strength of the surface polarisation field increases and
so the strengths of the total fields across the QWs are
reduced (Fig. 2). Notably, the surface field acting across
sample 1QW is sufficiently strong that the sign of the total
field across the QW is reversed relative to an InGaN/GaN
QW without a prelayer (for example reference [17]).
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Figure 2 Mean fields across QWs for each sample as a function

of the number of QWs.

PL emission spectra obtained at low temperature (T =

10 K), using an excitation power density of 15 W cm-2, are
shown for samples 1QW, 3QW and 15QW in Fig. 3. The
PL emission from the QWs lies between 2.7 and 2.8 eV
for all of the samples. An additional emission feature at
3.28 eV is attributed to recombination in the prelayer. In
general and allowing for variation within the sample, the
peak energy of the QW emission feature red shifts with in-
creasing number of QWs (Fig. 4). This is attributed to the
increasing total field across a QW, leading to an enhanced
quantum confined Stark effect (QCSE) [18], consistent

Phys. Status Solidi C  (201 )  

www.pss-c.com 

Contributed

Article

© 201  i WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



 

with the calculated band profiles. It should be noted that
the lower In content determined for sample 1QW would
also contribute to its higher QW PL emission energy. How-
ever, we calculate that the prelayer provides the dominant
contribution.
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Figure 3 PL spectra at T = 10 K for samples 1QW, 3QW

and 15QW. Emission features corresponding to the QWs and the

prelayer are highlighted. Intensities have been normalised to the

peak QW emission intensity for each sample.
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Figure 4 Peak PL emission energy at T = 10 K varying with

number of QWs.

PL decay transients were obtained at T = 10 K, at
which temperature the decay is assumed to be solely ra-
diative, at the QW peak energy for each sample using an
excitation energy density per pulse of 9.90 μJ cm-2 and are
shown for samples 1QW, 3QW, and 15QW in Fig. 5. The
non-exponential shape of the decay transients, attributed
to the variation in the in-plane separation of the indepen-
dently localised electrons and holes [19], means that they
cannot be described using a single decay constant. Instead,
we characterise the PL decay time scale by the time re-
quired for the PL intensity to fall to 1/e of its maximum
value (τ1/e). The measured value of τ1/e is 5.0 ns for sam-
ple 1QW and increases with increasing number of QWs up
to 16.6 ns for sample 15QW. In Fig. 6, the value of τ1/e is
shown to increase with increasing magnitude of the mean
field across the QWs. The change in τ1/e reflects quali-
tatively the change in the total electric fields across the
QWs predicted by the calculated band profiles, and faster
radiative recombination rates are attributed to weaker to-
tal electric fields across the QWs in a sample due to the

reduced spatial separation of the electron and hole wave-
functions [20].

One source of efficiency loss in InGaN/GaN QW struc-
tures and LEDs is the thermal escape of carriers from the
QW confining potential before they recombine [21,22].
The RT IQE of InGaN/GaN MQW structures, and LEDs,
without prelayers has been measured to increase with in-
creasing number of QWs, an effect which has been at-
tributed to the recapture of carriers by adjacent QWs [23,
24]. To investigate the effects of the band profile mod-
ifications by the prelayer on this process, the tempera-
ture dependences of the PL from the structures in our
study were obtained using the same excitation conditions
as the low temperature PL spectra described above. Be-
tween T = 10 K and T = 80 K, the prelayer emission
feature was found to quench rapidly with increasing tem-
perature while the PL intensity from the (M)QW increased
over this range, before decreasing as T was increased from
80 K to 300 K. This effect was most dramatic for the sam-
ples with fewest QWs. The RT IQE was therefore defined
as the ratio of the integrated PL intensity at RT to that at
80 K. This was found to decrease with increasing number
of QWs (Fig. 7). This indicates that the increase in the ra-
diative recombination rate is sufficient to compete with the
efficiency lost due to the thermal escape of carriers.
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Figure 5 PL decay transients at T = 10 K for samples 1QW,

3QW and 15QW.
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Figure 6 1/e PL decay lifetimes (τ1/e) at T = 10 K varying

with the mean field across the QWs. The points corresponding to

samples 1QW and 15QW are labelled, and the number of QWs in

a sample increases with the calculated mean field. Note that it is

the magnitude of the mean field that is shown here.
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Figure 7 RT IQE defined relative to that at 80 K varying with

number of QWs.

4 Summary In summary, six In0.12Ga0.84N MQW
structures with varying numbers of QWs containing Si
doped In0.05Ga0.95N prelayers were grown and their con-
duction and valence band profiles were calculated. The
calculated total electric field across the QWs in each struc-
ture was found to increase with increasing number of
QWs, due to the reduced strength of the surface polarisa-
tion field with increasing separation between the prelayer
and the GaN/air interface. We measured a red shift in the
(M)QW PL emission energy and a decrease in the radia-
tive recombination rate with increasing number of QWs.
Both are evidence of a reduced field across the QWs in the
structures with fewer QWs compared with those with more
QWs, consistent with the calculated trend in the strength of
the total field across the QWs. The variation in the radiative
recombination rate between the structures also indicates a
modification of the competition between radiative, nonra-
diative and carrier escape processes. A consequence of this
is the observed RT IQE decrease with increasing number
of QWs. This is the opposite behaviour to that previously
observed in InGaN/GaN MQW structures that do not con-
tain prelayers. For those structures, the increase in the RT
IQE with increasing number of QWs is attributed to the
recapture of carriers by the additional QWs. The inclusion
of a prelayer therefore leads to an improved radiative rate
that is sufficiently rapid to compete with the loss in IQE
due to thermal escape of carriers when the number of QWs
is reduced.
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