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Recombination mechanism of InGaN multiple quantum wells
grown by metalorganic chemical vapor deposition
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A series of InGaN/GaN multiple quantum wells with different well thicknesses were grown on sapphire
by metal organic chemical vapor deposition, and investigated by excitation power density dependent pho-
toluminescence (PL). With increasing excitation power density, the PL peak position showed a blue shift
followed by a red shift. It is believed that a screened quantum-confined Stark effect is responsible for the
blue shift and the band gap renormalization due to the many body effect is responsible for the red shift.
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1 Introduction

Tremendous progresses in the GaN-based materials and devices for optoelectronic and electronic appli-
cations have been made recently. InGaN-based light emitting diodes (LED) and laser diodes (LD) grown
on sapphire are now available commercially [1, 2]. InGaN/GaN multiple quantum wells (MQWs) are
attracting much research interest currently, acting as the active layer in above high brightness III-Nitride
light emitting diode (LED) and cw blue-green laser diode (LD) [1, 3, 4]. InGaN/GaN heterostructures
can exhibit intense photoluminescence (PL) and electroluminescence (EL) despite of a high dislocation
and defects density existed [5,6], and have advantages, such as, lowering the threshold current density
for LDs and reducing the device sensitivity to temperature [7, 8].

However, many fundamental scientific and technological issues, related to the growth of high-quality
InGaN MQWs, are still unclear. For example, there exist different opinions or models on the recombina-
tion mechanism of InGaN MQWs, such as localized excitons [9], quantum dot (QD) — like structures
[10, 11], band-filling in localized states [12, 13], strain-induced piezoelectric field and quantum-confined
Stark effect (QCSE) [14, 15]. In this study, a series of InGaN/GaN MQWs with 3-periods but different
well thicknesses were grown on sapphire by metalorganic chemical vapor deposition (MOCVD) and
studied by excitation power density dependent PL. The PL mechanisms in MQWs are discussed, based
upon a unique blue-red shift behavior at different excitation power density levels.

2 Experimental

High quality InGaN MQWs were grown on (0001)-plane sapphire substrates by low pressure (LP)
MOCYVD. Trimethylgallium (TMGa), Trimethylindium (TMIn), and ammonia NH, were used as precur-
sors. The carrier gas was H, and N,, respectively, for the growth of GaN and InGaN. In this study, four
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experimental samples were investigated, in which the structures were: (0001) sapphire, 30 nm low tem-
perature (520°C) grown GaN, 1000 nm thick high temperature (HT) (1020 °C) grown GaN, 3-period
InGaN MQWs grown at 800 °C, and 20 nm HT-grown GaN cap. The barrier material in MQWs was
InGaN with a x(In)= 0.03 and a thickness of 50 A for all samples. The well was InGaN of x(In) = 0.13
with thickness of 25, 30, 45 and 60 A, respectively. A Philips MRD high resolution (HR) X-ray diffrac-
tion (XRD) including a five-crystal monochromator and a Renishaw micro-PL system equipped with a
325 nm He-Cd laser were used for characterization, measured at room temperature (RT). The excitation
power on the sample was varied using a neutral density filter in the excitation light path.

3 Results

3.1 High resolution X-ray diffraction

Experimental InGaN MQWs were characterized by HR-XRD 26-» scan at (0006) configuration. Figure
1 shows a typical pattern for an InGaN MQW sample with a well thickness of 25 A and the barrier thick-
ness of 50 A. The satellite peaks from MQW structure are observed even though only 3 periods were
grown (here only Oth and -1st order peaks are exhibited). The full width at half maximum (FWHM)
value of the InGaN Oth peak is 9.1 arc-minutes. These results indicate the high quality of the epilayers
and the abrupt QW interfaces, for only 3-well structures. All other samples also show similar HR-XRD
patterns.
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Fig. 1 X-ray diffraction (0006) pattern of an InGaN MQW with d(well) = 25 A and d(barrier) = 50 A.
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Fig. 2 RT Photoluminescence of an InGaN MQW, d(well) = 25 A and d(barrier) = 50 A.
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3.2 Photoluminescence

Room temperature PL was measured on the four samples. Figure 2 shows a RT PL spectrum for the
InGaN MQW sample with the well thickness of 25 A and barrier thickness of 50 A at excitation level of
40 W/cm’. A strong PL emission band is observed at 405 nm, which comes from the InGaN MQW struc-
ture. Its intensity is much stronger compared to that from the underlying GaN layer. The FWHM value of
this major emission band is 104 meV only (14 nm in terms of wavelength). The results for other samples
are similar to the spectrum in Figure 2 except with different peak positions and slightly different
FWHMs which are not shown here. These results indicate the high optical quality of the samples.

3.3 Dependence of the PL peak energy on the excitation power

It is observed that the PL spectra of these InGaN MQWs are varied with the excitation power density.
RT excitation-intensity dependent PL. measurements were performed on two samples with the narrowest
25 A and widest 60 A well thickness, respectively. Their peak energy positions are plotted as a function
of the excitation power density in Figs. 3 (a) and (b), respectively. Two samples show similar trends. At
first, the major MQW PL peak is blue-shifted as the excitation power density is increased. After reaching
a maximum, the PL peak is converted to shift towards red as the excitation power density increases fur-
ther. The increasing slope for the narrower-well sample is smaller than that of wider-well sample, while
the decreasing slope for the narrower-well sample is larger than that of the wider-well sample. To our
knowledge, this interesting phenomenon has not been observed in the literature yet.
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Fig. 3 Dependence of PL peak energy position on PL excitation power density for InGaN MQWs of
(a) d(well) = 25 A and d(barrier) = 50 A, and (b) d(well) = 60 A and d(barrier) = 50 A.

4 Discussion

Recently, Kuokstis et al. [13] and Gotoh et al. [8] have reported the PL blue shift from InGaN MQWs,
but both studies did not observe red-shift. Our experiments have revealed a different interesting behavior
of the InGaN MQW PL peak position, which is dependent upon the excitation power level with blue-red
shift. A primary qualitative explanation can be given as follows: it is well known that InGaN MQWs are
subject to strain due to the mismatch of lattice constants and the difference in thermal expansion coeffi-
cients between InGaN and GaN. This strain causes a piezoelectric field existing in the wells, and thus
induces the so-called quantum confined Stark effect (QCSE). It means that the QW PL transition energy
becomes smaller in this case compared to the case of no strain and thus no electric field.

When the laser light excites the MQWs, photo-generated carriers are accumulated at the opposite side
of the well due to the electric field and in turn screen this electric field. It causes an increase of the transi-
tion energy, i.e. a blue shift of the PL peak. The blue-shift magnitude of the wider-well sample is much
larger than that of the narrower-well sample. This is also an indication of the screened QCSE effect since
QCSE is more significant in wider well samples.
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As the excitation power is strong enough, the piezoelectric field might be screened completely, causing
the flattening of the energy level in the well. In this case, the transition energy in the quantum well will reach
a maximum and the PL peak is not blue-shifted any more as the excitation power increases further.

However, as the photo-generated carriers are further accumulated in the well, many body interactions
may take place, leading to the shrinkage of the band gap, i.e. the band renormalization. The band gap
narrowing, AE,, due to the energy band normalization is proportional to n'"” where n is the carrier concen-
tration [16]. In PL experiments, the carriers come from photon-injection and therefore the carrier concen-
tration is proportional to the excitation light intensity, I, assuming the quantum efficiency equal to 1.
Therefore, we have AEg oc n” oc I'. This relationship is believed to be a coincidence with the data in
Fig. 3, where the semi-log plots show the linearity of the data points. This demonstrates that the band gap
is reduced with the excitation light intensity as shown in Fig. 3 which is resulted by the energy band
renormalization.

It is also noted that the red-shift magnitude of the narrower-well sample is larger than that of the wi-
der-well sample. This is because the density of states of narrower well is smaller and the many body
effect is more significant, compared to the case of wider well. Further penetrating investigation on this
interesting effect is under way both in further experiments and theoretical calculations.

5 Conclusion

Excitation power density dependent PL. measurements are performed on a series of MOCVD-grown
InGaN MQWs samples (on sapphire substrates) with different well thicknesses. A blue shift in the PL
peak position is shown when the excitation power density increases, and a blue shift appears as further
increasing the excitation power density. This unique phenomenon suggests that a screened quantum
confined Stark effect (QCSE) is responsible for the blue shift and the band gap renormalization is re-
sponsible for the red shift due to the many body effect.
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