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The mechanism for the large Stokes Shifts of InGaN/GaN structures is under debate. Here, we report

a systematic study on the Stokes shift of semi-polar (11�22) InGaN/GaN multiple quantum wells

(MQWs) with a wide spectral range from green (490 nm) to yellow (590 nm) by means of both pho-

toluminescence excitation and time resolved PL measurements in comparison with their c-plane

counterparts. The semi-polar samples exhibit a lower Stokes shift than their c-plane counterparts,

although they show stronger localization effect than their c-plane counterparts. In the long wave-

length region, the Stokes shift of the semi-polar MQWs shows a linear relationship with emission

energy, but with a smaller gradient compared with their c-plane counterparts. The time-resolved PL

measurements confirm a significant reduction in piezoelectric field of the semi-polar samples com-

pared with the c-plane counterparts. It is suggested that the piezoelectric field induced polarization is

the major mechanism for causing the large Stokes shift. The presented results contribute to better

understanding of the long standing issue on the mechanism for the large Stokes shift. VC 2016
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4940396]

Tremendous progress has been made in the field of III-

nitride optoelectronics grown on (0001) sapphire within last

two decades, represented by high brightness InGaN/GaN

based blue emitters, leading to three Nobel Prize Winners in

2014. However, there are still great challenges to be overcome

to improve the optical performance of InGaN/GaN based

structures when moving towards the longer wavelength, such

as the green and yellow spectral region.1 Due to the large lat-

tice mismatch between InN and GaN, strain-induced piezo-

electric fields along the c-direction are generated across the

InGaN/GaN based active layer, causing the well-known quan-

tum-confined Stark effect (QCSE). This separates the electron

and hole wavefunctions in opposite directions, leading to a

great decrease in radiative transition rate and thus optical

quantum efficiency. On the other hand, the solid immiscibility

between InN and GaN makes it difficult to grow InGaN with

high indium content, which is necessary for the emitters with

long emission wavelengths.2 To circumvent the problems

caused by the internal electric fields, a promising solution is

to grow InGaN/GaN structures along either non-polar or

semi-polar orientation in order to eliminate or reduce the

polarization fields.3 Furthermore, in comparison with either

polar or non-polar planes, semi-polar (11�22) GaN exhibits a

higher indium incorporation ability as a result of a much

lower indium chemical potential on its surface than either the

non-polar or polar surface.4 In this case, InGaN grown along

the (11�22) direction can accommodate more indium atoms

under same growth conditions, potentially allowing us to

obtain InGaN layers with high indium content, which is essen-

tial for green and yellow emitters.

The difference between emission energy and absorption

energy in semiconductor materials, known as Stokes shift, can

be measured by photoluminescence excitation (PLE)

measurements. Up until now, the issue on the large Stokes

shift in c-plane InGaN/GaN structures (polar) has been stud-

ied extensively,5–10 but the mechanisms for the large Stokes

shifts are controversial, as two major issues, both QCSE and

indium segregation induced localization effects existing in

c-plane InGaN/GaN structures simultaneously, cannot be

clearly separated. Furthermore, it is very difficult to achieve

emission with long wavelengths using c-plane InGaN/GaN

structures. Therefore, it is a great challenge to draw a clear

and universal conclusion for the cause of the large Stokes

shifts of InGaN/GaN structures. In order to address the chal-

lenging issue, it is necessary to investigate the Stokes-shift of

semi-polar InGaN/GaN structures with high crystal quality,

and also compare with c-plane InGaN/GaN structures. (A

non-polar InGaN/GaN structure would be ideal, but as men-

tioned above it would be almost impossible to achieve emis-

sion with long wavelengths using non-polar InGaN/GaN

structures. Therefore, it could be difficult to draw a universal

conclusion if we would use non-polar InGaN/GaN structures).

However, owing to greatly technological challenges in

growing high quality semi-polar (11�22) GaN, there is almost

an absence of reports on the study of the Stokes shift of

semi-polar (11�22) InGaN/GaN multiple quantum well

(MQW) structures. Recently, we have developed a number

of cost-effective approaches to the overgrowth of semi-polar

GaN.11–13 On such high crystal quality semi-polar GaN, our

group has grown a number of semi-polar (11�22) InGaN/GaN

MQW samples with high optical performance by metalor-

ganic chemical vapor deposition (MOCVD), allowing us to

systematically investigate the optical properties of semi-

polar InGaN/GaN MQWs. In this letter, we report a system-

atic study of the Stokes shifts of a series of high-quality

semi-polar (11�22) InGaN/GaN MQWs with a wide spectral

range by both PLE and time resolved PL measurements, and

then compare with c-plane InGaN/GaN MQWs. Although

the semi-poplar InGaN/GaN MQWs demonstrate deeper
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localized states than the c-plane counterparts over a wide

spectral range, the Stokes-shifts of the semi-poplar InGaN/

GaN MQWs are generally much smaller than those of the

c-plane counterparts. This clearly demonstrates the piezo-

electric field induced polarization would be the major mech-

anism for causing the large Stokes-shifts of InGaN/GaN

MQWs, even with high indium content, where the localiza-

tion effect is also very strong.

A single (11–22) GaN layer with a thickness of 1.3 lm

is grown on m-plane sapphire using our high temperature

AlN buffer technique by MOCVD.14 For the subsequent

overgrowth, mask-patterned micro-rod arrays have been fab-

ricated on the semi-polar GaN layer. First, a 500 nm SiO2

layer is deposited by plasma enhanced chemical vapor depo-

sition (PECVD), followed by a standard photolithography

patterning process and subsequent dry etching processes

using Inductively Reactive Plasma (ICP) and Reactive Ion

Etching (RIE) techniques. Regularly arrayed SiO2 micro-

rods can be achieved. Finally, the SiO2 micro-rods served as

a second mask are used to etch the GaN underneath in order

to form regularly arrayed GaN micro-rods with the SiO2

remaining on their top. The micro-rod masks with a diameter

of 3.5 lm have been employed for the fabrication of micro-

rod array templates.13 The subsequent overgrowth process is

carried out by MOCVD with a growth temperature, V/III ra-

tio and pressure at 1120 �C, 1600, and 75 Torr, respectively,

followed by the growth of InGaN/GaN MQWs. Semi-polar

(11–22) InGaN/GaN MQWs with a wide spectral range have

been grown, and their peak emission wavelengths span from

497 to 591 nm, covering the whole green and yellow spectral

ranges. Detailed X-ray diffraction and transmission electron

microscopy (TEM) measurements show the indium composi-

tion is from 27% to 47%, demonstrating a great enhancement

in indium incorporation over either c-plane or non-polar ori-

entation. For comparison, a number of standard c-plane

InGaN/GaN MQWs samples with indium composition vary-

ing from 13% to 32% have also been used for PLE measure-

ments. PLE measurements have been carried out on all the

samples loaded in a closed cycle helium cryostat at 12 K. A

laser pumped plasma broadband light source with a high

density (Energetiq LDLS EQ-99) dispersed by a 320 mm

Horiba monochromator is employed as a tunable optical ex-

citation source. The luminescence is dispersed by a 550 mm

monochromator and detected by a cooled GaAs photoca-

thode photomultiplier tube (PMT). Time-resolved PL

(TRPL) measurements have been performed utilizing a time-

correlated single photon counting (TCSPC) technique with a

375 nm pulsed diode laser with a pulse width of 83 ps as an

excitation source and a hybrid Hamamatsu PMT as a single

photon detector.

As an example, Figure 1 shows PL and PLE spectra from

a pair of c-plane (polar) and semi-polar (11�22) InGaN/GaN

MQWs samples, both measured at 12 K The PL measure-

ments were carried out with an excitation wavelength of

350 nm, and the PLE measurements have been conducted

using their emission peak energies. The two samples show

similar peak emission energies located at 2.304 eV (538 nm)

and 2.322 eV (534 nm), respectively. The full width at half

maximum (FWHM) of the PL spectrum from the semi-polar

sample is 187 meV, which is slightly larger than the 166 meV

for the c-plane sample. The contribution to the PL linewidth

broadening as a result of a fluctuation in quantum well thick-

ness can be safely excluded by performing detailed TEM

measurements, in which flat quantum wells with a uniform

thickness have been demonstrated. Therefore, it is suggested

that the broadening of the emission peak in the semi-polar

MQWs results from a potential fluctuation caused by an in-

dium segregation within the InGaN quantum wells.15 Due to

the reduced piezoelectric polarization along the semi-polar

orientation compared to the c-direction, semi-polar InGaN/

GaN MQWs require higher indium content than their c-plane

counterparts in order to achieve a similar emission wave-

length. This is expected to lead to stronger localized states in

semi-polar MQWs than their c-plane counterparts.

PLE measurements were carried out at 12 K with a

detection wavelength fixed at each PL peak wavelength.

Two absorption edges, associated with the GaN barriers at

around 3.43 eV and InGaN quantum wells at the low energy

side, respectively, can be seen in both PLE spectra.

Comparing the InGaN-related absorption edge in two sam-

ples, it is found that the InGaN-related absorption process in

the c-plane sample covers a wider range of energy (from 3.2

to 2.5 eV) than that in the semi-polar sample (from 2.87 to

2.5 eV), despite the fact that the PL spectrum of the c-plane

sample is narrower than that of the semi-polar sample. The

broadening of the quantum well absorption edge in the

c-plane sample can be attributed to the quantum confined

Franz-Keldysh (QCFK) effects.16 Due to the internal electric

fields, some optical transitions that are normally forbidden

may have an chance to become allowed in an absorption pro-

cess, broadening the quantum well absorption edge.17 The

steep absorption edge in the semi-polar sample is an evi-

dence for the reduced QCFK effects, resulting from the

reduced piezoelectric fields in the quantum wells. In order to

quantitatively analyze the Stokes shift, the InGaN-related

absorption edges can be extracted by fitting with a sigmoidal

formula9

a ¼ a0

�
1þ exp

EB � E

DE

� �� �
; (1)

FIG. 1. Low temperature (12 K) PL/PLE spectra of one polar (solid line)

and one semi-polar (11�22) (dashed line) InGaN/GaN MQW samples with

emission energy of 2.304 eV (538 nm) and 2.322 eV (534 nm), respectively.
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where EB is the effective absorption edge; DE is a broadening

parameter related to the Urbach tailing energy; and a0 is a

constant. The fitted absorption edges are 2.813 eV and

2.634 eV for the c-plane and semi-polar samples, respectively.

Therefore, the Stokes shift in the c-plane sample is 509 meV,

which is larger than the 312 meV for the semi-polar sample.

PL and PLE measurements have been carried on a wide

range of polar and semi-polar (11�22) MQWs samples under

the same conditions in order to find a universal rule. The

obtained Stokes shift values of the c-plane and semi-polar

samples as a function of the emission energy are shown in

Figure 2. Among these c-plane samples, the Stokes shift val-

ues linearly decrease with increasing emission energy, and

tend to zero at 3.50 eV (i.e., around the GaN bandgap), which

is consistent with the previous work reported by other

groups.10 In contrast, all the semi-polar MQW samples show

a lower Stokes shift than their c-plane counterparts with same

emission wavelengths in a wide spectral range of up to yel-

low. Figure 2 shows a linear relationship between the Stokes

shift and the emission energy for both the semi-polar samples

and the c-plane samples. However, the gradient of the fitting

line for the semi-polar samples is smaller than that for the

c-plane MQWs samples, as denoted beside the fitting lines in

Figure 2. Moreover, the fitting line intercepts with the x-axis

at 3.30 eV, a slight deviation from the GaN bandgap, for

which the mechanism is still on investigation.

Since the Stokes shift of InGaN/GaN quantum well struc-

tures can be affected by either the piezoelectric field or exci-

ton localization effects or both, low temperature TRPL

measurements have been performed on these polar and semi-

polar samples in order to further investigate the issue. Due to

the QCSE caused by the electric fields across the quantum

wells, the probability of optical transitions is reduced. With a

widely accepted assumption that non-radiative recombination

can be effectively suppressed at a low temperature, such as

�10 K, it is expected that the QCSE leads to an increase in

PL decay lifetime. Furthermore, the stronger the QCSE, the

longer the recombination lifetime of carriers at a low

temperature.

As an example, Figure 3 shows the PL decay traces of

two pairs of polar and semi-polar InGaN/GaN MQWs sam-

ples with similar emission wavelengths in the green spectral

region. The PL decay traces were monitored at their respec-

tive emission peak wavelength and can be fitted typically

using a bi-exponential equation below:18

I ¼ A1e
� t

s1 þ A2e
� t

s2 ; (2)

where s1 and s2 are the decay lifetimes of fast and slow com-

ponents, respectively; A1 and A2 are constants. The fitting

curves are plotted in red lines, and the fast decay lifetimes

from the fitting are also denoted beside the curves in Figure

3. As usual a very long lifetime is generally found in the

c-plane samples, indicating the existence of extremely strong

QCSE caused by the internal electric field across the quan-

tum wells. However, the recombination lifetimes of the

semi-polar InGaN/GaN MQW samples is approximately one

order of magnitude shorter than those observed for the

c-plane samples, proving a significant decrease in QCSE. A

calculation based on a theoretical modelling and analysis

made by Brown et al. shows that the piezoelectric fields in

semi-polar InGaN samples are approximately four times

smaller than those in their c-plane counterparts with similar

emission wavelengths.19,20 As the QCSE increases with

increasing indium composition in both polar and semi-polar

samples, the sample with a longer emission wavelength

exhibits a longer PL lifetime, which is true for the c-plane

samples. For example, the recombination lifetime of the

c-plane sample (k¼ 490 nm) is 26.7 ns, three times shorter

than the 78.4 ns of the c-plane sample (k¼ 538 nm). In con-

trast, for the semi-polar samples, the lifetime changes from

2.7 ns at 497 nm to 3.5 ns at 534 nm, being less sensitive to a

change in indium composition compared with the c-plane

samples. This means that the change of the QCSE with

increasing emission wavelength becomes smaller for the

semi-polar sample compared with their c-plane counterparts,
FIG. 2. Stokes Shift as a function of emission energy in polar (0001) and

semi-polar (11�22) InGaN/GaN MQWs measured at 12 K.

FIG. 3. Decay traces of two polar (0001) and two semi-polar (11�22) InGaN/

GaN MQW samples with different emission wavelengths measured at 7 K

(data are offset for clarity). The dashed lines are the fitting curves with two

exponential components model.
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which can lead to a reduced slope of the fitting line in Figure

2 if the piezoelectric filed induced polarisation dominates the

mechanism for the Stokes shift.

Carrier localization is another major factor which could

affect the Stokes shift in InGaN/GaN MQWs. Wavelength-

dependent TRPL measurements have been conducted at a

low temperature (7 K) to study the localization effects in

these samples. Figure 4 presents the fast decay lifetime as a

function of the monitored photon energy of the four samples

as examples mentioned above. The recombination lifetime

decreases with increasing detection energy, indicating the

existence of localized excitons in exponential-tail density of

states.21 This can be described by

s ¼ srad

�
1þ exp

E� Em

E0

� �� �
; (3)

where srad and Em are the radiative lifetime and the energy

of the mobility edge, respectively; E0 represents the exciton

localization depth. For the c-plane samples, the obtained

localization depths are 30 meV and 23 meV for the emission

wavelengths at 538 nm and 490 nm, respectively, while the

semi-polar samples exhibit localization depths of 45 meV at

534 nm, and 42 meV at 497 nm. Although the Stokes shift

values in the semi-polar samples are much smaller than those

in the c-plane samples, the localization depths in the semi-

polar samples are larger than those in the polar samples. This

demonstrates that carrier localization effects only contribute

a small part to the Stokes shift, compared with the presence

of piezoelectric fields.22 The small Stokes shift for the semi-

polar samples results from the significant reduction of the

piezoelectric fields. The smaller gradient of fitting line in

semi-polar samples results from the fact that the change of

the piezoelectric field at different emission wavelengths in

semi-polar samples is smaller than that of the c-plane

samples.

In summary, both PLE and TRPL measurements have

been performed on a large number of semi-polar (11�22)

InGaN/GaN MQWs with a wide spectral range of up to

yellow grown on our high crystal quality semi-polar GaN,

allowing us to systematically investigate the mechanism for

the large Stokes shift. Although the semi-polar InGaN/GaN

MQWs exhibit larger exciton localization than their c-plane

counterparts, they display a lower Stokes shift compared

with the corresponding c-plane counterparts. Furthermore,

the Stokes shift values for both the semi-polar samples and

their counterparts exhibit a linear relationship with their

emission energy, but the semi-polar samples with a reduced

gradient. All these demonstrate that the piezoelectric field

induced polarization is the major mechanism for causing the

large Stoke shift.
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