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Photoluminescence (PL) characteristics of the structure consisting of green InGaN/GaN multiple quantum wells
(MQWs) and low indium content InGaN/GaN pre-wells are investigated. Several PL peaks from pre-wells and green
InGaN/GaN MQWs are observed. The peak energy values for both pre-wells and green InGaN/GaN MQWs display an
S-shaped variation with temperature. In addition, the differences in the carrier localization effect, defect density, and
phonon—exciton interaction between the pre-wells and green InGaN/GaN MQWs, and the internal quantum efficiency of
the sample are studied. The obtained results elucidate the mechanism of the luminescence characteristics of the sample and

demonstrate the significant stress blocking effect of pre-wells.
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1. Introduction

Group IlI-nitrides (InN, GaN, AIN, and their alloys)
are direct-gap semiconductor materials with tunable direct
bandgaps ranging from the visible to the ultraviolet region of
the electromagnetic spectrum. Among these materials, InGaN
is a core material for visible light-emitting devices (LEDs)
and AlGaN is a key material for deep-ultraviolet optoelec-
tronic devices.!!! With the development of crystal growth tech-
nology, blue and green LEDs and laser diodes have been
used commercially in many fields such as full-color display,
optical storage, and solid-state lighting.>3! For the well-
known “green gap”,!*! the luminous efficiency of green In-
GaN/GaN MQWs grown on GaN is generally below the lu-
minous efficiency of blue LEDs due to the large lattice mis-
match between GaN and InGaN with high indium content,
which leads the crystal quality to severely decline and gen-
erates a large number of non-radiative recombination centers
(NRCs).) Therefore, improving the luminous efficiency of
green InGaN/GaN multiple quantum wells (MQWs) is highly
desirable.[®"] In recent years, several methods such as chang-
ing the substrate,® controlling the curvature of the InGaN

9101 and inserting a prestrained film before InGaN/GaN

layers!
MQWs have been reported to improve the properties of green
InGaN/GaN MQWs. =14 Langer et al.!'>! have reported that
a full or partial relaxation of InGaN may be vital for eliminat-
ing the “green gap”; for this approach, the technique of grow-
ing green InGaN/GaN MQWs on pre-wells rather than on GaN

has attracted great interest because of the smaller lattice mis-
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match of such structures and the advanced techniques avail-
able for the growth of low indium content pre-wells. Thus,
the studies of high indium content InGaN/GaN MQWs grown
on pre-wells are important because of their practical value for
improving the properties of green InGaN/GaN MQWs.[16-20]
Despite the many advantages of the above-described approach,
several challenges still must be overcome in order to eliminate
the “green gap”. In particular, the stress in green InGaN/GaN
MQWs can be relaxed because of the insertion of pre-wells,
and therefore, further studies are necessary to reveal the spe-
cific carrier recombination mechanism and stress blocking ef-
fect of pre-wells and to compare the photoluminescence char-

acteristics of the peaks at different wavelengths.

In this work, the temperature-dependent photolumines-
cence (TDPL) method and the time-resolved photolumines-
cence (TRPL) method are used to study the optical properties
of green InGaN/GaN MQWs with low indium content pre-
wells. Using TDPL measurements, we analyze the differences
in the defect density and phonon—exciton interaction strength
between peaks. Additionally, the internal quantum efficiency
of the sample is obtained from the TRPL experiments. These
results elucidate the mechanism of the special photolumines-
cence characteristics of green MQWSs grown on pre-wells and
demonstrate the advantages of green MQWSs grown on pre-

wells.
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2. Sample structure and experiment

Figure 1 shows the structure of the sample. The width
of well structure exceeding 4 nm usually results in a stronger
polarization effect between the well and the barrier, reduc-
ing the internal quantum efficiency (IQE) of the LED. Thus,
the well width of the LED is mostly limited to a value below
3.5 nm.">!l In this work, the sample was designed to contain
two different parts: the pre-well that is comprised of 5 periods
of 1.5-nm Ing 05Gag.9sN quantum wells and 2-nm GaN barri-
ers, and the green MQW that is composed of 10 periods of
3-nm Ing »5Gag 75N quantum wells and 12-nm GaN barriers.

The sample was mounted in a closed-cycle He-cryostat
and the temperature was varied from 17 K to 300 K. A 325-
nm CW He-Cd laser with the excitation power of 0.32 mW
was used as an excitation source. The PL signal from the
sample was dispersed by a Princeton instruments ACTON-
Spectrapro-3000i monochromator and was detected by a
thermoelectrical-cooled Synapse CCD detector. The sample
was excited by an Nd: YAG mode-locked laser with frequency
doubling to 375 nm, and the pulse width was adjusted to 25 ps
and the repetition frequency was modulated to 10 Hz. The
steady-state spectra were collected by using a JOBIN YVON
Trax 550 spectrometer with a resolution of 0.02 nm. The tran-
sient spectrum was collected and recorded by using a streak
camera and a CCD recorder, finally, the TRPL signal from the
sample was obtained.

excitation source: 325 nm He—Cd laser
excitation power: 0.32 mW
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15 nm p+GaN ||||||l|
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30 nm nucleation layer

Fig. 1. Schematic diagram of green InGaN/GaN MQWs with low indium
content InGaN/GaN pre-wells.

3. Experimental results and analyses

During epitaxial growth of InGaN, especially when the
GaN underlayer is very thick, the stress caused by lattice mis-
match can be concentrated in InGaN. Therefore, when the in-
dium content is large, a large stress is caused, thus defects are
easily formed, resulting in a reduction in luminous efficiency
of green MQW. The stress caused by the lattice mismatch can
be expressed as!??!

as—das
g ="p (1)

SL:—Z'V'M, (2)
ar

where € and €, are the strain components parallel and per-
pendicular to the growing plane, respectively. In our case, ar
and ag represent the in-plane lattice constant of Ing 25Gag 75N
and the film beneath the green MQWs, respectively. Lattice
constant and v (Poisson’s ratio) of In,Ga; _,N can be obtained
according to the Vegard rule and are shown in Table 1. These
lattice constant values are then used to obtain the misfit strain
values according to Eq. (1). Specifically, the misfit between
pre-well and green MQW is 2.16%, much smaller than the
misfit of 2.70% between GaN and green MQW. Thus, the in-
sertion of pre-wells effectively reduces the epitaxial stress in
green MQWs.

Table 1. Parameters of InN, GaN, and In,Ga;_,N.

Parameters GaN InN Ing 05Gag.gsN Ing25Gag 75N
a/nm 0.3189 0.3543 0.32067 0.32775
\ 0.183 0.272 0.18745 0.20525

Additionally, when green MQWs are grown on pre-wells,
lattice constants of InGaN in pre-wells and green MQWs are
both larger than that of GaN, forming a tensile stress to the
GaN interlayer locating between the pre-well and green wells.
As a result, the tensile stress will enlarge the in-plane lattice
constant of this GaN interlayer. In other words, part of the
stress in green InGaN will be absorbed by the interlayer, thus
reducing the effect of the stress in green InGaN. For the low
indium content of pre-wells and the thin GaN interlayer, it is
reasonable to expect that the stress from the green InGaN may
affect the InGaN in pre-wells, resulting in a large stress and
acoustic phonon interaction in the pre-wells.

Figure 2 shows the PL spectra at a temperature of
85 K. The fitting identifies four peaks which we denoted as
peaks 1-4, with the peak energy values of 2.29, 2.35, 2.83
and 2.95 eV, respectively. Peaks 1 and 2 originate from
Ing25Gag 75N (3 nm)/GaN (12 nm) MQWs and peak 3 sources
from Ing 05sGag.9sN (1.5 nm)/GaN (2 nm) pre-wells while peak
4 arises from the donor—acceptor pair recombination in p-
GaN. [23-25]
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Fig. 2. PL spectra varying with photon energy at low temperature (85 K).
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For the normalized PL spectra at different temperatures
shown in Fig. 3, a long wavelength shoulder can be observed
at 2.25 eV (550 nm); this shoulder is derived from the bound
state in green InGaN/GaN MQWs.

_J\ 135 K
_/\_,/\\\17 K

20 22 24 26 2.8 3.0 3.2 3.4 3.6
Photon energy/eV

Normalized PL intensity/arb. units

Fig. 3. Normalized PL spectra varying with photon energy at different tem-
peratures.
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Fig. 4. Temperature-dependent PL peak energy obtained from Varshini fit-
ting separately for (a) peak 1, (b) peak 2, and (c) peak 3.

The energy values of peaks 1-3 at different temperatures
are shown in Fig. 4. It is clear from Fig. 4 that with the increase
of temperature, the ratio between the PL intensities of pre-
wells and green InGaN/GaN MQWs increases continuously,
indicating that there are more NRCs in green InGaN/GaN
MQW:s. In the InGaN/GaN MQWs, the fluctuation of indium
content and phase separation will induce the indium to cluster,
forming localization potential dips. An examination of Fig. 4
also clearly shows that the energy values of peaks 1-3 exhibit
an obvious S-shaped behavior (red-blue-red) with the increase
of temperature, demonstrating the localization effect in the In-
GaN materials.[*6?7] Additionally, the peak energy of low in-

dium content pre-wells begins to blue-shift at a lower temper-
ature because of their more shallow localized states. The tem-
perature dependence of the bandgap energy can be described
by the Varshini formula as follows: 2830

o xT? o2
B+T) ke xT’

where Ej is the bandgap energy at 0 K (subscript 0 denotes

Ey(T) = Eo— 3

the temperature of 0 K), 7 is the temperature in Kelvin, o
and B are the parameters of the Varshini fitting, o indicates
the degree of the localization effect, and kg is the Boltzmann
constant.[?!1 The fitting results for different peaks are shown
in Fig. 4 and the parameters obtained from Varshini fitting are
shown in Table 2. The values of o for peaks 1-3 are 30.4,
26.6, and 14.6 meV, respectively.

Table 2. Parameters obtained from modified band-tail model.

Peak 1 Peak 2 Peak 3
EpleV 2.37 2.41 2.86
a/(meV/K) 25.1 13.18 10.9
B/K 5.18x10* 4.96x10* 3.71x10*
o/meV 30.4 26.6 14.6
[ rT T T TT T 7T TT r 17T TT T 7T 71T 7T1T ]
[ (a)
[ ] ]
£ m peak 1 ]
§ 3 u fitting
. i T NN N N T U ST N T A NI N -
-g L
5 [ (b) ]
~ F 3
2z
B
=
g L i
= 3
E m Dpeak 2
T E m fitting
E I I [P R (R AU NUN N REPU PR R R B B
S
g k(9 ]
— =
o F
z .
L] -4
3 m peak 3 3
" fitting
1 1 1 1 1 1 1 1 1 1 | I .

(1000/T) /K~

Fig. 5. Arrhenius plots of normalized PL intensity versus temperature of (a)
peak 1, (b) peak 2, and (c) peak 3, respectively.

To study the properties of the localization centers and the
defect density, a two-channel Arrhenius model!'!l is used to
analyze the temperature dependence of the PL intensity

Iy

E. E.
{1 +A;-exp <— kBélT> +As-exp <_ kBé2T>}

)

I(T) =
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where Iy is the integrated PL intensity at low temperature
which is 17 K in our study, A; is the constant related to the
density of the localization states, E,; is the localization energy
of the bound-exciton, A, is related to the defect density, Ea»
is the activation energy of the corresponding nonradiative pro-
cess, and kp is the Boltzmann constant. Figure 5 shows the
fitting results obtained from this model, and Table 3 presents
the parameters obtained from the fitting.

Table 3. Parameters obtained from two-channel Arrhenius model.

Peak 1 Peak 2 Peak 3
Ay 249.8 476.4 75.4
Ay 2.47 0.67 0.80
E,1/meV 76.7 66.4 35.1
Ep/meV 10.1 11.2 10.2

At low temperature, the carriers are strongly trapped in
the localized states, and the non-radiative recombination pro-
cess is frozen and inactive. By contrast, at higher temperatures
the carriers trapped in localized states can overcome the local-
ization barrier, leading to the phenomenon of “thermal escape
of carriers”, and the escaped carriers can be trapped by non-
radiative centers. Additionally, the non-radiative recombina-
tion process is activated, leading to the PL intensity to decay.
The above-described results can be summarized as follows. (1)
The E,; value for the peak from green InGaN/GaN MQW is
larger than the E,; for the peak from the pre-well, suggesting
that the former has larger localization potential barrier because
of their larger indium content. It is noteworthy that peak 1 cor-
responds to the localized state induced by the component with
the highest indium content, and thus has the largest localiza-
tion potential barrier. The fitting results are consistent with
the results of Varshini fitting. (ii) The value of A; for peak
2 is larger than that for peak 1, suggesting that the density of
localized states is higher for peak 2, or in other words, that
the stress in most of the green MQWs is relaxed. (iii) The
Ey values of the pre-wells and green InGaN/GaN MQW:s are
almost the same, suggesting that similar defect states exist in
both pre-wells and green InGaN/GaN MQWs; however, the A,
value for peak 1 is larger than that for peak 2, suggesting that
the defect density around the deep localized states is higher
due to the existence of larger stress. We note that the defect
density in green InGaN/GaN MQWs (A3, 0.67) is even smaller
than that in pre-wells (A2, 0.80), indicating that to a great ex-
tent, the stress in corresponding green InGaN/GaN MQWs is
relaxed.['!]

Figure 6 shows the temperature dependence of linewidth
of each peak. With the increase of temperature, the linewidth
of peak 1 first decreases slightly, then gradually increases;
on the other hand, peak 2 and peak 3 both follow an obvi-
ous W-shaped (decrease-increase-decrease-increase) tempera-
ture dependence. However, as shown in Fig. 4, all the peaks

follow the well-known S-shaped (decrease-increase-decrease)
temperature dependence in the peak energy. Therefore, the
temperature dependence of the emission peak is somewhat
complicated. According to Wang et al.,’%) the temperature
dependence of luminescence characteristics is strongly depen-
dent on the carrier concentration: at low carrier concentra-
tion, the peak energy exhibits an S-shaped temperature de-
pendence of peak energy, while the linewidth follows a W-
shaped temperature dependence; at medium carrier concen-
tration, the peak energy exhibits an S-shaped temperature de-
pendence, where the W-shaped temperature dependence of
linewidth disappears. Instead, the linewidth first narrows, then
increases monotonically; at high carrier concentration, the S-
shaped temperature dependence of peak energy disappears. In
addition, with the increase of temperature, the linewidth in-
creases monotonically.

In our case, luminescence characteristics of peak 1 cor-
respond well to the situation of medium carrier concentration,
while the luminescence characteristics of peak 2 and peak 3
correspond well to the situation of low carrier concentration.
This result is consistent with our experimental condition. As
shown in Fig. 1, a 325-nm He—Cd laser with a rather low ex-
citation power of 0.32 mW is used to pump the sample. The
excitation light first reaches green MQWs, then gradually at-
tenuates before reaching the pre-wells. In this case, the carrier
concentration in pre-wells (peak 3) should be low. In green
MQWs, the carriers are mainly concentrated in the deep lo-
calized states with lower energy (peak 1). Therefore, the car-
rier concentration in peak 2 (shallow localized states of green
MQWs) is also low. Finally, peaks 2 and 3 are in the low
carrier concentration regime while peak 1 is in the medium
regime.

The temperature dependence of the linewidth can be de-

scribed by the following equation: [3?!

(o (ar) 1)

where I is the linewidth due to the inhomogeneous broad-

L(T)=Iy+Iia-T+

&)

ening caused by impurities and defects, I1 s is related to
longitudinal-acoustic-phonon (LA-phonon) scattering, I o is
related to longitudinal-optical-phonon (LO-phonon) scatter-
ing, and E o is the phonon energy determined by indium con-
tent (subscripts LA and LO denote the LA phonons and LO
phonons, respectively). The data for the temperatures in the
175 K-300 K range are chosen for the fitting the results shown
in Fig. 6. The values of I for peaks 1-3 are 140.6, 80.6, and
36.1 meV, respectively. Both peak 1 and peak 2 originate from
green InGaN/GaN MQWs and the larger values of Iy in peak 1

and peak 2 are ascribed to their higher indium content. Sim-
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ilarly, the smallest value of I in peak 3 corresponds to the
lowest indium content in pre-wells.

According to Vegard’s law, the higher indium-containing
InGaN/GaN MQWs correspond to a larger deformation
potential energy and a stronger acoustic phonon—exciton
interaction.3>34 However, the Ij o values for peaks 1-3 are
0.01, 0.01, and 0.15 meV, respectively. In other words, the
I o value for peak 3 is larger than those for peaks 1 and 2,
indicating the presence of a stronger acoustic phonon—exciton
interaction in the pre-wells with lower indium content. This
suggests that the stress mainly appears in the pre-wells, rather
than in the green InGaN/GaN MQWs with the higher indium
content. This demonstrates that the pre-wells exert a signifi-
cant stress blocking effect.

On the other hand, the LO-phonon is related to the degree
of polarization in the nitride. However, the spontaneous po-
larization and piezoelectric polarization in InN are larger than
those in GaN, and therefore, the indium content is the key fac-
tor affecting the LO-phonon interaction. The I} values for
peaks 1 and 2 obtained by our analysis are quite different, sug-
gesting that a strong polarization exists in the localized state of
the green InGaN/GaN MQWs with high indium content.
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Fig. 6. Temperature-dependent linewidths of (a) peak 1, (b) peak 2, and (c)
peak 3.

Table 4. Fitting results of temperature-dependent linewidth.

Peak 1 Peak 2 Peak 3
Iy/meV 140.6 80.6 36.1
I7 A/(meV/K) 0.01 0.01 0.15
I] o/meV 3384.0 910.9 623.8
E; o/meV 89 89 90

To determine the IQE, the TRPL results are used to cal-
culate the carrier lifetime. The TRPL intensity is analyzed by

using a two-channel decay model and the results are shown in
Fig. 7. The TRPL intensity is given by

t t
+B-exp(— ), 6)
Tinitial ) Tfinal

where 7 is the carrier lifetime that can be decomposed into the

I(1) :I()—i-A-exp(—

initial stage of the decay time (Tiyjiia1), and the final stage of

the decay time (Tgpar).>>!

Normalized TRPL intensity/arb. units

0 1000 2000 3000 4000 5000

Decay time/ns

Fig. 7. Normalized TRPL intensity varying with decay time and fitted curve
for green MQWs at 300 K.

Using the two-channel decay TRPL fitting model, we ob-
tain Tipja and Thpg to be 323.5 ns and 832.6 ns, respectively.
Then, the non-radiative recombination carrier lifetime (T)
and the radiative recombination carrier lifetime (7;) are ob-

tained from the following equation: *°!
2. Tovicin + T
T = M7 Tor = 2 Tfinal @)
Tfinal — Tinitial
and finally, from the IQE of the sample is obtained to be 61.1%
from .

1+7\

IQE = < ha > . ®)
Tnr

Thus, our sample can achieve high-efficiency green emis-
sion at room temperature,[37’38] which also indicates the bene-
ficial effects of the pre-wells on the green InGaN/GaN MQWs.

4. Conclusions and perspectives

In this work, we investigated the mechanisms of lumi-
nescence in green InGaN/GaN MQWs and their pre-wells by
TDPL in a temperature range of 17 K-300 K and by TRPL
measurements at 300 K. The temperature dependence of the
peak energy for green InGaN/GaN MQWs and for pre-wells
both present an S-shaped variation, while the linewidth shows
a complicated temperature dependence because the carriers
hopping between localized states is influenced by the wide-
range effect. By the fitting the solutions to the Varshini, Ar-
rhenius, and linewidth equations, we investigated the proper-
ties of green InGaN/GaN MQWs and pre-wells through an-
alyzing their localization effect, defect density, and phonon—
exciton interaction. These results demonstrate the significant
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stress blocking effect of pre-wells which is beneficial for the
growth of green InGaN/GaN MQWs. Furthermore, our anal-
ysis of TRPL results verifies that the insertion of pre-wells is
beneficial for enhancing the IQE of green InGaN/GaN MQWs.

However, it is still necessary to perform a detailed comparison

between the pre-wells and other films inserted before green
InGaN/GaN MQWs in future work.
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