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a b s t r a c t

We comparatively study the onset of photo-induced non-radiative intrinsic Auger
recombination processes for red, yellow and green light emitting InGaNeGaN hetero-
structures grown along the polar orientation. We find a dramatic reduction of the photo
excitation densities triggering the domination of Auger effect with increasing emission
wavelength; that is to say in concert with the enhancement of the internal electric field in
the structure. In long wavelength emitters, the internal electric field is stronger, and hence
reducing the impact of the internal electric field is more critical.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The realization of nitride-based optoelectronic devices with high internal quantum efficiency (IQE) and that operate in the
region of the light spectrum scaling from the green to the red has been tantalizing researchers since the birth of the blue light
emitting diode [1]. In this report, we investigate one of the factors that limit the potentialities of III-nitrides, for the realization
of optoelectronic devices susceptible to operate efficiently in that critical range of wavelengths: the quantum confined Stark
effect (QCSE). We study comparatively the light-matter interaction process in structures based on InGaN multiple quantum
wells (MQWs), emitting green, yellow and red light submitted to a large range of photo excitation densities. These colours of
light emitter are obtained by tuning both the QCSE and the carrier localization in indium-rich regions of the QW layers. In
some cases, AlGaN layers have been intercalated in the heart of the heterostructures in order to alter the electric field (by
increasing the chemical contrast at hetero interfaces), and to compensate the built-in strain to prevent as much as possible
the generation of dislocations. This reduces the value of the non-radiative recombination rate. The IQE dramatically decreases
under high photo injection densities in correlationwith efficient nnp intrinsic Auger nonradiative recombinations [2].We find
that, the stronger QCSE, that is to say the impact of the electric field on the radiative recombination rate, the lower the onset of
dominant Auger related intrinsic non-radiative recombination, as expected from the recent review papers of Refs. [3,4].

Contributions of the radiative and non-radiative recombination rates were fitted using the phenomenological ABC model
which, without pretending to any quantitative microscopic description of their mechanisms, gives a global overview of the
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different phenomena that are competing [5,6]. We find that adding an AlGaN strain compensating layer reduces the Shockley-
Read Hall non-radiative recombination (A parameter) more efficiently for the red-light emitting sample compared to the
yellow-light emitting one.We also find that the collapse of the IQE occurs at photo-excitation densities that decreasewith the
increase of the indium content in the QW. The most efficient localization of the carriers in indium-rich regions of the QW
seems to favour intrinsic non-radiative Auger recombination relatively to the intrinsic radiative one [7,8]. Therefore, both
QCSE and carrier localization in energetically favourable parts of the QW contribute in concert to the efficiency of the Auger
effect.

2. Experimental

Designs of green-light (sample G) and yellow-light (sample Y) samples were previously reported by Lekhal et al. (as
sample A and sample A2 in Ref. [9]). In order to keep identical indium composition (0.21) and QW thickness (2.6 nm) for the
InGaN QW of the two samples, the growth conditions of the well layers are kept identical. The barrier layer of sample G was
grown without AlGaN layer while the barrier of sample Y was grown including a 5.2 nm-thick AlGaN layer. Then, a red-light
emitting sample (sample R) is grown under the same conditions as sample Y, except that the growth temperature of InGaN
QW is decreased from 715 �C to 700 �C. Consequently, the indium composition is larger in sample R than in sample Y and
sample G. The comparison between the growth parameters of the different samples can be found in Table 1.

Time-resolved photoluminescence (TRPL) spectroscopy and photoexcited power-dependence (PPD) spectroscopy exper-
imental measurements were carried out in term of in experimental conditions identical to those reported in Ref. [2]. The
samples are cooled to 8 K by using a cryostat with helium flow in both kinds of measurements. In the TRPL measurement, we
use the second harmonic/third harmonic (wavelength at 400nm/266 nm) of a Ti:sapphire laser with pulse repetition rate at
80 kHz as excitation source. Power density is kept at 0.4 Wcm�2 as a low excitation condition. For the PPD measurement, a
third harmonic is used to excite the samples with the repetition rate of the laser is selected at 80MHz. Under these conditions,
the PPD measurement is considered as continuous wave (CW) photoluminescence (PL) spectroscopy measurement. The
power density of laser for this measurement is varied through 5 decades from 1.2 � 10�2 Wcm�2 to 3.7 � 103 Wcm�2.

3. Results

Fig. 1(a)-(c) report a series of low temperature CW PL spectra recorded for sample R, sample Y and sample G. In the inset
are plotted highly magnified PL spectra recorded in the low excitation range. The side peaks at higher energy (2.75 eV in the
green sample, 2.45 eV in the yellow and in the red samples) are generated by thickness/composition inhomogeneity in
InGaNeGaN heterostructures [11]. The second additional peak of the red sample at 2.25 eV is origin from the yellow band of
the GaN barrier layer [12,13]. Plotting the logarithm of the PL intensities against the logarithm of the excitation power
densities gives unity slopes up to photo excitation densities noted PT as shown in Fig. 2(a). Then sublinear dependences are
recorded. PT equals 4Wcm�2 for sample R. Beyond this value the slope passes from 1 to 0.85. This sublinear dependence is the
evidence of Auger-type non-radiative recombination [14,15]. The photo excitation densities at the threshold for the linear to
sublinear dependences are 40 Wcm�2, and 500Wcm�2 for samples Y and G respectively as shown in Table 1, and the slopes
beyond these values are 0.84 and 0.87 respectively. The important experimental result that we emphasize here is the onset of
sublinear dependence with pump power which decreases when increasing the emission wavelength.

We remark that there is an energy blue-shift of the PL feature which starts at 1 Wcm�2 for sample R and reaches in this
case about 90 meV without saturating in the range of our experimental densities of photo excitation. This blue-shift is due to
the screening of the internal electric field by photo-injected carriers and also to phase-space filling effect. We have plotted the
evolution of such blue-shift for samples R, Yand G against photo-excitation density in Fig. 2(b). The energy shifts indicate that
the drops of the potential line-ups are decreasing from sample R to sample Y, to sample G, as expected from the physics of
nitride hetero-structures grown along the polar orientation. This is the first indication of the increasing impact of QCSE in the
QW structure with the increase of emission wavelength [16].

To frame the relative contribution of radiative and non-radiative recombination rates, we begin by the determination of
the IQE. The IQE at low excitation level was first deduced from low temperature time-resolved (TR) PL experiments according
to the method initiated by Iwata et al. [17] for kinetics of PL ruled by two-exponential decays. This is very convenient for the
determination of IQE in the case of yellow light emitters [18] and more general in reasonably inhomogeneous samples [17].
Table 1
Characteristic parameters of the samples: tG_InGaN, and TG_InGaN are the growth time and the growth temperature of InGaN quantumwell, respectively. LInGaN,
LAlGaN, LGaN, and In are the thickness of (In,Ga)N, Al0.2Ga0.8N, GaN barrier layers and the indium composition, respectively.WL, PT, F are the peakwavelength of
emitter, the threshold of excitation density for the transition from linear to sublinear of evolution of integrated PL intensity versus excitation power density,
and the internal electric field in the InGaN quantum well, respectively.

Sample tG_InGaN (s) TG_InGaN (� C) LInGaN (nm) In (%) LAlGaN (nm) LGaN (nm) WL (nm) PT (W/cm�2) F (MVcm�1)

R 120 700 2.6 23 5.2 11.9 615 4 3.7
Y 120 715 2.6 21 5.2 11.9 565 40 3.5
G 120 715 2.6 21 0 15.2 515 500 2.9



Fig. 1. (a) Evolution of the photoluminescence spectra at 8 K versus power excitation for sample R. The photoluminescence spectra are multiplied by factors:
�1000, �450, etc. when excitation power density increases from 1.2 � 10�2 to 3.7 � 103 W/cm2. Inset: photoluminescence spectra in the low photo-excitation
densities range. (b) and (c) are the analogous of (a) for samples Y and G, respectively.

Fig. 2. (a) Logarithm plotting of the integrated photoluminescence intensities (circles) against the excitation power density. The lines correspond to a linear fit of
the data in the excitation power density range. The arrows show the position of PT. (b) The blue shift of all samples plotted as a function of logarithmic of the
excitation density. The blue shift decreases from sample R to sample Y, and to sample G. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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The low temperature PL transients, the values of the slow decay times (radiative component) and the values of the IQE for all
samples listed in Table 2. We find that, the values of IQE at low excitation level increase with the emission wavelength. This
evidences the reduction of non-radiative recombination processes in longer wavelength-emitting samples, in correlation
with the decreasing of defect density achieved by the intercalation of the AlGaN strain compensating layer. The fast decay
time tfast of sample R is fitted larger than for samples Y and G, indicating that the non-radiative recombination rate in sample
R is lower than that in samples Y and G. This leads to an enhancement of the IQE for sample R. We attribute this result to the
large indium composition which, from simple binomial statistical arguments, leads to increased fluctuations of chemical
compositions in sample R [7,8,19e21], and therefore, enhances the localization of carriers at indium-richwhich prevents their
migration towards non-radiative recombination centers.

Besides the increase of the IQE with emission wavelength, an increase of the radiative decay time was measured from
sample G to sample R. This is the second experimental indication of an increase of the value of the internal electric field in the
InGaN layers from sample G to sample R. The values of the internal electric field are determined by using the same calculation
reported in Ref. [9]. These values are listed in Table 1. An importance consequence of the increase of the internal electric field
is the reduction of the threshold corresponding to dominant Auger recombination.

To go further details of the comprehension of the experimental results observed here, we have computed the evolution of
the IQE with photo-excitation densities from the integrated PL intensity IPL, and the generation rate G [22].

IQE ¼ IPL
hG

; (1)
The constant value of h is determined by using values of IPL, G, and IQE at low excitation level.
The values of the generation rate G were calculated directly from the experimental conditions



Table 2
Low temperature characteristics decay times tfast, tslow, IQELT and IQERT are the IQE at low temperature and room temperature, respectively.

Sample Peak WL (nm) tfast (ns) tslow (ns) IQELT (%) IQERT (%)

R 615 165.2 562.5 56 1.7
Y 565 49.6 199.9 54 2.6
G 515 8.5 29.6 50 2.4
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G ¼ Plaserð1� RÞa
AspotðhyÞ (2)

where Plaser is the incident laser power, R is the reflection coefficient at the semiconductor-to-air interface, a is the absorption
coefficient of the light in the semiconductor whichmay vary with the carrier density, that is to saywith the screening of QCSE,
hy is the incident photon energy, Aspot is the surface of the laser spot.

The carrier density is extracted from experimental value of the IQE, the generation rate and the measured value of the
radiative decay time by equation:

n ¼ IQE x G x tr; (3)
The evolution of the IQE versus pump power is plotted using spheres in Fig. 3. It clearly shows that the onset of efficiency
droop occurs at lower excitation densities in case of sample R than in cases of sample Y and sample G. The higher internal
electric field, the more dramatic impact of QCSE for increasing the carrier decay times. Therefore, at a given photo-carrier
density, the density of photo-generated carriers is higher in the red emitting sample than others, as reported hereafter,
thanks to the dominating influence of the variation of tr of equation (3). The number of collisions which increases with the
third power of the carrier density (~n3) favours the promotion of excess electronic energy and eventual electronic escape
away from the active region [23,24].

We estimate the contribution of Shockley-Read-Hall non-radiative recombination, radiative recombination, and Auger
non-radiative recombination by fitting the experimental IQE using a modified ABC model that includes the residual n-type
doping [25]. Value of the residual doping is estimated about 4.8� 1018 cm�3 for all samples. In this model, under steady-state
conditions, the generation rate can be determined by expression:

G ¼ nð nþ n0Þ
tn nþ tpðnþ n0Þ

þ Bnð nþ n0Þ þ Cnnð nþ n0Þ2 þ Cpn2ð nþ n0Þ; (4)

where n is the excess of photo-created electron (or hole) density, n0 is the residual doping, tn and tp are the minority carrier
lifetimes for the n-type and p-type semiconductor, respectively, B, Cn and Cp are coefficient of radiative recombination, nnp-
Auger, and npp-Auger recombination, respectively.

In the absence of residual doping, the coefficient of Shockley-Read-Hall nonradiative recombination is defined as A ¼
(tn þ tp)�1. By approximating that tn ¼ tp, we have tn ¼ tp ¼ 1/2 A.
Fig. 3. Experimental internal quantum efficiency (spheres) of all samples plotted as a function of the excitation power density. Fitting curves are showed as solid
lines.



Fig. 4. (a)e(c) Evolution of coefficients A, B and C (in logarithmic scale) versus emission energy. The spheres show our fitted data for sample R, Y and G. The
circles display the data reported by D. Schiavon et al. [26] and B. Galler et al. [27], respectively.
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Galler et al. demonstrated in Ref. [25] that the efficiency droop is dominated by nnp-type Auger recombination rather than
npp-type for an n-type InGaN material. Therefore, we assume here that Cp ¼ 0 for our n-doped samples.

Then, the generation rate in Eq. (4) can be rewritten by a simpler expression

G ¼ 2Anð n þ n0Þ
2n þ n0

þ Bnð nþ n0Þ þ Cnnð nþ n0Þ2 (5)
The theoretical IQE is calculated by equation

IQE ¼ Bnðnþ n0Þ
G

; (6)
The fitted curves (theoretical IQE) are displayed in Fig. 3 as solid lines and the fitting parameters are summarized in Fig. 4.
We find a decreasing trend for all the coefficients A, B, and C with increasing emissionwavelength. A similar trend is obtained
in InGaN single QWs by D. Schiavon et al. [26], and B. Galler et al. [27]. Obviously, the behaviours we evidence and quantify
here extrapolate the trends previously reported in other samples.

4. Discussion

In the following, we discuss the relative variations of the A, B, C coefficients in our different samples. The recent works
dedicated to the reduction of the defect density related to the built-in strain field in case of long wavelength region of the
visible light emitting hetero-structures based on MQWs InGaNeGaN with AlGaN strain compensating layers [9,28e30]. By
correctly designing the thickness of the different layers, lattice-matching of a GaNeInGaNeAlGaN three-material structure to
GaN can be obtained as indicated by the X-ray diffraction measurements reported in Ref. [9]. We previously clearly correlated
the enhancement of the room temperature and low temperature PL intensities with the reduction of defect densities by
adding an AlGaN strain-compensating layer [18]. This contributes here to the decrease of the value of A from samples Y to R.
We have also to remind that the indium composition increases from sample G to sample R, which leads to deeper localization
potentials [20,21] and prevents the escape of the carriers out of the active parts of theMQWs. The both contributions decrease
the values of A from sample G to sample R: AGreen > Ayellow > Ared.

The increase of the internal electric field reduces the electron and hole wave functions overlap from sample G to sample R
and subsequently increase the radiative decay time tr. This leads to BGreen > Byellow > Bred. David and Grundmann [31,32] have
studied the evolution of B with electron densities and they have shown that, in case of blue light emitters, it decreases at high
densities (larger than1018 cm�3). We have decided to reduce here value of B with carrier density by a form B(n) ¼ B0/[1þ(n/
npsf)g], as plotted in Fig. 6 (c) where B0 is value of coefficient B at low excitation density [33] (plotted as spheres in Fig. 4(b)),
npsf¼ 2� 1019 cm�3 is the carrier density for the onset of phase-space filling effect, g¼ 0.82 is a dimensionless exponent [34].
Moreover, under high excitation condition, the Coulomb interaction of carrier increase that cause a reduction in decay time of
samples, as shown in Fig. 6(a) [31,35].

Regarding to the values of C, there is a correlationwith the values of B as sketched in Fig. 5 wherewe have also reported the
data collected byWeisbuch et al. [3,32,36,37] and the data of Schiavon et al. [26], and Galler et al. [27]. This indicates that the
values of C can be framed with an approximation using a scaling argument and from the values of B obtained by TRPL
spectroscopy. The localization phenomena have a dominating impact at the scale of the radiative decay time that is to say at
the scale of the radiative recombination rate. We can thus reasonably anticipate from our experimental results of their
determinant impact at the scale of the intrinsic non-radiative Auger recombination. It is proportional to cubic of carrier
density (̴ n3) in the samples. Fig. 6(b) shows that the carrier density in the red sample is approximate 10 times or 3 times larger
than in the green or in the yellow samples. Therefore, non-radiative Auger recombination in the red sample is much stronger
than in the two other samples even values of the coefficient C is smaller in the red sample.



Fig. 6. (a) Evolution decay time of all samples with the power density. (b) Carrier density as a function of the power density; Dotted lines are the eyes guidance.
(c) Evolution of the coefficient B as a function of the carrier density.

Fig. 5. Evolution of coefficient C as a function of coefficient B for our own data (MQWs, spheres) compared with the compilation by Weisbuch et al. [3,32,36,37]
and the complementary data of Schiavon et al. [26], and Galler et al. [27] for single QWs.
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In conclusion, by comparatively studying recombination processes for polar orientated red, yellow, and green InGaN-(Al)
GaN QWs, we find that the onset of efficiency droop occurs at lower photo excitation densities when the QW emission
wavelength increases. This is correlated to the enhancement of the internal electric field in the active part. QCSE plays in
concert with the localization of carriers in energetically favourable regions of the QWs.
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