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The blinking phenomenon in InGaN single quantum wells is a phenomenon where local-
ized photoluminescence changes over time. Understanding its physics is important for the
manufacture of more efficient light emission diodes. We present a study using two InGaN
single quantum well samples, emitting at 460 nm and 510 nm wavelength, respectively. We
confirmed that the luminescence intensity fluctuates in localized blinking regions and we
found that these optical variations are not random, but are instead correlated in pairs, with
either positive or negative coefficient, to a distant reference blinking point. Measurements
were performed to obtain standard deviation and cross correlation maps. Invoking the
quantum confined Stark effect we realized a simple phenomenological model that shows
how charge carriers are exchanged among pairs of adjacent opposite correlation regions.
As aresult, it is suggested that the phenomenon is caused by fluctuations in the number of
these exchanged carriers. Our model gives an explanation for the blinking phenomenon in
InGaN single quantum wells and it is important for a deeper understanding to InGaN-based

materials.
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Understanding the fundamental properties and carrier dynamics of GaN and InGaN is essential
for the development of GaN-based light emitting diodes (LED) devices and other applications.
However, this is challenging due to the effects of a high defect density, the influence of large
strain-induced polarization (caused by lattice mismatch) and also the lack of a suitable theoretical
background!2. The optical blinking phenomenon (BP) affecting the local luminescence in InGaN
single quantum wells (QW) is one of these unknown phenomena that needs to be clarified.

The BP in InGaN QW was firstly observed by Micheletto et al.> with photo luminescence (PL)
measurements. The phenomenon is triggered by illumination with light at 365 nm exciting both
InGaN and GaN layer and occurs in a region of stronger optical emission compared to the average
(intense luminous centers, ILCs). As most ILC’s show stable optical emission, presence of blink-
ing regions indicates locally high In composition and variable accumulation of carriers*’. For
this reason, the relationship between blinking and spatial inhomogeneity of In composition was
discussed®. Depending on the indium concentration the BP phenomenon changes. For example,
samples emitting 460 nm light optical blinking is observed, but less prominent and noticeable than

for samples emitting green light such as those emitting at 510 nm and 540 nm>*.

Optical instabilities, such as blinking, are also reported in other materials like CdSe nanocrystals®
and GaAs quantum dots (QD)!. Although these instabilities can be treated as an on/off flashing
and explained with Auger ionization as in CdSe nanocrystals®, this explanation cannot be applied
to our InGaN quantum well samples where the blinking has not a simple on/off behaviour!' 12, A
comparison study of our sample blinking and blinking due to quantum jump model has been done

in previous studies>.

Several theories exist that could explain BP. One of them is quantum confined Stark effect
(QCSE)>!1314 where the electric field changes the overlap of the electron and hole wavefunctions
inside a quantum well. It is known that the piezoelectric field present in strained quantum wells
composed of GaN and InGaN causes QCSE'". In addition, QCSE was also used to qualitatively
explain the optical memory effect in InGaN thin film!6. Since in this model the emission wave-
length shortens with increasing intensity, it can explain the tiny shift in emission wavelength in
BP, i.e. the wavelength becomes shorter when the intensity increases, and vice versa, due to the
electric field of carriers trapped in deep levels®!4. These deep levels are possibly originating from
defects at the InGaN/GaN interface!”!8. However, the QCSE model cannot explain other exper-
imental results such as intensity distribution and dynamics for the BP*!°. In another candidate

model, interference of thermal vibration of the crystal lattice is implied as the cause of instability
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in InGaN single QW'?, but it can not sufficiently explain other experimental features of blinking.

In a recent study, it was found that the adsorption of gas at different pressures, such as oxygen

to the surface of the InGaN QW, increases the presence of ILCs and BP?. A similar effect was
confirmed?! by PL observation of the samples immersed in liquids. It was suggested that blinking
could be caused by the interaction of surface molecules with impurities present within the QW.
Based on such recent results and in order to obtain a more detailed insight between the BP and the
role of defects. In this study, we report on the spatial time-correlation between blinking points in
InGaN single QW and give a qualitative explanation of the BP based on our PL results.
In this study, the InGaN single QW samples are stacked over a 4 um undoped GaN layer, a
3 nm In,GaN(;_, active layer, a 5 nm undoped GaN capping layer and they were grown along
the (0001) direction by metal-organic vapor phase epitaxy (MOVPE) on sapphire. The emission
peaks of the samples depend on the In concentration x in the Indium layer. The peak can range
between 400 nm up to 540 nm or more>. In this study we used two samples that emit at 460 nm
and 510 nm wavelength.

Samples were cleaned by one minute ultrasound sonic bath (US-2R, AS ONE, Japan) in dis-
tilled water before PL. measurements. The measurements recorded with a CCD camera (HDR-
SR1, SONY) attached to a selective excitation fluorescence microscope (BX51WX, Olympus).
The optical emission from the surface was recorded at 30 frames per seconds and stored in a
730x730 pixels AVI format. Our recordings were of 30 s duration on an area of about 180x180um.
The 30 seconds recording were excluding initial lamp induced transients. Ultraviolet Hg lamps
were used as excitation light (365 nm and 405 nm emission lines, the photoluminescence was de-
tected through a color filter centered about 450 nm to cut away unwanted UV signal from the GaN
bulk layer). Since the main purpose of the investigation is to study the blinking points time corre-
lation, we have chosen an arbitrary reference blinking point and for each pixel intensity time-series
we calculated the cross correlation to it. All our observations were made using the sole 365 nm
excitation light that excites both the InGaN layer and the GaN layer>.

Firstly, using 30 seconds PL recordings, the standard deviation was calculated for all positions
and visualized as standard deviation (SD) maps to identify the location of the blinking point (that
is: if the PL is constant in a location, the standard deviation should be zero, if instead it fluctuates
there will be a positive SD). Then, in each sample, one blinking point is selected as the reference
point to obtain the correlation coefficient with all other positions and visualized as correlation

coefficient (CC) maps.
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FIG. 1. The photoluminescence of the two samples (left), standard deviation maps (middle) and correlation
maps (right). Top and bottom row correspond to 460 nm and 510 nm sample respectively. Each image is
about 180 u m in size and comprises of 730 pixel in both directions. The standard deviation and correlation
maps are obtained elaborating the 900 points PL time-series associated for each CCD’s pixels. The correla-
tion is in respect to an arbitrary blinking point chosen as reference, indicated by the solid circle in panel (b)
and (e). The maps in (c) and (f) represent the correlation coefficient of all the other pixels time-series with
the reference one. The circled areas in (f) are regions where positive/negative correlation blinking domains

are present.

Figure 1 shows the results of the PL measurements, its correlation analysis. The standard
deviation (SD) and correlation coefficient (CC) maps were obtained from the PL measurements,
using the 900 points time-series recorded for each pixels in the image. From that, we calculated
the SD of the optical intensity during the 30 s recording, and plotted a value for all positions
resulting in the images. In this way, we could visualize the location of the blinking points (we
consider a blinking point any region where the standard deviation is bigger than 7). Let’s compare
the photoluminescence maps on the left and the corresponding images in the center that represent
the fluctuations amplitude of those points during the 30s recording. Noticeably, all blinking points
correspond to bright emission regions (ILCs), but not all ILCs do blink. Moreover, the blinking
locations seen in the central image, are smaller in area than the corresponding ILCs visible in the

photoluminescence maps on the left. Comparing the left and right images, we note that some
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blinking domains are actually not so intense in luminescence as others. On the central panels, for
each sample, one blinking point is selected as the reference to obtain the cross correlation (CC)
with all positions. The CC coefficient is then visualized as color map, red for positive correlation
and blue for negative on the right. As the figure shows (Fig. 1(a)), the 460 nm sample has large
areas of stable luminescence and small SD (Fig. 1(b)).

Figure 1 shows these PL. measurement results in panels (a) and (d), SD maps in (b) and (e),
and the CC maps in (c) and (f). It can be qualitatively understood from the PL maps that there
are many bright and isolated emission centers in the 510 nm sample. The SD maps show that
the 460 nm sample has many areas with small SD and shows comparatively stable luminescence,
while the 510 nm sample has many intense blinking points. Intriguingly, the CC maps show that
the PL fluctuations are not completely random, but a residual correlation to far away regions is
present. The 460 nm sample, which exhibits stable luminescence, shows that the entire sample
has relatively uniform correlation in respect to a reference point circled in panel (b). The 510 nm
CC map instead shows a complex structure with positive and negative correlations relative to the
circled point in (e). In addition, blinking points with positive or negative correlation coefficients
exist in pairs adjacent to each other. This results are congruent with previous studies’>' where
samples immersed in liquids cause intense BP and show similar maps. While we found that the
emission intensity changes over a broad region that has positive correlation in the 460 nm sample,
we observed a spatially distant correlation in the 510 nm sample. This observation can be assumed
to be important to understand the root causes of the blinking phenomenon.

The histogram in Fig. 2 shows the distribution of the correlation values of the whole image
and it appears as a Gaussian distribution. To verify this relationship, a normal distribution with
the same mean and standard deviation as the experimental one is plotted in Fig. 2 (red solid line).
The similarity with a perfect Gaussian distribution indicates that there is almost an equal number
of blinking points with opposite correlation.

Figure 3, shows PL curves of three pairs adjacent blinking points that fluctuate with opposite
correlation relatively to a distance reference blinking point, the smaller circle in figure 1(e). Panel
(a) shows the three pairs of curves with positive (magenta) and negative (cyan) correlation. We
call them "pairs" for the simple reason that they are located at a close distance to each other. The
experimental points are fitted with a fifth order polynomial curve as a guide for the eyes. These
results indicate that when one of the point is increasing in intensity, the other one in the pair is

decreasing. By averaging the intensities for each of those in Fig. 3(a), the curves in Fig. 3(b) are
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FIG. 2. Histogram for the correlation coefficients map of the 510 nm emission sample in figure 1(f). The
mean and standard deviation of the distribution are reported in the inset. A red line represents the normal

distribution with same mean and standard deviation of the observation.

180F kb el o (a) 180F ) 50 Tl ©

145| PRI L L L AL 145} WWMMWWWWMWWWWW ”Mwm —mﬂ'ﬂﬁ%“‘
~ 110t ~ 110t 0 ‘
5 5 o 140 150 160 17
3 160 I 3 160 gy, m
S| T A it o L T ~ 2 120l gt ” " § N

J20) S o N L ’ W
G| i ORI R O o g w{
o 80t S 80t =0 .
< = 100 110 120 130 14
= 150f = 150f s T

11st /___l'f MAB s pohaL LA 11st WW WWMWWMMW*WWMMMW

80 80L 0

0 5 10 15 20 25 30 0 5 10 15 20 25 30 100 110 120 130
Time (s) Time (s) Intensity (a.u.)

FIG. 3. (a)Intensity changes of three pairs of blinking points in the 510 nm sample of figure1l(d). Magenta
and cyan lines correspond to positive and negative coefficients in the correlation map respectively, also the
gray dashed and dot-dashed lines are 5th order polynomial fitting of them, indicated as /;(¢) in the equations
in the text. The top panel represent the PL intensity profile of the pair regions in the position represented
with the solid circle, the middle panel the dashed circle and the bottom panel the dotted circle. In the circles
two distinct small areas with high positive (magenta) and negative (cyan) correlation are noticeable. (b)The
mean of two near blinking points intensity chosen as in panel (a). In (c) is shown histograms of the averaged

intensities in panel (b).

obtained. Notably, the averages are almost constant in time, suggesting that carrier recombination
has a common source for each pair. Panel (c) shows the histogram of the intensities of panels (b)

and all of the distributions seem to have a symmetric Normal distributed shape.
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FIG. 4. An example of quasi-telegraphic (binarized) intensity blinking in our 510nm emission sample. The
upper panel shows the intensity profile of one point of and the lower panel its histogram that shows two

distinct peaks, characterizing the telegraphic behaviour. These points were very rare to find and are not

indicated in Fig. 1.

Previous studies have reported paired blinking points® which can be viewed as a two-state
PL emission behavior, that is the PL mainly falls on two distinct intensity levels. In our current
experiment, the general behaviour was not-telegraphics, that is those kind of blinking points were
very rare to find (we found only one that blinks in a fashion that could be considered as "binary")
and were neglected in the theoretical analysis. As an example we show one of these fluctuations

in figure 4 with its double peaked distribution.

To summarize the results obtained so far, the blinking phenomenon is often found on adjacent
blinking points whose intensity changes with positive or negative correlation. Their CC, with
respect to a distant reference blinking point, follows a normal distribution (Fig. 2). In addition,
the averaged intensities of adjacent pairs, that have opposite correlation, is an almost constant
Normally distributed profile as in figure 3(b). This fact suggests that the carrier recombination at
the blinking points pairs are originated from a common nearby carrier source to that pair, with the

intensity of one blinking area increasing, while that of the other is decreasing of about the same

amount.

Now, we attempt to formulate a rigorous mathematical description for the BP behavior. To

simplify the problem, we deal only with the intensity change of two blinking pairs. Based on
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the results so far, two conditions need to be fulfilled: (a) the two blinking points have opposite
correlation and (b) averaging the intensities between the two points leaves only a constant offset
plus a Normally distributed residual.

Condition (b) can also be phrased as saying that if we take the average of the two functions,
we are left with pure noise. As a consequence, the function that describes the intensity changes
of each blinking point can be expressed as the sum of three contributions: a main form term /¢(t),
a noise term Iy, (t),1,,(¢) and a constant offset term /,0, 1,0 (the subscript p and n represent the
positive or negative correlation). Therefore, the intensity of a pair of blinking points is expressed

as:

I,(t) = I(t) + Ipn(t) + o, (la)
Li(t) = —1(t) + L (1) + Lo, (1b)

These theoretical functions are representing the experimental results of Fig. 3(a). If we then take

the average of Eq. (1a) and (1b), the result is expressed as:

Ip(t) +1n(1)
2
Lon(t) 4+ Lnn (1) +1Ipo + Ino
N 2
= Imn (t) +Ino (2)

Im(t):

Where (I,,(t) 4 Lin(t))/2 and (1,0 +In0)/2 are replaced with I,,,(¢) and I,,0(¢) respectively. This
function describes the result of Fig. 3(b), where we see a constant level of noise for all the 30 s of
recording.

Now, we consider the quantum confined Stark effect taking in account the two conditions (a)
and (b) mentioned above. QCSE is observed when the internal electric field generated inside a
quantum well affects the charge carrier wavefunctions, therefore affecting the recombination prob-
ability and finally the photoluminescence. The electric field due to the piezoelectric properties of
the material is modulating the wavefunction properties. Restricting ourselves to the phenomeno-
logical aspect, we suppose that some carriers are trapped in deep levels near the QW or that are
emitted from the same traps. Thus we assume that the PL intensity is reduced if carriers are trapped
and increases when instead released!®?2. Such trapping/emission of charge carriers is considered
to be stochastic and, based on the discrete nature of electric chargez3, the exchange of carriers at
deep levels follows a Poisson distribution. Since there is a great number of recombination events,

we can simplify this further by assuming that this Poisson distribution P can be approximated by
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a normal distribution, as follows:

P(u) ~N(u, ) (3a)
P(A)~N(A,A) (3b)

Where the stochastic variable following Eq. (3a) represents the number of carriers migrating
from the positive correlation region to the negative one, and (3b) represents the vice versa. Here,
according to Poisson statistics, the two parameters in the brackets of the normal distribution N are
identical and represent the mean and the variance respectively. Now, if we consider the number of
carriers in each trap as the the difference between Eq. (3a) and Eq. (3b). Taking in account that
we have two traps that have opposite correlation, using the properties of the normal distribution it

follows that

NA—p,A+p)=N(E A +u) (42)
Np—=2,p+24)=N(=S,u+A4) (4b)

Where Eq. (4a) and Eq. (4b) are the distribution for the number of exchanged carriers in the trap
for the positive and negative correlation area. The parameter £ represents A — p. If & is larger than
0, the recombination rate (that is the PL intensity) in positively correlated regions increases and
vice-versa (if & is smaller than 0, this relationship is reversed). Noticeably the variance results to
be A + u for both cases. For comparison with our experimental observations, finally, we examine
the distribution obtained by averaging Eq. (4a) and Eq. (4b). From the properties of the normal
distribution, the mean of the distributions in Eq. (4a) and Eq. (4b) is

wo, A 1E )

This means that the average number of exchanged carriers trapped in the positive and negative cor-
relation area follows a normal distribution with mean 0 and variance (A + p)/2. This corresponds
to the experimental results of Fig. 3(c).

We now introduce the time dependence (¢) symbol and summarize the correspondence between

the variables described previously and the distributions parameter of above:

1) & &0 (60
(). 1) ¢ N(O.2) + (1) (60
1) ¢ (0, MR, 60
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FIG. 5. (a) Residual signals obtained subtracting the PL intensities of Fig. 3(a) with the interpolation curves

I¢(t). (b) The average of the two intensity curves in panel (a).

In this way I7(t) represents the amount of carriers exchanged, and it corresponds to &(¢) for both
the positive to negative correlation areas. This rigorously shows how the intensity fluctuations

in each regions and the averaged intensity between them results to be normally distributed and

associated to the amount of exchanged carriers.

Using this formalism, the dotted curves in Fig. 3(a) are both represented by the same function
& (1) for each pair of blinking points. Subtracting it to the photoluminescence we obtain the Iy,

and /,,,. This is evident from the experimental data plotted in Fig. 5(a).

Now, in the same fashion, when we take the average intensities of the experiments in Fig. 5(a)
and obtain Fig. 5(b). Our formalism predicts that the variance of this should be half that of the
two PL intensities before the averaging (see Eq. (5)).

To confirm the above, we have chosen ten pairs of negative/positive correlation regions. These
are ten blinking areas chosen using from figure 1(f), each of them include pairs of blinking points
of opposite correlation as in Fig. 3(a). We examined their variance, before and after averaging
the pairs, and plotted the SD value. The result is shown in Fig. 6. The box on the left panel,
indicated symbolically on the horizontal axis with Ij,, I,, is the variance calculated over the
twenty individual positive or negative correlation regions. The other box on the right, symbolized
on the horizontal axis as I,,,, represents instead the ten variance values obtained by averaging

each positive/negative pairs. We point out that the variance is obtained from 30 s recordings, these
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FIG. 6. Box plots for the variance of intensities (left) and for their ratios (right). The red crosses indicate
averages. The labels on the horizontal represent the experimental data for the positive correlation and the
negative correlation areas (I, I,,), and the average of them 1,,,. The 1,,, I, box comprises of 20 variance
values, the box on the right (1,,,) comprises of 10 variance values, obtained after averaging the PL time-
series of the adjacent blinking pairs with positive and negative correlation. The fact that the averages of

these two class of variances has a relation of about 2:1, panel (b), as predicted in Eq. 6c¢ is not trivial.

intensity values should be completely independent from each other. On the contrary, we found that
their variances are related as Eq. (5). This shows that the variance of the intensity, centered around
the value 2, is about half the value before averaging. This is consistent with what is theoretically

predicted.

Two different ways of understanding BP, experimental formulation and model with statistics,
lead to equal result and support the validity of our hypothesis. Since this hypothesis is consistent
with the application of QCSE to explain the optical memory effect in InGaN thin films'®, this is
the first step toward providing a unified theoretical background for complex optical phenomena in

InGaN-based materials, as well as in InGaN single QW.

We thank Yokohama City University for the its support with the "Research Fund 2022" that helped

the realization of this research.

Experimental data are available upon reasonable request.
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