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Size effect of InGaN/GaN multiple quantum well (MQW) blue light emitting
diodes (LEDs), on electrical characteristics in forward bias voltage at high
injection current in light emission regime, is observed to induce a substantial
dispersion in the current density and normalized negative capacitance (NC) (i.e., e
capacitance per chip area). The correction of normalized NC by considering the R S

LED p-n junction series resistance has been found to be independent of chip
area size with lateral dimensions ranging from 100 gm x 100 gm to 400 gm X
400 um. This fact, confirms that the inductive effect which is usually behind the
NC apparition is homogeneously and uniformly distributed across the entire
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device area and hence the dispersive characteristics are not related to local paths.

From the characteristics of NC dependence on temperature, frequency and direct current bias, a mechanism based on the
electrons/holes charge carriers conductivity difference is proposed to be responsible for the transient electron-hole pair
recombination process inducing NC phenomenon. Direct measurement of light emission brightness under modulated frequency
demonstrated that modulated light output evolution follows the same behavioral tendency as measured in NC under alternating
current signal modulation. Thus it is concluded that the NC is valuable information which would be of practical interest in
improving the characteristics and parameters relevant to LED p-» junction internal structure.
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1. INTRODUCTION

InGaN/GaN multiple quantum well (MQW)-based light-
emitting diodes (LEDs) have been receiving great interest
owing to their wide domains of application. Due to their
controllable electroluminescence generation LEDs are
explored in lighting, color displays, digital displays, major
components for solid-state lighting, headlights for automobiles,
communicating applications, micro LED display for next
generation google glass as well as other electronic and
optoelectronic fields." In spite of the different progress
reached in improving the performance and reliability of LED
devices, the physical mechanisms of light emission and
electronic transport processes in these materials system are
still yet to be analyzed and discussed. The optical and
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electrical characteristics of LEDs have been the main focus
on their performance investigations, while the ac (alternating
current) characteristics are still sparingly addressed. Such
study in the forward ac measurements was found to be very
important for the LED device physical mechanism com-
prehension. At large forward bias voltages superposed on ac
signal, LEDs display negative capacitance (NC). This NC
behavior has been observed in many electronic and
optoelectronic devices/structures, it is found to take places
in Schottky diodes,”” p-n junctions,"” light-emitting
diodes,!"™" solar cells,""*"™ p*-i-n" diodes,"" quantum well
infrared photodetectors (QWIPS),"”"® homojunction far-
infrared detectors''” and inorganic InGaN/GaN MQW based
LEDs.”™" The microscopic physical mechanisms of the
negative capacitance are proposed to be different and have
been ascribed mainly to different effects; such as the contact
injection,”™ interface states,” minority-carrier injections,"
slow transition time of injected carriers,”” charge trapping,!'>'*!
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sub-bandgap trap states™>>" and the like.

Basically the NC phenomenon in semiconductor devices
is originating from an inductive effect, which results from
the delay of the change in the current flowing in the structure
behind the change of the applied bias voltage. Jonscher'™
pointed out that whatever physical origin may be responsible
for this phenomenon it must involve temporal evolution of
the properties because the negative capacitance is the
consequence of a slowly rising current over an interval of
time. In the most of cited references above, the NC
phenomena are shown to usually occur near the junctions or
the interfacial layers, where the conduction mechanisms of
inertial conductivity (i.e., current lags behind voltage
oscillation) such capture-emission, recombination-generation,
and trapping-detrapping take place. For LED devices the
inductive effect is believed to take place during the electrons/
holes pair (e-h) recombination.”""*” This can be supported
by the fact of negative capacitance appearance at the onset of
light emission while NC measurements by ac admittance
system. Thus, this behavior confirms that NC is a proper
diode behavior and not an external effect from the
measurement system circuits. Furthermore, in LED devices
the occurrence of NC has always been associated with
forward biased junctions, and the NC dip magnitude is more
immersed downward as the modulated frequency is
decreased.”"”"*"! In recent papers related to NC in p-n
junction based LED, the NC was proposed to be due to sub-
bandgap trap states (or shallow sates) located in the quantum
well (QW) layers, which, under low modulation frequency,
participate in charge carrier recombination process at high
voltage bias in light emission regime, thus the fast
recombination causing light emission compete with slowly
responding sub-band defects resulting then in an inductive
like behavior.””

The aim of this work is to obtain information on the NC
behaviors in the LED p-n junction diodes, found out the
causes from which stem the inductive contribution to the
admittance in multi-quantum well based LED, and propose a
mechanism explaining the NC origin to gain enhanced
insight into the inductive process effect on the LED light
emission efficiency. To do so, a comparison of the NC
behavior in the InGaN-based w#~LED devices with different
emission area sizes ranging from 100 x 100 to 400 x
400 um’ was investigated. The comparison was made in the
characteristics of current density versus voltage (J-V),
normalized capacitance/conductance versus voltage (C/G-V)
and normalized capacitance versus frequency (C-f). In the
C-f characteristics, the capacitance was measured under
different direct current (dc) biases in the light emission
regime. We made a correction of the measured capacitance
using Nicollian and Brews’s model which considers the
series resistance of the LED p-n junction in the calculation of
the capacitance in high current injection regime, and showed

that the corrected NC phenomenon is independent of LED
size, signifying that the inductive conduction is taking part
uniformly and distributed homogenously across the total
device area surface, as well as the inductive-type impedance
characteristics are governed by the LED series resistance
modulation. From the NC characteristic dependence on
temperature, frequency and dc bias voltage, we proposed a
mechanism explaining the origin of negative capacitance
and its associated inductive impedance. This mechanism is
based on the transient behavior of electron-hole pair
recombination in LED quantum wells arising from the
difference in charge carrier rate admission and transport into
the LED active region. And finally, we measured modulated
light output from diode and found a correlation between NC
and light emission. The modulated light emission evolution
follows the same NC frequency trend behavior, which would
make it practical to predict the LED efficiency and
performance only from the NC characteristics analysis.

2. EXPERIMENTAL PROCEDURE

The InGaN/GaN-MQW based (LED device arrays of
different area sizes reported in this paper are made from
450 nm-emitting wafer grown on commercial (0001) c-
plane sapphire substrate by metal organic chemical vapor
deposition (MOCVD) (Aixtron G3 2600). The details of the
epitaxial growth conditions are given elsewhere.” Following
is a sequential description of steps involved in the stack of
the different layers constituting the #-LED device structure:
First, on the sapphire substrate was deposited a 30 nm-tick
GaN nucleation layer. Followed by the sequential growth of
a 2 um-tick undoped buffer GaN, next a 3 um-thick Si-
doped n-type GaN layer with doping concentration of 1 ~
5% 10"/cm’. During the growth of the n-type GaN layer, a
super-lattice structure (SLs) of 10 AlGaN/GaN periods
composed of 5.0 nm-thick Alp»GaN and 10.0 nm-thick GaN
(AlGaN/GaN) layers were inserted into the Si-doped n-GaN
epilayer, with a cap of 400 nm thick »-GaN. Next after, 7
periods of 5.0 nm IngesGagesN and 10.0 nm GaN (InGaN/
GaN) pair layers grown to play the role of electron reservoir
layers. Then, four pairs of Iny;7Gags;N/GaN MQWs with
InGaN well 3.0 nm-thick and GaN barrier 7.0 nm-thick.
Finally, a 150 nm thick p-GaN with bicyclopentadienyl
magnesium (Cp2Mg) dopant with a hole concentration of
4.5~6.1 x 10" cm™. After the growth of the epitaxial LED
structure, LED chips of different squared sizes (100 x
100 zm?®, 200 x 200 zm®, 300 x 300 zm*> and 400 x 400
um’) were tailored in mesa shapes using conventional
photolithography and inductively coupled plasma (ICP) dry
etching process. ITO (Indium-tin oxide, transparent conductive
thin film) was used as current spreading layer deposited on
the p-GaN LED surfaces and Cr/Au pads were used as n-
and p-type ohmic contact materials. The complete device
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structure is shown schematically in the inset of Fig. 1. The
electroluminescence (EL) measurements were conducted
with a light-current-voltage (L-I-V) system (LEOS OPI-
150—Optel Precision). The /- leakage current measurements
were performed by using an HP 4156B semiconductor
parameter analyzer. Admittance measurements; C/G as a
function of the bias voltage and frequency (f), were
performed using an HP 4284A precision LCR meter. ac
admittance spectra were recorded for frequencies ranging
from 100 Hz to 1 MHz; the ac test signal amplitude was fixed
at 50 mV. All of the dc I-V and admittance measurements
were carried out in the dark in a low vacuum chamber.
Modulated light emission was measured by using a Topcon
BM7 luminance meter with high precision and high
measurement speed, and a function generator (Tektronix

AFG2021) to supply ac modulation frequency superposed
on dc bias.

3. RESULTS AND DISCUSSIONS

From the /-V measurements the current densities of i+
LED chips of different area size are plotted in linear scale in
the Fig. 1. As shown, a strong size-dependent behavior is
observed in the forward bias at high current injection regime.
The smaller the chip area size the higher the current density
measured under the same applied bias voltage. Such
abnormal behavior of current density dispersion in relation
to the area size in high bias voltage region has been already
observed in different previous works undertaken in the
InGaN/GaN based micro-LED with different area sizes”'***"
and was proposed to be related to a high non-uniformity of
the current spreading in the larger chip area. Figure 2 shows
the electroluminescence spectra measured for the different
M-LED chip area sizes under an injection current of 100 mA.
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Fig. 1. Characteristics of current density versus voltage bias of u-
LED chips with different area sizes. The left-down inset is the J-V
plot in semi-logarithmic scale and the right-up inset is a schematic
diagram of the LED structure.
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Fig. 2. Electroluminescence spectra of #LED chips with different
area sizes under a forward injection current of 100 mA.
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Fig. 3. C-V characteristics of #~LED with different area sizes, the
inset shows the capacitance peaks when the capacitance drops

toward negative values (The ac modulation frequency was fixed at
10 kHz).

The EL intensity increases with ¢-LED chip area size and an
apparent redshift of the emission wavelength is induced
when the chip area size is increased. This wavelength
redshift was justified to be associated with the junction self-
heating temperature rise with the x-LED chip area inducing
bandgap shrinkage.”” Figure 3 shows the capacitance-
voltage dependence (C-V) for different 4~LED chip sizes
under an ac signal of 10 kHz with applied voltage scan
changing from -5 V to +5 V. As is seen in the inset of Fig. 3,
the capacitance increases monotonically from negative
voltage region to positive voltage region following the
Shockley’s semiconductor theory, however it undergoes a
rapid drop down to negative capacitance values once the
applied forward bias goes over turn-on voltage (bias from
which the light emission springs up), this behavior is
unexpected and is in conflict with the Shockley’s theory.
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Notice also that the NC magnitude characteristics show a
size-dependent behavior except the 400 gm x 400 gm LED
chip. Figure 4 shows the capacitance measured at room
temperature (RT) with various modulation frequencies for a
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Fig. 4. Frequency-dependent negative capacitance of a #~LED chip
size of 300 m x 300 ym.
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Fig. 5. (a) Characteristics of normalized capacitance under voltage
scan from reverse to forward bias of ©-LED chips of different area
sizes; (b) Characteristics of normalized conductance of the same
chips at medium and high forward bias regimes. (The ac modulation
frequency was fixed at 10 kHz).

M-LED chip of 300 zm x 300 gm area size. The negative
capacitance drops to deep negative values as the frequency
decreases, as well as when the forward bias voltage increases.
Figure 5a shows plots of the capacitance normalized to the
chip area (normalized capacitance) as function to the applied
bias voltage for the ¢-LED chips of different area sizes. It is
seen that the curves of normalized capacitance overlap well
under low forward bias (inset of Fig. 5a) but deviate to each
other at high voltage region where the capacitance is
negative. As can also be seen, the normalized NC magnitude
value of smaller £~LED chip area size is higher than that of
the larger chip area size under the same large forward bias.
Generally, at the high forward bias voltage, during light
emission, it has been seen that the normalized NC magnitude
decreases as the #LED area size is increased. To give an
explanation to such abnormal dispersion of normalized NC,
an understanding of the NC mechanism and the source from
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Fig. 6. (a) Temperature-dependent negative capacitance of a (~-LED
chip size of 300 #m x 300 um measured under an ac signal of 1 kHz,
the inset shows the temperature independence of negative capacitance
at higher ac signals of 10 kHz, 100 kHz and 1 MHz; (b) G-V charac-
teristics of the same chip measured at different temperatures with dif-
ferent ac signal frequencies (#£.).
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which is stemmed is requested. Nevertheless, the effect of
size dependent self-heating, by which the junction temperature
of a larger #-LED chip size is higher than that of smaller x-
LED chip size under the same current densities,”>” would
result in different charge escapes from MQW and hence the
normalized NC properties would be dependent on the chip
size. Note that the normalized conductance (conductance per
chip area) versus bias voltage (Fig. 5b) at medium and high
forward bias regions showed the same behavior trend as the
current density and the normalized capacitance, an overlapping
of the conductance curves at medium bias and a conspicuous
dispersion at high voltage region. In order to check the effect
of temperature on the NC behavior, Fig. 6a shows the C-V
characteristics of a 300 zm x 300 ym chip device with
temperature changing from —190°C to RT. It is clearly seen
that the NC magnitude undergoes a noticeable increase as
the temperature increases, a similar trend was observed in
other 1-LED chip sizes as well. However, this NC temperature
dependence was observed to take place only at low ac signal
frequency <10 kHz, while for higher frequencies the NC
magnitude was found to be less influenced by the temperature
variation (see inset of Fig. 6a). On the contrary, the
conductance, G, measured in the voltage region where the
NC takes place, showed practically no dependence on the ac
frequency modulation whatever the frequency range, but a
significant G-dependence on the ambient temperatures was
observed (see Fig. 6b).

To study the effect of modulation frequency and dc bias
amplitude on the negative capacitance for the #-LED chips
of different area sizes, Fig. 7 shows a set of measurements of
the variation of absolute normalized capacitance versus
frequency modulation for different chip area sizes under
different dc forward biases of +3.25V, +4V and +5V
corresponding to light emission regime. For the sake of
clarity, the capacitance is represented by its absolute value in
logarithmic scale in which the NC magnitude region is
indicated by symbol (—C) while the normal positive
capacitance by symbol (+C). The transition between these
two capacitance modes is identified with a spike like shape.
As seen for the different chip area sizes and applied dc
biases, the normalized log|NC]| is obvious a low frequency
and decreases almost linearly as the frequency increases,
then after the transition (—C to +C) the normalized capacitance
magnitude evolves in plateau shape-like, as can be seen
almost independently of the chip area sizes. In addition to
the normalized NC magnitude dependence on the chip size
and dc bias strength as has already been seen in C-V
measurements, it is relevant to point out that the spike
frequency was found to be, both, LED chip area size and dc
bias dependent as well. The spike frequency moves to higher
values when increasing either the chip area size or the dc
bias. Furthermore, it is worth to note that the NC magnitude
dependence on frequency could be expressed as a power law
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Fig. 7. Absolute normalized capacitance versus frequency recorded
under different dc bias voltages for #~LED chips of different area
sizes.

function of frequency as has already been found in other
studies.”**

Since the NC effect is shown to take place specifically at
high current injection regime in forward voltage region
where series resistance could have an imminent effect on the
inductive conduction. In fact, a part from the total charge
carriers injected for being recombined in the QW region
could diffuse to the »- and p-type quasi-neutral semiconductor
regions as minority carriers. These carriers can modulate the
series resistances (R,) of p-n semiconductor materials;****!
and hence the R, change would have a palpable influence on
the measured admittance as well as the charge transport
controlling the inductive effect. From this point of view an
extraction of the R, effect on the NC would shed light to
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understand the mechanisms underlying the NC effect.

Given that in our investigated LED structure the doping
density in the n-type region considerably exceeds the doping
of doped p-type region, we can without substantial inaccuracy
state that the p-n junction space charge region (SCR)
completely spreads to the lightly doped p-type base,***! and
hence the narrowed n-type base would be considered as part
of the metallic contact. Such structure can be assimilated to a
metal-insulator-semiconductor (MIS) Schottky diode for
which according to the model presented by Nicollian and
Brews,* the real R, can be determined from the measured
capacitance (C,,) and the conductance (G,) in the strong
accumulation regime. Therefore the measured capacitance
and conductance can be corrected by considering the R,
effects to obtain the real capacitance and conductance values
(C. and G.). We can extract corrected admittance components
using the following relations:

G+ (wC,))C G+ (wC,)’
0 -G @Gy G @Ca
a*+(aC,) @ +(aC,)
where a and R; are given in the following forms:
a=C,~[G,+(aC,)"IRs @
G,
R G)

P GhH(wC,)

Figure 8 depict the corrected normalized capacitance
characteristics of #-LED device with different area sizes as a
function of frequency for dc bias voltages of +3.25V, +4 V
and +5 V at room temperature. In the all frequency range the
normalized capacitance magnitude underwent a perceivable
diminution after the correction, however it is clearly seen
that the corrected capacitances C. in the inductive regime
corresponding to NC do show no more size effect dependence
for the different ¢-LED chip areas. For the all three applied
dc bias voltages the corrected NC in the inductive regime is
still showing the same power law trend as before the
correction; which manifested in a decrease of the normalized
logINC| with frequency increase until the transition to
capacitive regime. In this later regime the normalized
capacitance corrections (C.) are manifested in a large
dispersion and their magnitude levels are shown to increase
as the LED chip area increases. At present we do not have
any conclusive explanation to justify such behavior.
Nevertheless, the non dependence of the normalized NC. on
the chip area size means that the inductive conduction is
homogenous and uniformly distributed through the whole
QW layers where is taking place, as well as similar for all &~
LED device area sizes. Therefore, the normalized NC
dispersion that was seen in low frequency range without
considering the R, effect could be justified by the LED p-n
junction self-heating temperature which is higher for the
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Fig. 8. Absolute corrected normalized capacitance versus frequency
recorded under different dc bias voltages for x#-LED chips of differ-
ent area sizes.

injected current in large area LED device and can generate
an escape of charge carriers from QWs to the semiconductor
quasi-neutral regions.”*" Such charge carrier escape causes
two simultaneous change in the electrical characteristics: 1)
reduces the charge participation in the e-h recombination,
this can be detected during the inductive conduction regime
by a significant decrease in the NC magnitude for #~LEDs
with large area size, 2) enhances R, by the escaped carriers
from MQW considered as minority carriers injected in the
semiconductor quasi-neutral region (see Fig. 9a). As a
matter of fact, it would be acceptable to consider that the
augmentation of R, is responsible for the low leakage current
density measured in large area (~LED as seen in J-V in Fig.

Electron. Mater. Lett. Vol. 12, No. 1 (2016)
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Fig. 9. (a) Energy band diagram configuration at high forward
regime showing R, modulations by charge escape from QWs to
quasi-neutral regions of p-n junction semiconductors, (b) Scheme
configuring the inductive conduction scenario by the presence of
electron and hole in different amount in the well layers due to the dif-
ference of charge carrier mobility. The blue and red solid circles
denote electrons and holes, respectively, and the arrows indicate the
directions of charge-carriers motion.

1. However the low frequency shown in the transition from
the inductive to capacitive behavior for the large area ¢-LED
chip is related to its total chip resistance which is the smallest
compared to the resistance of other small x-LED chip sizes.
Hence, according to the current relaxation for a transient
inductive circuit (z=L/R), the relaxation time domain, in
transiting from inductive to capacitive mode for LED chip
with small resistance, will be larger than the one with high
resistance. This justifies the short inductive frequency
domain range associated to the large area LED (having low
resistance) and the wide inductive frequency domain range
associated to the small area LED (having higher resistance).
Based on these data describing the capacitance dependence
on frequency and dc bias, the NC characteristics (magnitude
and transition frequency) are seeing to be directly connected
to dc bias amplitude, and the log|NC| vs log(f) plots for
different dc biases show parallel slopes, which means that
the inductive phenomenon controlling the e-h recombination
rate is solely frequency dependent. So what could be the
origin of the mechanism of the inductive like behavior?
Bansal et al. in their recent works on NC in AlGalnP
based MQW LED have proposed that the inductive effect is
related to the recombination current flow controlled by the
sub-bandgap defect interaction with QW’s charge carriers.”*”!

However, in our previous study, on the InGaN/GaN based
LED device (similar to the ones investigated in this paper)
by admittance spectroscopy in low and high temperatures for
dc bias amplitudes lower than LED turn-on voltage,”” no
signal related neither to interface states nor bulk defects was
detected. Furthermore, the temperature dependent NC signal
was revealed to be significantly active only in probing
frequency range lower than tens of kilo-hertz (Fig. 6), while
the temperature effect on the response of defect states
located either in bulk or interface of crystal semiconductors
with medium band-gap energy can be detected up to an order
of mega-hertzs.*”! Based on the above experimental results
and analyses, and considering that the current flowing
through the LED p-n junction in light emission regime is
predominantly related to the electron/hole recombination in
the MQW regions, one suggests that the inductive like-
current flow would be basically due to the charge carrier
mobility difference between electrons and holes through the
QW barriers in the active region. As commonly known,
electrons have generally higher mobility than holes, thus the
fast injected electrons admitted in the QW’s conduction band
(causing high amount of electron presence in the well layers)
will recombine with slow admitted holes in the QW’s
valence band (causing small amount of hole presence in the
well layers) (Fig. 9b) in a way leading to an inductive
conduction process stemmed from the e-h recombination
rate dependence on the hole response time. This mechanism
is well supported by the frequency dependence of the
minority carrier’s responses in n and p-type Metal-Oxide-
Semiconductor MOS structures when biased in the inverse
regime. Under the electric field, the hole carrier response in
MOS(n) structure by capacitance measurements was found
to be revealed only in the quasi-static frequency regimes,
while electron carrier response in MOS(p) structure was
revealed even up to MHz range.'*"!

To check the correspondence in behavior between the NC
and the light emission, a direct light output brightness
measurement as function of modulated frequency was
performed. Figure 10 shows modulated light output brightness
frequency dependence for a (~LED device with an area size
of 400 um x 400 gm under a dc bias of +4 V and ac signal
of 100 mV. As can be seen, in the low frequency range the
modulated light output brightness magnitude decreases as
the modulation frequency is increased following a power
law tendency, then stabilizes after reaching higher modulation
frequency range (over tens of kHz). Such behavior coincides
well with capacitance spectrum evolution in light emission
regime (Fig. 7); where the frequency dependent NC part (-C)
corresponds to the modulated light output brightness
magnitude variation with frequency and the quasi-stable
positive capacitance part (+C) corresponds to the quasi-
stabilized light output brightness becoming independent of
the modulation frequency. The correlation between the NC
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Fig. 10. Light output brightness modulated with an ac signal super-
posed to a dc bias of 4 V for a #-LED chip of 400 #m x 400 u4m area
size.

and the modulated light output evolutions proves that the
inductive phenomenon generated in the LED p-n junction
has a direct effect on the charge carrier recombination in the
active MQW region. Accordingly, the model based on the
transient behavior in the rate variation of electron-hole pair
recombination arising from the difference in charge carrier
(electrons and holes) transport in the LED MQW active
region could be a potential mechanism, which needs to be
investigated in details in future works by checking the hole
response time effect on the e-h recombination rate either by
changing the p-type region conductivity with doping or by
inserting a hole supplier layer in the LED structure.
Furthermore, the evident correlation observed in the
correspondence between the NC and the modulated light
emission behavior processes under frequency modulation
effect, demonstrates that the LED efficiency and performance
could be practically investigated only from the NC
characteristics analysis.

4. CONCLUSIONS

In this paper, we have investigated the negative capacitance
behavior through w#LED size effect on the electrical and
optical characteristics performed on InGaN/GaN MQW
LEDs with size ranging from 100 #m x 100 gm to 400 gm x
400 um. Under high forward bias voltages in the light
emission regime, the observed anomalous dispersion of
current density and normalized NC for 4LED of different
size was suggested to be influenced by self-heating temperature
resulting in thermal escape of charge carriers from QWs
active region. Hence, the charge carrier escape has twofold:
1) increasing the p-n junction series resistance by the fact
that the injected carriers are minority carriers modulating the
conductivity of the LED p-n junction semiconductor quasi-

neutral regions which results in a low leakage current as the
MLED area increases, 2) reducing the e-h recombination
intensity which leads to a decrease in the NC signal with the
increase of (-LED area. Correction of the measured NC by
considering the series resistance influence in the admittance
response at high current injection demonstrated that the
normalized NC is independent of the 4~LED area size and
that the inductive process, from which the NC is stemmed, is
uniformly and homogeneously distributed through the whole
M-LED device area. Accordingly, this confirms no existence
of local conduction paths in the investigated #~LED chips
and the observed dispersive behaviors in the current density
and normalized NC were related to self-heating temperature
influence. From the analysis of the electrical and optical
characteristics measured on @#LED of different sizes, a
mechanism explaining the origin of the inductive process
emergence in the LED p-» junction is proposed to be due to
a monotonic e-h recombination rate variation, generated by
mobility difference of charge carriers (electrons/holes) through
the MQW-LED device active region layers. Furthermore,
the observed correlation between the modulated light output
and the frequency dependent NC demonstrates that
admittance characteristics under high forward bias would be
of practical interest for evaluating the LED efficiency and
performance only from the NC characteristics analysis.
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