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ABSTRACT

We fabricated GaN-based blue resonant-cavity light-emitting diodes (RCLEDs) by inserting InGaN quantum well (QW) active region between two dielectric dis-
tributed Bragg reflectors (DBRs). Due to the different gain enhancement factors in a single device, multi-longitudinal modes were observed and tuned with changing
the injection current density: pure-blue (PB) at low current density, violet-blue (VB) at intermediate current density, and PB again at high current density. The
variation of emission spectra is explained by the competition between band-filling effect and self-heating effect.

1. Introduction

II-nitrides (GaN, InGaN, and AlGaN) have attracted an increasing
interest since they are applicable to visible and ultraviolet optoelec-
tronic devices [1-3]. GaN-based light sources including light-emitting
diodes (LEDs) and laser diodes have already been commercialized and
are widely applied in displays and lighting [4]. Recently, GaN-based
microcavity light emitters such as resonant-cavity LEDs (RCLEDs) and
vertical-cavity surface-emitting lasers (VCSELs) have attracted a lot of
attention [5-10]. Compared with conventional LEDs, RCLEDs are
characterized by several advantages such as high spectral purity, better
emission directionality, etc. These advantages make it a potential can-
didate for applications such as in plastic fiber communications, mobile
projectors, and free-space visible light communications [7]. In general,
the structure of RCLEDs consists of two mirrors and quantum well (QW)
layers for light generation. The spontaneous emission can be modified
when the light emitting medium is placed inside a cavity, which is
known as cavity effect [11]. However, although GaN-based RCLEDs
have already been demonstrated with obvious cavity effect in the
emission spectrum [5], less effort was made to study the mechanisms of
spectral dynamics. Understanding the photon emission mechanisms is a
key issue for further developing such optoelectronics devices.

In this work, we report the spectral tuning of blue RCLEDs. Due to
the resonant cavity enhancement, the multi-longitudinal modes to re-
sonate in the cavity with different gain enhancement factors were
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divided into two color groups, pure-blue (PB) and violet-blue (VB). By
varying the current densities, the output wavelength can be tuned be-
tween PB and VB emitting regions. Band-filling effect and self-heating
effect play dominant roles at low and high injection current densities,
respectively.

2. Material and methods

The epitaxial layers of the devices were grown on a c-plane (0001)
sapphire substrate using metal organic chemical vapor deposition
system. The active region consisted of two layers of InGaN (2.5nm)/
GaN (6nm) QWs and shows an emission peak at 445nm by photo-
luminescence (PL), as shown in Fig. 1(a). Fig. 1(b) shows the schematic
diagram of the device. To fabricate the device, an disk-shape ITO cur-
rent spreading layer with a diameter of 10 um and a SiO, current
confinement layer were formed on the p-side wafer surface. The sap-
phire substrate was removed using laser lift-off after plating a thick
copper layer on the surface. The bottom (13.5-pair TiO,/SiO-) and top
(12-pair TiO,/Si05) dielectric distributed Bragg reflectors (DBRs) have
a reflectivity of more than 99% at the center wavelength of 440 nm. The
devices were separated by ICP etching and Cr/Au was used for both p-
and n-type electrodes.
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Fig. 1. (a) Measured PL spectrum of the InGaN QW sample excited by a 355 nm
laser at 300K and calculated reflection spectrum of the designed microcavity.
(b) Configuration structure of the RCLEDs.

3. Results and discussion
3.1. Optical properties measured by room temperature electroluminescence

The simulation result of the reflection spectrum of the whole
structure is also shown in Fig. 1(a). Because of the relatively long
cavity-length and wide 150 nm DBR stop band, there are several cavity
modes locating in the QW emission range. Fig. 2 presents the room
temperature (RT) electroluminescence (EL) spectra measured from a
device under different injection current densities. Seven cavity modes
were observed in the measurement, which is consistent with the cal-
culated result in Fig. 1(a). The cavity length calculated from the mode
spacing is about 21\.. The gain of the active region is “channeled” into
the cavity modes, which can greatly improve the spectral purity. Under
the current density of 0.13kA/cm?, only two cavity modes at 454 nm
and 465 nm are dominated. As the current density increases to 13 kA/
cm?, two modes at 424 nm and 433 nm are pronounced since much
more carriers can be filled in high energy states. As the current density
further increases to 51 kA/cm?, the emission peak is tuned back to PB
again with a small red-shift due to the heating effect.

It is known that the carrier transport among deep and shallow lo-
calized states in QWs play an important role for spontaneous emission
[12,13]. To explain the observed spectral variation with injection le-
vels, a localization model is proposed, as shown in Fig. 3. At low current
densities, carriers are mainly distributed in the deep localized states due
to the stronger localization and quantum confinement effect (QCE). For
intermediate current densities, the carrier concentration is much
higher. The band-filling effect occurs and more carriers can occupy
shallow localized states, leading to a blue-shift. At high injection cur-
rent densities, the carriers in the shallow localized states are thermally
excited over the potential barrier. As a result, the emission returns back
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Fig. 2. EL spectra of the RCLED measured at three different current densities:
(a) 0.13, (b) 13 and (c) 51 kA/cm?, respectively.

Fig. 3. Schematic diagrams indicating the possible processes of carriers trans-
ferring in the QWs at different injection levels. The carrier distributions at low
current density, intermediate current density, and high current density are
shown in (a), (b) and (c), respectively.

to the deep localization centers, appearing as a red-shift. This is dif-
ferent from our previous report where quantum dots (QDs) active re-
gion was adopted [14]. In Ref. 14, band filling or carrier accumulation
was the dominant mechanism of spectral tuning.
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Fig. 4. Integrated EL intensity of VB, PB and total emission regions as a function
of injected current density in logarithmic scale.

To further investigate the different components of the EL spectra,
we divide the cavity modes into two groups: the cavity modes at 415,
424 and 433 nm are defined as VB region, while the modes at 454, 465
and 478 nm are defined as PB region. The integrated intensity of VB and
PB regions versus injection current density is shown in Fig. 4.

In general, the collected EL intensity is proportional to the injected
current density with the power law [15].

L xJP (@)

where L is the integrated EL intensity, J is the current density, and P
physically reflects the various recombination processes. Superlinear
zone (P > 1 or < 1) and linear zone (P ~ 1) were observed with the P
values were indicated in Fig. 4. Under small injection current densities
(J < 0.04kA/cm? for PB and J < 0.1kA/cm? for VB), superlinear
dependence of intensity on current density is observed for both emis-
sion bands, which suggests that the defect-related nonradiative re-
combination plays an important role in the low injection levels. For
deep localization states, however, the better carrier localization in-
dicates the unimportance of defect-related nonradiative recombination,
resulting in a higher emission intensity in the PB band. At higher in-
jection current densities, deep localized states, corresponding to PB, are
saturated due to their smaller density of states, and more carriers can be
captured by shallow localized states, corresponding to VB [12]. The
almost linear dependence of the emission intensity for VB from 0.2 to
10kA/cm? indicates excitonic emission with saturation of defect-re-
lated centers. For PB region, however, the sublinear (P = 0.47) de-
pendence at the same current density range is attributed to the ap-
pearance of the new nonradiative recombination, the Auger
recombination caused by the higher carrier density, since the prob-
ability of Auger process increases strongly with decreasing energy band
gap and it is more dominant at high injection levels [16,17]. Gradually,
the intensity of VB exceeds that of PB. With further increasing current
density (J > 10kA/cm?), the heating effect plays an important role in
the device characteristic. The negative P value (—0.44) indicates that
the intensity of VB region gradually decreases, which can be explained
as temperature-induced carrier escape from the shallow localization
centers [16]. Since the increase of sample temperature, a redshift of the
emission peak is also expected due to the temperature-induced bandgap
shrinkage [18]. As a result, the PB emission becomes stronger again.
Meanwhile, due to the thermal expansion of the cavity, the resonance
mode also showed shift slightly to longer wavelength. For reference, the
total integrated EL intensity is also provided in Fig. 4. The behavior is
influenced by carrier dynamics in deep and shallow localized states.
The relative quantum efficiency of the device can be defined as
integrated EL intensity divided by injection current density. In Fig. 5,
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Fig. 5. Relative quantum efficiency of VB, PB and total emission regions as a
function of the injected current density plotted using a logarithmic scale on the
X axis.

the relative quantum efficiency versus current density is compared for
the VB and PB regions. For PB region, the quantum efficiencies increase
monotonically from low current density, reach a maximum at
~0.04kA/cm?, and then decrease monotonically. The increase in
quantum efficiency below 0.04 kA/cm? is attributed to the more rapidly
increasing radiative recombination rate relative to the defect-related
nonradiative recombination rate. The decrease in quantum efficiency
above 0.04 kA/cm? is attributed to Auger recombination of the injected
carriers as could be gleaned from the discussion we have above. For VB
region, the efficiency degradation is also observed while the rollover
current density is ~3 kA/cm?, much higher than PB region. The higher
rollover current density could be attributed to the bigger density of
states of shallow localized states. Auger recombination also takes effects
in VB region at a much higher current density although the P value
shows no significant decrease in Fig. 4. In addition, when the current
density is higher than 10kA/cm?, a faster quantum efficiencies de-
crease rate in VB region is caused by the initiate of the temperature-
induced carrier escape. Overall, the relative quantum efficiency of the
total emitting region is mainly affected by carrier dynamics in PB region
(deep localized states).

3.2. Carrier dynamics by time-resolved photoluminescence

Time-resolved photoluminescence (TRPL) of the devices without top
DBR was also measured at RT to clarify the carrier dynamics within the
QW, as shown in Fig. 6. The decay curves of VB and PB regions exhibit
two obvious decay stages, which are relatively faster in the early stage
and slower in the extended range. The decay curves can be well fitted
with a double exponential function [19]:

I(t) = Bie™"/71 4 Byet/m (&)

where t; and 1, represent the carrier lifetime in the fast and slow decay
stages, respectively. The obtained fitting results are listed in Table 1.
In general, the carrier lifetime is affected by the carrier re-
combination (radiative and noradiative recombination of carrier) and
escape. For the TRPL of the samples without cavity, the fast decay stage
is mainly due to the carriers transfer from high-energy side to low-en-
ergy side [20]. t; of low-energy side is longer than that of high-energy
side. However, in this study, the samples with half-cavity shows an
extremely fast decay due to the cavity effect [21,22]. Both fast and slow
decay stage in device with half-cavity are mainly due to the carrier
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Fig. 6. TRPL curves of two emission regions.

Table 1
Carrier lifetimes at two emission regions.

Emission region VB PB

7y (ns) 0.29 0.14

T, (ns) 2.73 4.07
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Fig. 7. The reflective index distribution of the InGaN QW RCLED and the op-
tical field distribution for the seven cavity modes. The position of active region
is filled with slant lines.

recombination, and the carrier lifetime can be expressed as [20].

+
Tr Tnr 3)

where 1/t and 1/1,, represent the radiative and nonradiative re-
combination rates, respectively. Nonradiative recombination plays an
important role at RT. In this modal, the two decay stages at different
regions can be explained as follows: Just after the pulse excitation,
where the carrier density is high, defect-related nonradiative centers
are saturated. Since the deep localized states have the smaller density of
states, Auger recombination caused by the high carrier density is
dominant at low-energy side. Thus, t; of low-energy side (PB region) is
shorter than that of high-energy side (VB region), which is opposite to
the samples without cavity. With the time going on, carrier density
decreases. The defect-related noradiative recombination is dominant.
Because of the stronger localization effects of deep localized states, the
influence of defects becomes less important, resulting in a longer carrier
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Table 2
Gain enhancement factors of seven cavity modes.

Wavelength (nm) 414 424 434 443 454 464 476

T 1.1 1.61 1.01 0.15 0.44 1.41 1.52

lifetime (t5) in low-energy side. On the other hand, high-energy side is
characterized by a shorter carrier lifetime. Such an argument is con-
sistent with the results shown above at high and low injection currents.

3.3. Gain enhancement factor of emission modes

In Fig. 6, the standing wave patterns of the emission modes are
calculated by the transfer matrix method. Different longitudinal modes
have different gain enhancement factors (I';}) depending on the dis-
tribution of the optical standing waves [14]. The gain enhancement
factor, defined as the optical density in the active layer normalized to
that in the cavity, is given by Ref. [23].

L[ |EQPdz
 dof) E@Pdz )

where L, d,, E(z) are the cavity length, thickness of the active region
and optical field standing-wave pattern, respectively. The mode en-
hancement/suppression observed in EL spectra is attributable to the
relatively high/low gain enhancement factor which can be inferred
from the overlap between the active region and the standing-wave field
of the seven modes, as is illustrated in Fig. 7. T'; of seven cavity modes is
also calculated, as shown in Table 2. I, varies in the range of 0-2 for
different modes inside the cavity. A small gain enhancement factor of
0.15 is the main reason why the mode at 443 nm is always suppressed
at different injection currents although the gain is the highest. Finally,
together with the variation of gain, emission spectra of the RCLED
could be tuned among the well coupled mode at different injection
current densities.

r

4. Conclusion

In summary, we have fabricated GaN-based blue RCLEDs using
InGaN QWs active layers. With increasing the injection current density,
the emission is featured with three distinct evolution periods. This be-
havior was explained as a result of carrier accumulation and thermal
activation over different localization states. The control of the gain
enhancement factor for resonant cavity and the current may become an
innovative approach for the mode selection. This study provides a new
idea for the fabrication of color tunable devices with GaN-based QW
active regions.
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