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Advancing III-phosphide red light-emitting diode performance
through ternary and graded ternary electron blocking layer
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Gallium indium phosphide (GalnP)/aluminum gallium indium phosphide (AlGalnP) red-emitting active region has
been numerically employed and investigated in III-V light-emitting diodes (LEDs) in this work. We have employed ternary
aluminum gallium phosphide (AlGaP) electron blocking layer (EBL) and graded AlGaP EBL (or GEBL) separately in
the red-emitting LED. According to the simulation results, improvements in internal quantum efficiency (IQE), radiative
recombination rate (Ry,q), and carrier concentrations have been observed. Up to 9% decrease in efficiency droop is observed
in red-emitting LEDs with ternary EBLs. Good carrier confinement has resulted in high R.,4 and, thus, increased optical
output. The proposed EBLs may, thus, be adopted due to their high optical output in red-emitting LEDs, particularly for

high current applications.
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1. Introduction

III-phosphide LEDs, especially AlGalnP-based LEDs,
are essential in many fields, including automotive electronics,
illumination, display technologies, and medical therapies.!!=!
AlGalnP is a direct bandgap semiconductor with an energy
bandgap tunable from approximately 1.8 eV to 2.3 eV. Al-
though the bandgap energy of AlGalnP can reach ~ 2.3 eV
(green light), LED efficiency drops sharply in the green-
yellow and green regions due to the band structure becoming
less “direct-like” at higher aluminum concentrations.>*! With
peak internal quantum efficiency reaching 99%, AlGalnP-
based red LEDs exhibit exceptional photon conversion, with
the emitted wavelength determined by the quaternary Al-
GalnP alloy composition.!*>~71 To emit longer wavelengths
(i.e., > 650 nm), AlGalnP heterostructure LEDs need a com-
pressive strain of over 1% in the GalnP active layer. How-
ever, the resulting lattice mismatch causes defects that affect
growth and device properties.®! Due to low p-type conduc-
tivity, AlGalnP devices require large current-spreading lay-
ers, which can be difficult to achieve. It is challenging to
confine electrons in the emission layer due to the relatively
low electron confinement potential provided by AlInP. Asym-
metric p—n junction-induced carrier loss has been identified
as the reason of efficiency droop observed in AlGalnP LEDs
at low current levels””! An extensive analysis of the inter-
nal quantum efficiency (IQE) of red and amber AlGalnP
LEDs has determined that the leakage is caused by insuffi-
cient barrier heights dividing QWs in the active region.[!%1 At
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high injection current levels, p-side electron leakage has also
been reported to be the cause of efficiency droop in AlGalnP
LEDs.!'I=14] To address these challenges, numerous poten-
tial solutions have been suggested by researchers such as the
utilization of optimum quantum well counts!'>! and the use
of a tensile strain barrier layer.['®) Quaternary InGaAIP EBL
in InGaP/InGaAIP multiquantum well red RCLEDs has also
been presented.!'”) AlIGaP quantum barriers have also been
explored in the literature.!'8! EBL engineering has also been
reported to address these challenges.!!°! Furthermore, thermal
analysis of InGaP/InGaAIP multiquantum well LEDs has been

explored in several studies.?%-23]

In this work, we integrate AIGaP EBL and graded Al-
GaP EBL into traditional red-emitting LEDs. We numer-
ically analyze the effect of AlIGaP EBLs on the optoelec-
To the best
of our knowledge, AlGaP EBLs have not been explored in
GalnP/AlGalnP quantum well LEDs. AlGaP lattice compat-

ibility, and band alignment characteristics make it a promis-

tronic characteristics of red-emitting LEDs.

ing choice as an electron blocking layer in AlGalnP-based
LEDs. We believe our results are experimentally reproducible
because AlGalnP/GalnP multi-quantum well (MQW) LEDs
have been successfully grown using MOCVD. >l Moreover,
linearly-graded AlGalnP have been successfully grown using
MBE. 2] Additionally, AlGaP morphology has been investi-
gated using MBE in Ref. [26].
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2. Device structure and parameters

We numerically analyze three LEDs, i.e., LED MI,
LED M2, and LED M3, which are displayed in Fig. 1. The
LED MI is adapted from Refs. [27,28]. In this design, the
The
n-region is made up of 750-nm thick n-AlysIngsP. The ac-

substrate is 300-nm thick and composed of n-GaAs.

tive region comes after the n-region, which has fifteen QWs
Gay 46Ing 54P whose thickness is 8 nm, sandwiched between
the sixteen Alg25Gag.20lng.ssP quantum barriers whose thick-
ness is 15 nm.[>42%-30] The dislocation density for such devices
is reported to be 1 x 107 cm~2.13" The dimensions of the LED
design are 200 um X400 um. The p-region is made up of
750-nm thick p-Alg 5Ing sP. The LED M2 is like the LED M1
except a ternary Algs5Gag4sP EBL of 15 nm to be used as
shown in Fig. 1. The third structure LED M3 has a graded Al-
GaP EBL, in which aluminum is linearly graded between 0.55
to 0.95, accordingly. The graded EBL is 15-nm thick. We em-
ploy SiLENSe™ 6.5.1 simulator for the numerical analysis
of our red-emitting LEDs. The simulator employs Poisson—
Schrodinger and k- p models to simulate the optoelectronic
properties of III-V LEDs and LDs.!*?! The electron mobil-
ity and the hole mobility of 800 cm?/V-s and 141 cm?/V-s
are used respectively. The doping concentrations in p-AllnP
and n-AlInP are 5 x 107 cm™3 and 1 x 10'® cm™3.133] The
three conduction-band valleys (I', X, and L) in AlGalnP are
taken into account for the analysis.!?’-3>341 Recombination
lifetime is 1 x 10~% (in unit of s), the Auger coefficient is
1 x 10730 (in units of cm®/s), the radiative recombination co-
efficient is 1.44 x 1010 (in units of cm3/s), and the band off-
set ratio is 0.65/0.35. Some of the known limitations of the
widely used models utilized in the numerical simulation of
LEDs include assumption of continuous charge distribution,
which may not accurately represent the localized charge trap-
ping or discrete energy states. In the regions of strong elec-
tric fields, additional corrections may be needed to account
for nonlinear effects. The models do not fully capture carrier
screening effects, which can impact recombination rates and
efficiency. Additionally, in strained quantum well structures,
spontaneous and piezoelectric polarization effects can com-
plicate self-consistent calculations.?”-33] The voltage range to
study the characteristics of the LEDs is set to 1 V=5 V.

LED M2
p-contact LED M1
Electron blocking layer (EBL)
p-Al, JIn, P (750 nm) Al Ga, P (15 nm)
,,,,, > LED M3
Gao‘%InO;P/ I?iosszaOZOIno.SSP n—contact\*r Graded electron blocking layer (GEBL)
(8 nm/15 nm) | Al 5509508 45.5P (15 nm)

n-Al In; P (750 nm)

n-GaAs substrate (300 nm)

Fig. 1. Schematics diagram of LED M1, LED M2, and LED M3.

3. Results and discussion

The internal quantum efficiency (IQE) is computed nu-
merically by summing up the radiative contributions from all
QWs in the whole active region using the relation

0
IQE = 2 / Reaa. (1

where J is the current density and Q is the charge. Figure 2(a)
illustrates the IQE of LED M1, LED M2, and LED M3. The
electrons and holes enter MQWSs from the n- and p-sides
respectively where radiative carrier recombination produces
the IQE. The comparatively greater radiative recombination
rate of LED M3 accounts for its improved IQE, according to
Eq. (1). Compared to LED M1 and LED M2, LED M3 (with
graded AlGaP EBL) exhibits a higher peak efficiency with sig-
nificantly less droop. Up to 9% decrease in efficiency droop is
observed in red-emitting LEDs with ternary AlGaP EBLs. The
improved optoelectronic features of LED M2 and LED M3
are attributed to the AlGaP EBL in LED M2, and GEBL in
LED M3.
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Fig. 2. (a) The internal quantum efficiency and (b) the emission intensity at
3 kA/cm? of LED M1, LED M2, and LED M3.

Figure 2(b) displays the emission intensity graph of
LED M1, LED M2, and LED M3 at a current density of
3 kA/cm?. Such high current densities for GalnP/AlGalnP
quantum wells have been reported.>!-*%] The emission spectra
demonstrate that each LED is emitting in the red range with a
peak at ~ 650 nm. In the same manner, emission broadening
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is noted in LED M2 and LED M3. LED M3 has the highest
peak emission intensity among other LEDs. This is due to the
comparatively reduced asymmetric distribution of carriers and
enhanced overlapping of the electron—hole wavefunction in the
active region. The shift from one trap level to another may be
the source of the side peaks in the spectrum.*”] LED M2 (with
AlGaP EBL) and LED M3 (with graded AlGaP EBL) lead to
stronger carrier confinement and carrier injection into the ac-
tive region, resulting in a higher radiative recombination rate
and more intense emission.

The summarized peak efficiencies and efficiency droops
are shown in Table 1.

Table 1. Summarized parameters and corresponding results.

LEDs Peak IQE (%) Droop (%)
LED M1 95.2 13.4
LED M2 96 11.1
LED M3 96.3 94

The imbalance in the transport, confinement, or recom-
bination behavior of electrons and holes in light-emitting de-
vices, is known as carrier asymmetry in semiconductor de-
vices. Carrier asymmetry describes these differences in behav-
ior between the two types of carriers. The electron concentra-
tion profile of LED M1, LED M2, and LED M3 at 3 kA/cm?
is shown in Fig. 3(a).
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Fig. 3. (a) Electron concentration and (b) hole concentration of
LED M1, LED M2, and LED M3 at 3 kA/cm?.
Electrons have a smaller effective mass and are more mo-
bile than holes. Thus, electrons can sweep into the p-region

and contribute to non-radiative recombination in LED M1.[38]
Ternary AlGaP EBL (LED M2) and GEBL (LED M3) im-
prove the carrier distribution in MQWs.
tron confinement leads to increased electron concentration in
the active zone of LED M3 in comparison to LED M1 and
LED M2. As shown in Fig. 3(b), LED M3 significantly im-
proves the hole concentration in the quantum well compared
to LED M1 because the holes are heavy and less mobile in-

Improved elec-

dicating that more radiative recombination occurs. The find-
ings indicate that with the addition of AlGaP EBL and GEBL,
the hole concentration in the active region is higher than in
LED M1.
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Fig. 4. (a) The radiative recombination rate, (b) the electron flux, and (c) the
hole flux versus position graphs of LED M1, LED M2, and LED M3 at
3 kA/em?.

The radiative recombination profiles for LED MI,
LED M2 as well as LED M3 are displayed in Fig. 4(a). Car-
rier asymmetry is reduced which promotes electron and hole
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recombination.®®! Thus, the radiative recombination rate in-
creases in LED M2 and LED M3. Improved carrier confine-
ment results in improved radiative recombination in the active
zone of LED M2 and LED M3. LED M3 exhibits 16% and
3.2% higher radiative recombination rate than LED M1 and
LED M2 respectively. The u-shaped spread of radiative re-
combination rate is due to the asymmetric electron and hole
concentration (as shown in Fig. 3). The u-shape distribution
of hole concentration in Fig. 3(b) dominates the spread of the
radiative recombination rate in the active region.
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Figure 4(b) displays the electron current densities in the
active areas of the three LEDs. The electron flux density repre-
sents electron current distribution. Thus, LED M3 (graded Al-
GaP EBL) has the highest injection and confinement of elec-
trons in comparison to LED M1 and LED M2. Figure 4(c)
shows hole current densities. The lower valence band height
allows the holes to enter effectively into MQWSs in LED M3 as
compared to LED M1 and LED M2. Thus, in LED M3, hole
flux is increased than LED M2 and LED MI1.
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Fig. 5. Energy band diagrams of (a) LED M1, (b) LED M2, (c¢) LED M3, and (d) enlarged valence band diagram versus position plots of LED M1, LED M2,

and LED M3 at 3 kA/cm?.

Figures 5(a)-5(c) show the energy band diagrams for
LED M1, LED M2, and LED M3. For an electron (hole), the
potential barrier height is defined as the difference between the
quasi-Fermi energy level (Eg) and the conduction (valence)
band level, i.e., E; and E,. To reduce the electron overflow,
LED M2 utilizes AlGaP EBL on the p-side of the structure.
The potential barrier heights (Eg—E,) in LED M2 increase with
the use of ternary AlGaP EBL, increasing the concentration of
carriers in the active zone. The ternary AlGaP EBL, therefore,
does a better job of retaining carriers inside the active regions
of LED M2. The ternary AlGaP EBL valence barrier height
in LED M2 also leads to improvement in its hole concentra-
tion. In the figure, LED M3 (graded AlGaP EBL) further re-
duces the valence barrier height and improves hole injection
compared with LED M1 and LED M2. Figure 5(d) shows the
enlarged valence band diagram of LED M1, LED M2, and
LED M3. The effective barrier height energy drops for hole

injection in AlGaP EBLs, as seen in Fig. 5(d), which is advan-
tageous for hole injection. LED M1, LED M2, and LED M3
have valence band and Fermi level differences of 27 meV,
25 meV, and 22 meV, respectively. As a result, the MQWs
can effectively receive holes, improving the performance of
LED M3 over LED M1 and LED M2. The absence of polar-
ization fields in the III-phosphide material provides the com-
paratively flat band profile throughout the MQWs, as shown
in Fig. 5. This flatness indicates effective carrier confinement
within the active zone. The zinc-blende crystal structure of the
[II-phosphides (i.e., AlGalnP and AlGaP) employed in our de-
vice results in low polarization fields.

4. Conclusion

The effects of AlGaP EBLs on III-phosphide LEDs were
examined. LEDs with AlGaP EBLs show a significant reduc-
tion in efficiency droop and produce light at ~ 650 nm (peak).
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We found that adding a ternary AlGaP EBL as well as graded-
composition AlGaP EBL to the traditional LED results in bet-
ter hole injection and device output. Thus, our device engi-
neering and optimization of red AlGalnP-based LEDs exhibit
a promising approach to achieve high performance. We be-
lieve our simpler approach is scalable at the industrial level as
well.
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