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Abstract: In this work, InGaN/GaN light-emitting diodes (LEDs) with
PN-type quantum barriers are comparatively studied both theoretically and
experimentally. A strong enhancement in the optical output power is obtained
from the proposed device. The improved performance is attributed to the
screening of the quantum confined Stark effect (QCSE) in the quantum wells
and improved hole transport across the active region. In addition, the
enhanced overall radiative recombination rates in the multiple quantum wells
and increased effective energy barrier height in the conduction band has
substantially suppressed the electron leakage from the active region.
Furthermore, the electrical conductivity in the proposed devices is improved.
The numerical and experimental results are in excellent agreement and
indicate that the PN-type quantum barriers hold great promise for
high-performance InGaN/GaN LEDs.
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1. Introduction

P-type GaN is a milestone in the development of InGaN light-emitting diodes (LEDS), since the
issues of p-type GaN have been solved [1, 2]. InGaN/GaN LEDs have made tremendous
progress in the past decades, and they are now regarded as the new-generation light-emitting
sources to replace the traditional lamps [3-5]. However, due to the heavy effective mass and low
mobility, a poor transport of holes is identified to be responsible for the undesired hole
accumulation in the quantum well close to the p-GaN side, and thus significantly limits the
device performance. In order to improve the hole transport in the active region, InGaN quantum
barriers with a graded InN fraction was previously proposed to homogenize the hole distribution
[6]. Besides, selectively Mg-doped quantum barriers were found to facilitate the hole transport
in the active region both numerically [7] and experimentally [8]. A thinner quantum barrier
proves effective in homogenizing the hole distribution [9], but the electrons may fly over the
thin quantum barriers without recombining with the holes. Thus, in addition to enhancing the
hole transport, it is also essential to enhance the electron confinement by properly designing the
electron blocking layer (EBL) and the quantum barriers, such as those based on the polarization
matched AlGalnN used as EBL [10, 11] and thin AlGaN or InAIN used as the cap layer for the
quantum barriers [12-14].

On the other hand, LEDs grown along c-orientation experience a strong
polarization-induced electric field [15], which spatially separates the electron-hole wave
functions (i.e., quantum confined Stark effect-QCSE), and thus reducing the radiative
recombination rates of the active region [16-18]. Therefore, to improve the optical matrix
element, staggered InGaN quantum wells [16, 18] and type-ll quantum wells have been
proposed [19-21]. Moreover, ternary InGaN which was utilized as a substrate to decrease the
electrostatic field in the quantum wells has also been investigated [22]. It was also reported that
the QCSE can be screened by Si-doping the quantum barriers [23]. However, this method leads
to a significant blocking of holes in the active region [24]. Thus, in our previous work, we
designed and demonstrated high performance LEDs with Si step-doped quantum barriers, which
effectively suppresses the QCSE in the active region [25]. Though the QCSE could be
effectively suppressed through Si step-doped quantum barriers, the hole injection was still
affected with the introduction of Si dopants in the quantum barriers. In this work, to address this
problem, we have numerically and experimentally investigated LEDs with the PN-type quantum
barriers, which can effectively reduce the QCSE while keeping a better hole transport across the
active region.

2. Experiments

Figures 1(a), 1(b), and 1(c) depict the schematic energy band diagrams of the InGaN/GaN active
region for the devices with the undoped quantum barriers, Si step-doped quantum barriers, and
PN-doped quantum barriers, respectively. The studied devices were grown on c-sapphire
substrates by AIXTRON metal-organic chemical vapor deposition (MOCVD) system. The
growth was initiated on c-sapphire substrates [26]. A 30 nm low-temperature nucleation layer
was grown prior to a 2 um u-GaN layer. The doping profile in the subsequent 4 um thickness
n-GaN layer (Np = 5 x 10*® cm™) was achieved through the diluted SiH,, while Cp,Mg was used
for the p-GaN layer (0.2 pm with the Mg dopant concentration of 3 x 10*° cm™). TMGa and
NH; serve as the precursors for the bulk GaN layer. A 20 nm p-Alg20GaggoN layer was inserted
between the five-period InGaN/GaN multiple quantum wells (MQWSs) and the p-GaN layer as
the electron blocking layer, which was grown under 100 mbar to prevent the parasitic reaction
between TMAI and NHa;. The width of the Ing 15GaggsN quantum wells is 3 nm, for which TMIn
and TEGa were used as the group-111 reaction precursors. We used a growth temperature of 742
°C and 785 °C for the quantum well and quantum barrier growth, respectively. The three devices
only differ from each other in their quantum barrier architecture. Device | is the reference device
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with the undoped GaN as the quantum barriers (12 nm), while N-type step-doped quantum
barriers [4 nm doped thickness with Np = 5 x 10*” cm™ in Fig. 1(b)] were used in Device I
according to our previous work [25]. Device 11 is the proposed design with PN-type quantum
barriers. In order to suppress the Mg diffusion [27], the quantum barriers are selectively doped
by Mg dopants as shown in Fig. 1(c). Specifically, the growth of each PN-type quantum barrier
was divided into three steps under the same growth temperature of 742 °C, while the growth
pressure was kept to be 305 mbar. We grew undoped GaN region for 4 nm first, then Cp,Mg was
supplied to grow the P-type region of 4 nm thickness. The molar ratio between Cp,Mg and
TEGa was 5.26 x 10™*. Lastly, the other 4 nm N-type GaN region was grown by closing the
Cp,Mg supply and opening SiH, supply. The thermal annealing to activate Mg dopants for both
PN-type quantum barriers and p-GaN layer was conducted for 600 sec under 730 °C. However,
because of the large ionization energy of Mg (~200 meV) and the hydrogen-passivation in the
GaN layer, thus, we set the Mg ionization efficiency to 1% in our simulation [28].

C+
—
a) Device I I I I I I I I I I I
| | 1 [ 1 || 1 || | ] |
— <>
GaN quantum In,5GaygsN quantum
barrier (12nm) well (3nm)

LTS 10T em?

<

§ ¥ ¥ ¥
b) Device I1

n=5 10"7cm?
[ ZLLH L CLLEET] pann nng

v v A4 v

¢) Device 111

p=1 10"cm?

Fig. 1. Schematic energy band diagrams of the InGaN/GaN active region for (a) Device | with
the undoped quantum barriers, (b) Device Il with the Si step-doped quantum barriers and (c)
Device Il with the PN-type quantum barriers.

The devices are modeled and systematically simulated using APSYS [25], which
self-consistently solves the Poisson equations, Schrddinger equations and the continuity
equations with the proper boundary conditions. The six-band k-p theory is performed to take
account of the carrier screening effect in InGaN quantum wells [29]. The energy band offset
ratio between the conduction band and the valence band in the InGaN/GaN quantum well region
is set to be 70/30 [30]. In order to consider the crystal relaxation by generating misfit
dislocations, only 40% of the theoretical polarization charge density is assumed [31]. We have
set the Auger recombination coefficient to be 1 x 10~ cm®/s [32, 33]. The Shockley-Read-Hall
(SRH) lifetime for electrons and holes is set to be 43 ns [33]. The Other parameters used in the
simulations can be found in the previous work [34].
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To verify the theoretical results, InGaN/GaN LED chips were fabricated by a standard
fabrication process. The LED mesa (with a chip size of 350 x 350 pm?) was obtained by reactive
ion etch (RIE). Ni/Au (5 nm/5 nm) was deposited by E-beam as the transparent current
spreading layer (TCL) on the p-GaN layer. Ti/Au (30 nm/150 nm) was finally deposited on the
n-GaN layer and TCL simultaneously for metal contacts.

3. Results and discussion

80 A/em’ 80 A/em’

EL Intensity (a.u)

16 A/em’ 16 A/em’

350 400 450 500 550 350 400 450 500 550 350

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 2. Experimentally measured EL spectra for (a) Device I, (b) Device Il and (c) Device Il at
16, 32, 48, 64 and 80 A/lcm?, respectively.

Figures 2(a), 2(b) and 2(c) show the experimentally measured electroluminescence (EL) spectra
at various current density levels for Devices I, Il and 111, respectively. Among the three devices,
the strongest EL intensity is observed from Device Il with the PN-type quantum barriers. The
strong EL intensity is attributed to the improved hole transport across the active region with the
introduction of Mg dopants. In addition, the screening of the QCSE by Si step-doping the
quantum barriers has also increased the radiative recombination rates in the quantum wells,
resulting in a better device performance.

The experimentally measured optical output power and external quantum efficiency (EQE)
for Devices I, Il and 111 are shown in Fig. 3(a). Consistently with the simulated results shown in
Fig. 3(b), Device Il and Device 111 emit more optical power than Device | with Device I11 being
the strongest. For example, the optical power measured for Devices I, 11 and 111 at 150 A/lcm? is
18.29, 24.50, and 31.65 mW, respectively in Fig. 3(a). This translates to a power enhancement
of 33.95% and 73.05% for Device Il and Device I, respectively, compared to Device I. The
simulated optical output power and EQE for Devices I, Il and 111 are shown in Fig. 3(b) which
are in excellent agreement with the experimental results in Fig. 3(a). The simulated results
provide us an insightful understanding on the improvement of the optical power and EQE of the
proposed device. It is found that the screening effect of the QCSE by the Si-doped quantum
barriers is responsible for the improvement observed in Device 11 [25] and partially responsible
for Device Il1. The further improvement in Device |1l comes from the hole transport promotion
by Mg doping the quantum barriers. Through the application of the PN-type quantum barriers,
the energy band structure, hole distribution across the active region, and the electric field profile
have been modified and become favorable for the improvement of the optical output power and
EQE, which will be shown in detail subsequently. It should be noted that although the
experimental and simulated results are generally in excellent agreement, there still exist some
discrepancies in the absolute values and trending details at the low current density levels. These
are due to the uncertainties in the temperature dependence of the parameters used in simulation
such as the Auger recombination coefficient, the SRH recombination coefficient and the thermal
conductivity of the compounds as well as the experimental error at the low current density
levels.
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Fig. 3. (a) Experimental and (b) simulated optical output power and EQE as a function of the
driving current for Devices |, Il and 111, respectively.

Figures 4(a), 4(b) and 4(c) show the calculated energy band diagrams for Devices I, Il and
11 at 40 A/cm?, respectively. It is clearly shown that Device | has the smallest energy barrier
height for holes [Fig. 4(a)]. The effective valance band barrier heights (A®, ) are 840, 716, 625

and 545 meV, respectively, as shown in Fig. 4(a). However, once the quantum barriers are
step-doped with Si in Device Il [see Fig. 4(b)], the effective valance band barrier heights are
increased to 875, 755, 655 and 567 meV, respectively. Although the step-doped quantum barrier
with Si dopants is effective in screening the QCSE [25], the increase in its valance band barrier
height blocks the hole injection into the quantum wells away from the p-GaN layer, and this may
limit the device performance. Fortunately, the hole blocking effect can be relieved in the
PN-type quantum barriers through the introduction of Mg dopants [see Device Il in Fig. 4(c)].
Therefore, the effective valence band barrier heights in the LED with PN-type quantum barriers
are reduced to 845, 719, 627 and 550 meV, respectively.

(@) (b)

598meY 611mey 687meV 623meV 542meV 550meV 553meV S16mev

Ao Ao,

@ 40 Asem’

Quasi-Fermi Level

Energy band (eV)

Energy band (eV)

840meV 716mev 625meV 545mov 875meV 755meV 655meV 567mev

1 L L L A L L L
0.50 0.55 0.60 0.50 0.55 0.60

Relative Position (um) Relative Position (um)

5 T T T
©)

576meV 593meV 588meV 536mev

Energy band (eV)

845meV 719meV 627meV s50mev.

0.50 0.55 0.60

Relative Position (um)
Fig. 4. Calculated energy band diagrams for (a) Device I, (b) Device Il and (c) Device Il at 40
Alem?, along with the effective conduction band barrier height A® ) and the effective valance

band barrier height (A®, ).
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In order to reveal the hole transport for Devices I, 1l and 111 with various quantum barrier
schemes, we have further simulated the hole distribution across the quantum wells, as shown in
Fig. 5(a). Comparatively, we can see that Device | shows the most homogenous hole distribution
across the active region because of the undoped GaN quantum barriers. On the other hand, for
Device I, the holes have difficulty to penetrate across the active region due to its increased
valence band barrier heights. As for Device Ill, since the valance band barrier heights are
reduced through introducing Mg in the quantum barriers, holes are better distributed compared
to Device 1. However, since the ionized Mg in the quantum barriers is assumed to be 1 x 10%’
cm 2 in our simulation, which is still smaller than the Si doping concentration, thus the valance
band barrier height in Device Il is still larger than that in Device I, and we still observe a less
homogenous hole distribution if compared to Device I. Nevertheless, one can also properly
reduce the quantum barrier thickness of Device |11 for an even better hole transport. Separately,
we have examined the radiative recombination rates in each quantum well for Devices I, 1l and
Il numerically, as shown in Fig. 5(b). Although Devices I, Il and Il have the identical hole
concentration in the quantum well that is closest to the p-GaN layer, the excellent screening of
the QCSE with the Si-doped quantum barriers facilitates the strongest radiative recombination
rates in the last quantum well for both Devices Il and 111 [25]. Therefore, the enhanced overall
radiative recombination rates and optical output power have been obtained in Figs. 3(a) and
3(b), respectively. For the rest of the quantum wells that are away from the p-GaN layer, Device
I11 has the better radiative recombination rates compared to Device Il due to the reduced valance
band barrier height by selectively doping Mg in the quantum barriers, and this translates to the
strongest optical output power for Device |11 according to Figs. 3(a) and 3(b), respectively.
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Fig. 5. Simulated (a) hole concentration and (b) the radiative recombination rates for Devices I,
Il'and IlI, respectively.

The leakage current is shown in Fig. 6. We have seen that the leakage current is 62.9%,
61.0% and 56.4% for Devices I, Il and Ill, respectively. The suppressed leakage current in
Devices Il and Il compared to Device | is attributed to the increased overall radiative
recombination rates in the active region [see Fig. 5(b)] [30]. On the other hand, by introducing
Mg dopants in the quantum barriers, the effective conduction band barrier height ( Ad, ) can be

increased for Device 111 when compared to Device Il [see AD, in Figs. 4(b) and 4(c)]. Thus, an

even better electron confinement in Device |11 is obtained once the effective conduction band
barrier height is increased [10, 12], and this can further reduce the electron leakage current
according to Fig. 6.
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Fig. 6. Simulated leakage current for Devices I, Il and Ill, respectively.
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Fig. 7. (a) Experimentally measured and (b) simulated current as a function of the applied
voltage for Devices |, Il and Ill, respectively.

The measured and simulated current as a function of the applied bias for the LED chips are
demonstrated in Figs. 7(a) and 7(b), respectively. It can be seen from Figs. 7(a) and 7(b) that
Devices Il and 11 exhibit a substantial improvement in their electrical performance compared to
Device I. The enhanced on-state current is due to the improved electron transport in Devices |1
and 11 both with Si-doped quantum barriers. The Mg-doping in the quantum barriers for Device
I11 also helps to enhance the hole injection and thus Device Il has a slightly better electrical
performance than Device Il both from experiment and simulation. Furthermore, the strong
radiative recombination current helps for a better electrical conductivity.
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Fig. 8. (a) Electric field profile under equilibrium and (b) distribution of the electron and hole
wave functions in the quantum well closest to the p-GaN layer for Devices I, II, and Ill,
respectively. The positive direction of the electric field in (a) is along the growth orientation, i.e.,
C*-orientation.

According to Fig. 5(b), the quantum well closest to the p-GaN layer contributes most to the
radiative recombination, and thus it is worth studying the electric field within it through the
theoretical simulation. We have shown the electric field profile for the last quantum barrier
(@B)-quantum well (QW) pair under the equilibrium in Fig. 8(a). It can be seen that the electric
field within the QW is reduced in both Devices Il and 111 compared to Device I. The reduced
electric field in the QW is due to the screening effect of the QCSE by the ionized Si dopants and
the electrons diffusing into the QW, as has been reported by our previous work [25]. The QW
electric field in Device Il is slightly larger than that in Device Il, which is due to the Mg
compensation effect to the Si dopants in the quantum barrier. The carrier wave functions at 40
Alcm? are demonstrated in Fig. 8(b) for Devices I, Il and 111, respectively. As has been reported
in our previous work [25], a reduced electric field in the quantum well enhances the
electron-hole overlap level (I'e.1). Hence, the calculated ey, is 30.83%, 33.13% and 32.87% in
Fig. 8(b) for Devices I, Il and I11, respectively. It can be seen that PN-type quantum barrier is
less effective in screening QCSE if compared to Si-step-doped quantum barrier. Nevertheless,
the improved hole transport promotes the radiative recombination and thus the optical power
and EQE have been significantly enhanced. It should be noted that the existence of the
Mg-Si-doped quantum barrier as shown in Device Il will gives rise to a built-in PN-junction
which is reversely biased when the device is forwardly operated. However, this reversely biased
PN-junction will not result in a large electrical resistance, since the ionized Mg dopants in the
quantum barriers is 1 x 10*” cm™ with a 4 nm thickness while the Si doping concentration is 5 x
10" cm® with a 4 nm thickness, and hence the P-doped region in the quantum barriers is fully
depleted and the quantum barriers will be in a reach-through mode [35]. As a result, any
increased bias can promote a high current flow.

Besides, it is noteworthy that we have utilized four PN-type quantum barriers in this work,
however, the number of PN-type quantum barriers and the Mg-doped position in each quantum
barrier can be further optimized. By doing so, the possible Mg diffusion from the PN-type
quantum barriers into the quantum wells can be further suppressed. Meanwhile, considering the
compensation effect to the Si-doped position by those diffused Mg dopants in each quantum
barrier, the Si dosage and Si-doped thickness can also be properly increased.

4. Conclusions

In conclusion, the InGaN/GaN LED with PN-type quantum barriers is proposed and
investigated both numerically and experimentally in this work. Substantial enhancement of the
optical output power has been achieved, which is due to the screening of the QCSE by Si doping
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and the promoted hole transport across the multiple quantum wells. The PN-type quantum
barrier is favorable for the more homogenous distribution of holes and radiative recombination
rates across the whole active region in the proposed device, yielding a better LED performance.
In addition, the increased effective conduction band barrier height in the proposed PN-type
quantum barriers further suppresses the electron overflow, which further improves the LED
performance. As a result, the proposed PN-type quantum barriers theoretically and
experimentally prove to be very promising for high-performance LEDs.
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