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ABSTRACT

Differential carrier lifetime measurements were performed on c-plane InGaN/GaN single quantum well (QW) light-emitting diodes (LEDs)
of different QW indium compositions as well as with and without doped barriers. Mg-doped p-type and Si-doped n-type barriers close to the
QW were used to reduce the net internal electric field in the QW, thereby improving the electron–hole wavefunction overlap on the LEDs.
LEDs with doped barriers show short lifetimes and low carrier densities in the active region compared to the reference LEDs. The recombina-
tion coefficients in the ABC model were estimated based on the carrier lifetime and quantum efficiency measurements. The improvement in
the radiative coefficients in the LEDs with doped barriers coupled with the blueshift of the emission wavelengths indeed indicates an
enhancement in wavefunction overlap and a reduction of quantum confined Stark effect as a result of the reduced internal electric field.
However, doped barriers also introduce non-radiative recombination centers and thereby increase the Shockley–Read–Hall (SRH) coefficient,
although the increment is less for LEDs with high indium composition QWs. As a result, at high indium composition (22%), LEDs with
doped barriers outperform the reference LEDs even though the trend is reversed for LEDs with lower indium composition (13.5%). Despite
the trade-off of higher SRH coefficients, doped barriers are shown to be effective in reducing the internal electric field and increasing the
recombination coefficients.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0117318

Polarization-induced electric fields in c-plane InGaN/GaN quan-
tum wells (QWs) are deleterious to the light-emitting diodes (LEDs),
especially for emitters with high indium composition. For the most
common Ga-polar c-plane LEDs with p-side-up geometry, the
polarization-induced electric field in the QW is much larger than the
opposite p–n junction electric field, resulting in a large net internal
electric field in the QWs. This causes reduced overlap of the electron
and hole wavefunctions,1–4 decreasing the recombination coefficients
that relate to the internal quantum efficiency (IQE) of the LEDs
through a simple ABC model: IQE ¼ Bn2=ðAnþ Bn2 þ Cn3Þ, where
n is the active region carrier density andA, B, and C are the coefficients
for Shockley–Read–Hall (SRH), radiative, and Auger recombination,
respectively. While some compensation occurs between the decreases
in radiative and non-radiative coefficients in determining the maxi-
mum IQE,5 the decrease in all recombination coefficients leads to
higher n at a given current density and, thus, the onset of efficiency
droop at lower current densities.

Theoretical and experimental efforts have shown that it is possi-
ble to reduce the internal electric fields in the c-plane InGaN/GaN
QWs through the use of doped barriers.6–10 Placing heavily doped p-
and n-type GaN barriers close to the QW leads to an increase in the
p–n junction electric field, which counteracts the opposite
polarization-induced electric field in the QW, resulting in a smaller
net internal electric field. The technique has been employed in thick c-
plane single QW LEDs, where thick QW (9nm) LEDs with low effi-
ciency droop were demonstrated.10 In this paper, doped barriers were
used in thin QW (3nm) LEDs with different indium compositions.
Small-signal measurements were performed on the LEDs under elec-
trical injection to extract the differential carrier lifetimes. Both electri-
cal and optical responses were measured simultaneously to account
for the carrier transport effects in the LEDs.11 Coupled with the quan-
tum efficiency measurements, the recombination coefficients of the
LEDs were calculated to understand the effects of doped barriers on
the LEDs.
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The samples were grown by metalorganic chemical vapor deposi-
tion (MOCVD) on c-plane patterned sapphire substrates (PSSs). The
epitaxial structure was similar to that of the LEDs reported previ-
ously,10 which began with a 2lm thick unintentionally doped (UID)
GaN template layer, a 2lm n-GaN layer, a 20-period n-In0.04Ga0.96N/
GaN 2.2 nm/4.5nm superlattice, and a 30nm n-GaN layer. The
undoped InGaN single QWwas capped by a 2nm undoped GaN layer
and sandwiched either between a 12nm n-type GaN barrier
([Si]¼ 1.5� 1019 cm�3) and a 10nm p-type GaN barrier ([Mg]¼ 1.7
� 1019 cm�3), or UID GaN barriers of the same thicknesses. The
structure was then ended with a 26nm p-Al0.10Ga0.90N electron block-
ing layer (EBL), a 100nm p-GaN, and a 10nm pþ-GaN contact layer.
InGaN QWs with three different compositions (13.5%, 16%, and 22%)
were grown, and the corresponding LEDs were denoted as LED-V,
LED-B, and LED-G, according to their violet, blue, and green light
emission, respectively. For every indium composition, two LEDs were
grown: one with and the other without doped barriers. These two
LEDs have a suffix of “D” (doped) and “R” (reference), respectively
[e.g., LED-BD and LED-BR correspond to the blue LEDs ([In]¼ 16%)
with and without doped barriers, respectively].

The samples were processed into devices of two sizes. The larger
devices (0.1mm2 active area) were mounted on silver headers, wire
bonded, and encapsulated in silicone to improve the light extraction
efficiency (LEE). The packaged devices were tested in a calibrated
integrating sphere from 1 to 400A/cm2 to determine the external
quantum efficiency (EQE). Pulsed conditions (3%–5% duty cycle with
10 ls pulse widths) were used for testing above 50A/cm2 to minimize
heating. The IQE of the LEDs was estimated by assuming a light
extraction efficiency (LEE) of 80% based on ray tracing simulations12

(i.e., IQE ¼ EQE=LEE). Smaller devices with circular mesas (40lm
diameter) were used for differential carrier lifetime measurements.
During the measurement, a small-signal voltage (100mV) from a net-
work analyzer (PNA-X N5247A) was added to a DC bias using a bias
tee and then applied to the LEDs using a RF probe (ACP40-GS-50).
The small-signal frequency was swept from 10 to 500MHz. The mod-
ulated output light was then collected using an optical fiber and fed
into a high-speed silicon photodetector (UPD-200-UP). Following
this, the signal was amplified by a low noise amplifier and sent back to
the network analyzer. To account for the frequency response of the
photodetector and amplifier, the response was measured separately by
a high-speed laser and subtracted from the response of the LEDs.
Differential carrier lifetimes of the LEDs were then obtained by fitting
the input impedance [Fig. 1(a)] and modulation response [Fig. 1(b)]
of the LEDs using a rate equation-based recombination model
described in Ref. 11.

We first compare the measured EQE of the six LEDs, as shown
in Fig. 2(a). At the low indium content of 13.5%, the LED with doped
barriers (LED-VD) has lower efficiency than the reference LED (LED-
VR). This is because the doped barriers also introduce defect-related
non-radiative recombination centers (NRCs), which enhance the non-
radiative recombination coefficient.7,10,13,14 However, the increasing
indium content reduces the EQE difference between LEDs with and
without doped barriers. Although LED-BD has a lower peak EQE
(36%) than the reference LED-BR (which has a peak EQE of 45%), it
has higher EQE at high current densities (>100A/cm2). For the high-
est indium content in this study (22%), with doped barriers, LED-GD
has higher efficiency than its counterpart (LED-GR) regardless of

FIG. 1. (a) The real and imaginary parts of the input impedance and (b) the modu-
lation response of LED-BD at 200 A/cm2. Black dots and lines: experimental data;
red lines: model.

FIG. 2. (a) External quantum efficiency and (b) EL peak wavelength vs current den-
sity of the LEDs with (VD, BD, and GD) and without doped barriers (VR, BR, and
GR).
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current densities. It seems that the higher NRCs, due to the doped bar-
riers, impact the LEDs with high-composition QWs less than that with
low-composition QWs.

The dependence of the electroluminescence (EL) peak wave-
lengths on the current density is shown in Fig. 2(b). As expected,
LEDs with doped barriers have shorter emission wavelengths due to
the reduced quantum confined Stark effect (QCSE) from reduced
internal electric fields. On top of that, they also exhibit smaller varia-
tion in wavelengths with respect to the current density due to the
reduced internal electric field to be screened by injected carriers, con-
sistent with previous results.7,10

Figure 3(a) shows the dependence of the differential carrier life-
time of the LEDs on the current density. For the same indium content,
the lifetimes of LEDs with doped barriers are approximately 50%
shorter than that of the reference LEDs. It is possible that shorter life-
times can solely be due to the higher SRH coefficient as a result of
defects introduced by the doped barriers. However, as we shall see in
the subsequent analysis, the shorter lifetimes are the combination of
both higher radiative and non-radiative recombination coefficients in
the LEDs with doped barriers.

With differential carrier lifetime (s), the carrier density (n) can
then be determined using the following integral:5

n ¼
ðG
0

s dG; (1)

where G ¼ ðJ=qhÞ, J , q, and h are the total generation rate, current
density, electron charge, and active region thickness, respectively.
Although the evaluation of n requires s at zero current density (s0), in
actuality, s can only be measured down to a minimum current density.
Thus, the usual procedure is to extrapolate s and assume s to be con-
stant at low current density where SRH-dominated regime is reached.
Unfortunately, s did not plateau even at the smallest current density in
the measurement. Instead, n was calculated by choosing s0 to be s
measured at the lowest current density (5A/cm2 in this study). Since
the actual s0 should be higher than the value used in the calculation,
the calculated n can be seen as the lower bound of the actual values.
Figure 3(b) shows the calculated n of the LEDs. As expected, LEDs
with doped barriers also have a lower n at a given current density due
to the shorter s.

At steady state, G is also the total recombination rate. After sepa-
rating G into a radiative rate (GR ¼ G� IQE) and a non-radiative
rate [GNR ¼ G� ð1� IQEÞ�, the recombination coefficients in the
simple ABC model, namely, the SRH (A), radiative (B), and Auger (C)
coefficients, can then be estimated following the work of David
et al.5,15 Three recombination quantities were calculated: GNR=n,
B ¼ GR=n2, and C ¼ GNR � Anð Þ=n3; where A is the value of GNR=n
at low current density where the Auger recombination is negligible
because of its n3 dependence. On top of the standard non-radiative
SRH recombination and Auger recombination, there could be other
possible non-radiative recombination mechanisms. Trap-assisted
Auger recombination (TAAR) has been observed by electron emission
spectroscopy16 as well as forward-bias photocurrent measurement17

and was invoked as a source of green gap by David et al.15 However,
we do not have an independent way to introduce defects in otherwise
identical structures in this study as the introduction of doped barriers
not only increases the NRCs but also enhances the wavefunction over-
lap. Since it is difficult to decouple the TAAR effect from the other
recombination processes in the ABC model, we do not consider
TAAR in this study.

The three calculated quantities are shown in Fig. 4 as functions of
n. The quantity GNR=n has been commonly reported to converge to a
constant value at low current densities, which should be equal to their
SRH coefficient A.18,19 In Fig. 4(a), GNR=n decreases with decreasing n
and shows signs of convergence. The values at the lowest n are
assumed to be the SRH coefficients. (While more data points at lower
n should improve the accuracy of the SRH coefficients, it should not
change the conclusion of the subsequent analysis.) In Figs. 4(b) and
4(c), the radiative and Auger coefficients B and C are carrier depen-
dent as reported in similar experiments.18,20,21 An enhancement of B
at low n and high n, which can be explained by Coulomb interaction
and free carrier screening, respectively, is observed for all LEDs.20 A
reduction in B at high n due to phase-space filling has also been
reported in literature,19 but it is not noticeable here except in LED-VD
where a slight reduction in B can be observed at high n. In most LEDs,
the enhancement of B as a result of free carrier screening at high n pos-
sibly counteracts the phase-space filling effect.18 There is a significant
correlation between the B and C as functions of carrier density, the In
content, and the presence or absence of doped barriers since the wave-
function overlap affects both recombination processes.21,22 The values
of B and C are averaged over the measured range and are shown in the
inset of Fig. 4(c). We found that the increase in B is accompanied by
an increment of C similar to what was reported in Ref. 21.

FIG. 3. (a) The extracted differential carrier lifetimes and (b) carrier density from
Eq. (1) vs current density of the LEDs.
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In Fig. 5, A and the average values of B are also plotted as a func-
tion of indium composition. (Note that B is a carrier-dependent quan-
tity. Here, the average values of B are used for ease of comparison
between different LEDs in this study.) As seen in Fig. 5(b), B decreases
with increasing indium composition. This is expected as the higher
polarization-induced electric field in higher indium composition QW
results in an even smaller wavefunction overlap, which, in turn, leads
to a reduced radiative transition rate. Most importantly, the presence
of doped barriers in the LEDs leads to higher radiative coefficients,
where an enhancement of four to five times was observed. The higher
radiative coefficients are strong indicators that doped barriers lead to
reduction in internal electric fields in the QWs, which is their desired
effect.

As mentioned above, doped barriers also introduce NRCs, which
lead to a higher detrimental SRH coefficient. Higher A, indeed, is
observed for all LEDs with doped barriers. The work to identify the
defects responsible for the more numerous NRCs is in progress with
Mg-related defects as one of the candidates. It is also known that SRH
recombination shows strong dependence on wavefunction over-
lap.22,23 The improved wavefunction overlap in LEDs with doped bar-
riers further exacerbated the non-radiative SRH recombination.

However, the increase in A is observed to be smaller with increasing
indium composition (5.5 times and 1.6 times higher for violet and
green LEDs, respectively). This is not surprising as it was reported that
in high-composition QWs, the overlap dependence of SRH coefficients
is less pronounced possibly due to a change in the physics governing
SRH recombination.15 Additionally, even without the doped barriers,
since NRCs increase with increasing indium composition,24 the addi-
tional NRCs from the doped barriers contribute to a smaller fraction
of the total NRCs in the QW with higher indium composition. As
such, the penalty associated with the doped barriers is less severe for
high-composition QWs. This explains the observed EQE trend, where
the LED with doped barriers outperforms the reference LED at high
indium composition.

In general, the beneficial enhancement in B is accompanied by the
unwanted increase in the non-radiative coefficients A and C partly due
to the similar overlap dependence of these non-radiative recombination
processes. Nonetheless, the larger recombination coefficients result in a
decrease in n at a given injected current density, as shown in Fig. 3(b).
The reduced n should delay the efficiency droop onset to higher current
densities5,7 although only slight improvement in efficiency was observed
for LED-BD and LED-GD at high current densities.

The shorter carrier lifetimes or faster recombination dynamics in
LEDs with doped barriers also enhances their modulation bandwidths,
making them suitable for high-speed applications in visible light com-
munication (VLC). 3-dB bandwidths of 284, 265, and 347MHz were
demonstrated by LED-VD, LED-BD, and LED-GD, respectively, at
400A/cm2, whereas the bandwidths of the reference LEDs are around
165 to 206MHz at the same current density (see the supplementary
material for more information).

A major drawback in employing doped barriers in LEDs is the
blueshifted emission wavelengths. The reduction in the internal elec-
tric field leads to a flatter energy band in the QW. This decreases the
field-induced redshift, resulting in emitted photons with energies
closer to the flatband values. Therefore, a shorter emission wavelength
is an unavoidable consequence of reducing the internal electric field in
the QW, making this technique to be less optimal for achieving long

FIG. 4. (a) GNR=n (the value at low J yields SRH coefficient A), (b) the radiative
coefficient B, and (c) the Auger coefficient C as a function of carrier density. Inset:
the correlation between the average B and C (on a log –log scale).

FIG. 5. (a) SRH coefficient A and (b) average radiative coefficient B as a function
of indium composition.
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wavelength emitters in the visible range. Despite that, this approach
is not only limited to InGaN/GaN QW. It can also be applied to
AlGaN-based UV emitters, where a shorter emission wavelength is
desirable and the large internal electric field in the QW remains a
problem.25

In conclusion, through the use of doped barriers, we studied
the impact of reduced internal electric fields on the recombination
coefficients in the QW. Higher recombination coefficients A, B, and
C were observed in the LEDs with doped barriers due to their depen-
dence on wavefunction overlap. Doped barriers also introduce addi-
tional NRCs which further enhance the A coefficients, although the
effect is less for high-composition QWs, resulting in the efficiency of
the LEDs with doped barriers to exceed that of the reference LEDs.
Despite the higher SRH coefficients, doped barriers present another
approach to manipulate the internal electric fields in c-plane InGaN/
GaN QWs.

See the supplementary material for the measured frequency
response and 3-dB bandwidths of the LEDs.
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Amano, and H. Morkoç (Springer Singapore, Singapore, 2017), pp. 301–340.

13U. Kaufmann, M. Kunzer, H. Obloh, M. Maier, C. Manz, A. Ramakrishnan,
and B. Santic, Phys. Rev. B 59, 5561 (1999).

14A. Nirschl, M. Binder, M. Schmid, I. Pietzonka, H.-J. Lugauer, R. Zeisel, M.
Sabathil, D. Bougeard, and B. Galler, Opt. Express 24, 2971 (2016).

15A. David, N. G. Young, C. A. Hurni, and M. D. Craven, Phys. Rev. Appl. 11,
31001 (2019).

16D. J. Myers, K. Gel�zinyt_e, A. I. Alhassan, L. Martinelli, J. Peretti, S. Nakamura,
C. Weisbuch, and J. S. Speck, Phys. Rev. B 100, 125303 (2019).

17A. C. Espenlaub, D. J. Myers, E. C. Young, S. Marcinkevičius, C. Weisbuch, and
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