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Based on quantum efficiency and time-resolved electroluminescence measurements, the effects of

carrier localization and quantum-confined Stark effect (QCSE) on carrier transport and recombina-

tion dynamics of Ga- and N-polar InGaN/GaN light-emitting diodes (LEDs) are reported. The N-po-

lar LED exhibits shorter ns-scale response, rising, delay, and recombination times than the Ga-polar

one does. Stronger carrier localization and the combined effects of suppressed QCSE and electric

field and lower potential barrier acting upon the forward bias in an N-polar LED provide the advan-

tages of more efficient carrier relaxation and faster carrier recombination. By optimizing growth con-

ditions to enhance the radiative recombination, the advantages of more efficient carrier relaxation

and faster carrier recombination in a competitive performance N-polar LED can be realized for appli-

cations of high-speed flash LEDs. The research results provide important information for carrier

transport and recombination dynamics of an N-polar InGaN/GaN LED. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4927421]

I. INTRODUCTION

III-Nitrides have become the key material for light-

emitting diodes (LEDs), laser diodes, solar cells, and high

electron mobility transistors (HEMTs).1–6 The carrier local-

ization effect caused by indium aggregation and the

quantum-confined Stark effect (QCSE) resulting from a

strain-induced piezoelectric field in those devices, generally

grown along the Ga-polar c-axis [0001], were shown to

determine the optical properties and device characteris-

tics.1–6 In spite of successful applications in optoelectronic

devices, Ga-polar III-nitrides show some limitations.

Because the optimal growth temperatures for the growth of

GaN and InN are different, the low-quality, high-In InGaN

exhibits a higher defect density and lower green light effi-

ciency, i.e., the well-known “green gap.”7 Meanwhile, the

reverse polarization field of III-nitrides along the N-polar c-

axis [0001] provides an alternative solution.8–11 It is reported

that the indium incorporation efficiency and photolumines-

cence (PL) peak intensity in N-polar InGaN/GaN multiple

quantum wells (MQWs) grown by metal-organic chemical

vapor deposition (MOCVD) and those in N-polar InGaN

films grown by plasma-assisted molecular beam epitaxy

(PAMBE) are higher than those in Ga-polar ones.9,10 Also,

due to the direction of the polarization field against the for-

ward bias, a larger forward bias decreases the polarization

field in N-polar InGaN/GaN MQWs, resulting in a flat-band

and reduced QCSE.11

In addition, the properties of N-polar III-nitrides are dif-

ferent from those of Ga-polar ones; the direction of the

polarization field in InGaN/GaN MQWs and AlGaN/GaN

HEMTs, the incorporation of oxygen or carbon, mobility,

and surface morphology are all different.8,11–14 These differ-

ent properties of the N-polar III-nitrides should affect the de-

vice characteristics. However, the effects of carrier

localization and QCSE on carrier transport and recombina-

tion dynamics of N-polar InGaN/GaN MQW LEDs are not

well studied.

This study reports the effects of carrier localization and

QCSE on carrier transport and recombination dynamics of

the N-polar InGaN/GaN MQW LED in comparison with

those of the Ga-polar one by using current-voltage (I-V),

electroluminescence (EL), quantum efficiency (QE), and

time-resolved electroluminescence (TREL) measurements.

This paper is organized as follows: In Section II, sample

structures and experimental procedures are described. In

Section III, experimental results and discussions are

reported. Finally, conclusions are drawn in Section IV.

II. SAMPLE STRUCTURES AND EXPERIMENTAL
PROCEDURES

Ga- and N-polar GaN epilayers were grown on the

c-axis of sapphires by a MOCVD reactor. For the Ga-polar

GaN epilayer, the sapphire was thermally cleaned in H2 at

1070 �C for 5 min prior to the deposition of 30 nm of low-

temperature (LT) GaN buffer at 510 �C. Ga-polar undoped

(2 lm thick) and Si-doped (2 lm thick) GaN films were

grown at 1030 �C, 200 mbar, 2 slm NH3, and 25 sccm

a)Author to whom correspondence should be addressed. Electronic mail:

swfeng@nuk.edu.tw

0021-8979/2015/118(4)/043104/5/$30.00 VC 2015 AIP Publishing LLC118, 043104-1

JOURNAL OF APPLIED PHYSICS 118, 043104 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

1.173.176.158 On: Sat, 25 Jul 2015 00:52:27

http://dx.doi.org/10.1063/1.4927421
http://dx.doi.org/10.1063/1.4927421
http://dx.doi.org/10.1063/1.4927421
mailto:swfeng@nuk.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4927421&domain=pdf&date_stamp=2015-07-24


trimethylgallium (TMGa). For the N-polar GaN epilayer, a

20 nm LT-GaN buffer was grown on nitridized sapphire at

600 �C in H2, followed by N-polar undoped (2 lm thick) and

Si-doped (2 lm thick) GaN films at 1030 �C, 100 mbar,

0.5 slm NH3, and 13 sccm TMGa. The LED structures for the

Ga- and N-polar LEDs, respectively, were regrown on the

Ga- and N-polar GaN templates simultaneously in a

MOCVD reactor. The LED structure consisted of 10 pairs of

InGaN/GaN MQWs (3 nm QW, 12 nm barrier), AlGaN

electron-blocking layer (EBL), and Mg-doped p-type GaN

contact layer. The chip size of both Ga- and N-polar LEDs is

1� 1 mm2.

I-V, EL spectrum, and output power were measured with

a source meter (Keithley, 2614B), spectrometer (Ocean

Optics, resolution 0.3 nm), and calibrated integrating sphere.

For TREL measurement, a pulse generator (Tektronix,

AFG3101C) was used to generate 2.0–5.0 V, 0.5 ls pulse

width, and 1 kHz repetition rate voltage pulses to the LEDs.

The rise/fall times of the voltage pulses are less than 5 ns.

The light output was focused and detected by a photosensor

module containing a metal package PMT and a high-voltage

power supply circuit (Hamamatsu, H10721–210), operating

directly on the surface of each LED. The rise time of the

high-sensitivity photosensor module is 0.57 ns. The transit

EL signals were recorded by a digital oscilloscope (Agilent,

DSO 6052 A) with a 500 MHz bandwidth. The condition of

impedance matching can be attained with a variable resistor

by mining the reflected current pulse monitored by an oscil-

loscope. All the measurements were carried out at room tem-

perature. The overall resolution of TREL system can be less

than 2 ns.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. EL image, EL spectra, and energy band diagrams

Figs. 1(a) and 1(b) show the EL spectra for Ga- and N-

polar LEDs, respectively. For the N-polar LED, a broader

bandwidth and an apparent low energy shoulder imply larger

fluctuations of indium composition and quantum well thick-

ness and a stronger carrier localization. Insets of Figs. 1(a)

and 1(b) show EL images of the Ga- and N-polar LEDs oper-

ated under 3.0 V continuous-wave (CW) applied voltage,

respectively. The top and bottom electrodes correspond to p-

and n-contact pads, respectively. The brighter EL image of

the Ga-polar LED than that of the N-polar LED shows better

performance in the Ga-polar LED. In addition, Fig. 1(c)

shows EL peak position as a function of CW applied voltage

for the two samples. Due to the different directions of the

polarization field in the QWs, the electric field in Ga-polar

MQWs increases with increasing forward bias up to 2.5 V,

while it decreases in N-polar MQWs.15 With a larger forward

bias above 2.5 V, carrier injection into Ga-polar MQWs

results in a carrier screening effect and the electric field

becoming smaller, while the electric field decreases even

more in N-polar MQWs. A significantly blue-shifted emis-

sion wavelength of EL peak position at a slightly higher

applied voltage for N-polar LEDs could be due to the band

filling effect of the localized states, a reduced QCSE, and a

larger variation of QCSE with a forward bias. Although a

reduced QCSE leads to a flat band condition, both a higher

indium incorporation and a stronger carrier localization in

the N-polar LED lead to more fluctuated and lower effective

potential levels in MQWs. Hence, an emission wavelength

of EL peak position in the N-polar LED is longer than that in

the Ga-polar LED for each applied voltage. On the other

hand, with a larger forward bias, a smaller electric field also

leads to a slightly blue-shifted emission wavelength of EL

peak position for the Ga-polar LED.

As shown in Fig. 2, the energy band diagrams of Ga-

and N-polar InGaN/GaN MQWs were calculated using a

self-consistent Schr€odinger-Poisson equation that considers

FIG. 1. EL spectra of the (a) Ga- and (b) N-polar LEDs at room temperature

with 2.5–6.0 V CW applied voltages. (c) EL peak position as a function of

CW applied voltage for the two types of LED. Insets of (a) and (b) show EL

images of the Ga- and N-polar LEDs operated under 3.0 V CW applied volt-

age, respectively. The top and bottom electrodes correspond to p- and n-con-

tact pads, respectively.

FIG. 2. Energy band diagrams of Ga- and N-polar LEDs.11
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spontaneous and piezoelectric polarization.11 In Fig. 2(a),

polarization charges in Ga-polar MQWs generate a potential

barrier for electron and hole injection, which decreases

carrier injection efficiency. A forward bias increases the field

and decreases the overlap of electron and hole wave-

functions. In Fig. 2(b), the potential barrier against the

injection in an N-polar LED is suppressed such that carrier

injection efficiency would be higher. Due to the reverse

polarization in an N-polar LED, a larger forward bias assists

the field in MQWs to approach flat-band conditions leading

to less QCSE and an increasing overlap of electron and hole

wave functions.

B. I-V characteristics and external quantum efficiency
(EQE)

Fig. 3(a) shows the I-V characteristics of the two

samples. A slightly larger threshold and a smaller slope of

current under forward bias, and a larger leakage current

under reverse bias of the N-polar LED suggest unoptimized

ohmic contacts of and poorer device quality with the N-polar

LED than that of and with the Ga-polar LED. In addition,

Fig. 3(b) shows the output power and EQE of the two sam-

ples as functions of applied voltage. The higher output power

and higher EQE of the Ga-polar LED demonstrate a better

device performance.

C. TREL measurement

In order to understand the carrier transport and recombi-

nation dynamics of Ga- and N-polar LEDs, TREL measure-

ments were conducted. Figs. 4(a) and 4(b) show the TREL

transit profiles of Ga- and N-polar LEDs, respectively. The

rising part of the N-polar LED rises more steeply and the

decay part decays faster than those of the Ga-polar LED.

These shorter response time and shorter recombination time

of the N-polar LED imply a better carrier injection efficiency

and a faster carrier recombination, respectively.

As shown in Fig. 5, the response time ðsresponseÞ can be

determined by the time delay between addressing the device

with a short voltage pulse and the first appearance of EL.

Because a larger forward bias enhances the ability of the

hole and electron leading fronts to meet faster and more eas-

ily, a shorter response time is observed. Response time,

sresponse, can be described as

sresponse ¼ sinjection þ stransport þ srelaxation þ s0recombination;

where sinjection, stransport, srelaxation, and s0recombinaiton are the

carrier injection time to the ohmic contact, carrier transport

time from the ohmic contact to the active region, carrier

relaxation time from the active region to the MQWs, and car-

rier recombination time in the energy states, respectively.

With the same contact material for the two samples, sinjection

is assumed to be the same. Also, due to the smaller mobility

of N-polar GaN, stransport of the N-polar LED should be lon-

ger than that of the Ga-polar LED. Meanwhile, it is reported

that polarization charges in Ga-polar MQWs generate a

potential barrier before carrier relaxation into the MQWs,

while the reverse polarization field suppresses the potential

barrier upon a forward bias in N-polar MQWs.11 The carrier

relaxation efficiency of the N-polar LED is better than that

of the Ga-polar LED, so srelaxation of the N-polar LED should

be shorter than that of the Ga-polar LED. In the N-polar

FIG. 3. (a) Current density (I) and (b) output power (left coordinate) and

EQE (right coordinate) as functions of applied voltage (V) for the two types

of LED. Inset in (a) shows the I-V characteristics under reverse bias.

FIG. 4. TREL transit profiles with 2.0–5.0 V, 0.5 ls pulse width, and 1 kHz

repetition rate applied pulse voltages for the (a) Ga- and (b) N-polar LEDs,

with the vertical dotted line indicating the pulse voltage switching off.

Response ðsresponseÞ, rise ðsriseÞ, delay ðsdelayÞ, and recombination

ðsrecombinationÞ times are shown in (a).

043104-3 Feng et al. J. Appl. Phys. 118, 043104 (2015)
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LED, a forward bias decreases the QCSE and increases the

overlap of electron and hole wave-function. The s0recombinaiton

of the N-polar LED is expected to be shorter, as shown later.

Hence, the shorter sresponse of the N-polar LED should be due

to a shorter srelaxation and a shorter s0recombinaiton. This suggests

that stronger carrier localization helps carrier relaxation into

MQWs and carrier recombination in the energy states, as do

the combined effects of the suppressed QCSE and electric

field and the lower potential barrier acting upon the forward

bias in an N-polar LED.

After the appearance of EL, the transit EL profile steeply

increases in reaching the maximum intensity. The rising time

ðsriseÞ, defined by the intercept of the tangents,16 as a func-

tion of applied pulse voltage is shown in Fig. 5. srise of the

N-polar LED is shorter than that of the Ga-polar LED for

each applied voltage. With the combined effects of a stron-

ger carrier localization, plus a weaker QCSE and electric

field and lower potential barrier upon the forward bias in the

N-polar LED, a better carrier relaxation efficiency leads to a

steeper rise of the transit EL profile. Hence, a shorter srise is

observed. Meanwhile, with a weaker carrier localization, a

stronger QCSE, and a potential barrier in the Ga-polar LED,

the poor carrier relaxation efficiency leads to a slower rise of

the transit EL profile. Also, with an increasing applied pulse

voltage, srise of the N-polar LED slightly decreases, while

those of the Ga-polar LED decrease more. For the N-polar

LED, the smaller QCSE largely does not affect the potential

distribution upon a larger forward bias and the overlap inte-

gral of electron and hole wavefunctions. Hence, srise of the

N-polar LED depends only slightly on the forward bias. In

the contrast, the larger QCSE and larger variations of QCSE

and potential distribution upon a forward bias in the

Ga-polar LED have a great effect on the overlap integral of

electron and hole wavefunctions.

In addition, when the voltage pulse is switched off (indi-

cated with the vertical dotted line in Figs. 4(a) and 4(b)),

transit EL profiles of the Ga-polar LED show longer delays

in reaching both the maximum intensity of transit EL and the

subsequent decay. As shown in Fig. 5, due to the combined

effects of the weaker carrier localization, stronger QCSE,

and the potential barrier, the poorer relaxation efficiency of

the Ga-polar LED needs more time to reach the maximum

intensity of transit EL. Hence, shorter ns-scale sresponse, srise,

and sdelay in the N-polar LED demonstrate that stronger car-

rier localization, plus reduced QCSE, and lower potential

barrier acting upon the forward bias, provide the advantage

of more efficient carrier relaxation.

The recombination time ðsrecombinationÞ can be deter-

mined by fitting the TREL decay profile with a single expo-

nential. Fig. 5 shows srecombination as a function of applied

pulse voltage for the two samples. With a larger applied

pulse voltage, srecombination of the N-polar LED slightly

increases, while that of the Ga-polar LED increases more.

This also could be due to the larger QCSE and larger varia-

tions of QCSE and potential distribution upon a larger for-

ward bias for the Ga-polar LED. Also, srecombination of the N-

polar LED is shorter than that of the Ga-polar LED for each

applied pulse voltage. The shorter srecombination of the N-polar

LED implies that stronger carrier localization, reduced

QCSE, and an increasing overlap of electron and hole wave

functions are beneficial for carrier recombination. The

recombination time (1=srecombination ¼ 1=sr þ 1=snr) includes

radiative (sr) and nonradiative (snr) recombination times. It

is noted that the obtained srecombinaiton is the temporal decay

of the EL at the end of the applied voltage pulse, while

s0recombinaiton in sresponse is the carrier recombination of only a

few carriers in the leading fronts of hole and electron pulses.

With many carriers relaxed into the MQWs at the end of the

applied voltage pulse, carrier-carrier scattering would change

the recombination dynamics. srecombinaiton may not be equal

to s0recombinaiton. By optimizing growth conditions to enhance

the radiative recombination, the advantages of more efficient

carrier relaxation and the faster carrier recombination of the

N-polar LED can be realized for high-speed flash LED appli-

cation. Several approaches have been proposed to improve

the characteristics of the N-polar GaN: a high temperature

nitridation step prior to the deposition of the GaN nucleation

layer, a lower pressure and a reduced NH3 flow, a low-

temperature GaN buffer, and growth on misorientated sub-

strates.8,10,17 The temporal decay of the EL at the end of the

applied voltage pulse indicates the depletion of the carrier

reservoir established during the preceding on-phase.

IV. CONCLUSIONS

In summary, this paper reports the effects of carrier local-

ization and QCSE on carrier transport and recombination

dynamics of Ga- and N-polar InGaN/GaN LEDs. Stronger

carrier localization, plus reduced QCSE and electric field and

lower potential barrier acting upon the forward bias in the

N-polar LED, present more efficient carrier relaxation and

FIG. 5. Response ðsresponseÞ, rise ðsriseÞ, delay ðsdelayÞ, and recombination

ðsrecombinationÞ times as functions of applied pulse voltage for the two types of

LED.
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faster carrier recombination. By optimizing growth conditions

to enhance the radiative recombination, the advantages of

more efficient carrier relaxation and faster carrier recombina-

tion in the N-polar LED can be realized for the applications of

high-speed flash LEDs. The research results provide important

information for carrier transport and recombination dynamics

of an N-polar InGaN/GaN LED.
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