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III-V nitrides form the backbone of light-emitting diode (LED) technology. However, the

relevance of the very strong polarization fields in III-V nitride LEDs remains unclear. Here, we

demonstrate the tuning of polarization fields by mechanical force. For compressive strain in a

GaInN LED epitaxial layer, we find: (i) redistribution of intensity within the electroluminescence

spectrum; (ii) a decrease in the peak efficiency at low current densities; and (iii) an increase in

light-output power at high current densities. These findings show the relevance of transport effects

in the efficiency droop. VC 2011 American Institute of Physics. [doi:10.1063/1.3609783]

III-V nitrides have been the subject of extensive studies,

motivated by the role of GaInN light-emitting diodes (LEDs)

as key building blocks in future lighting systems. Although

much progress has been made, a significant challenge

remains: Devices suffer from the efficiency droop—the well-

known decrease of efficiency at high injection currents. The

physical origin of efficiency droop remains attributed to a se-

ries of different physical phenomena.1–10

Among common semiconductor material systems, a dis-

tinguishing feature of III-V nitride semiconductors is that

they have very high spontaneous and piezo-electric polariza-

tion charges; they result in electric fields directed along the

[0001] axis, the preferred growth axis.11–15 Sheet charges

and associated electric fields strongly impact carrier trans-

port and recombination dynamics in the active light-emitting

region of GaInN LEDs.11–17

Figure 1(a) illustrates the polarization-induced-sheet

charges in the band diagram of a GaInN LED. In a typical

active region, two types of sheet charges are of interest: (i) the

charge at the interface between GaInN quantum wells (QWs)

and GaN quantum barriers (QBs) of the multiple-quantum-

well (MQW) active region and (ii) the charge at the interface

between a GaN spacer layer and the AlGaN electron-block-

ing-layer (EBL). Sheet charges (rA) at the QW/QB interfaces

induce a strong electric field in the QW layers. As a result, the

overlap of electron and hole wave functions is reduced, the

radiative recombination rate is reduced, and the emission

spectrum is red-shifted.16 Collectively, these effects are

known as the quantum-confined Stark effect (QCSE).16 Fur-

thermore, it has been recently shown that the capture of elec-

trons into a QW having a strong electric field is reduced.17 In

GaInN LEDs, it was found that the carrier distribution and

recombination does not occur uniformly across all QWs, but

concentrate at the last QW close to p-side of the device.18–20

As illustrated in Fig. 1(a), the positive sheet charge (rB) at the

spacer/EBL hetero-interface attracts and accumulates elec-

trons at the interface and, as a consequence, reduces the effec-

tive barrier height of the EBL.

The polarization fields in III-V nitrides have two compo-

nents: The spontaneous and piezoelectric polarization fields;

the former is determined by material composition and the lat-

ter is by strain.11,13 In this study, we alter the polarization

fields in GaInN LEDs by externally straining the LED epi-

layers, and we measure the impact on the emission character-

istics of the LED. The external strain on the LED epi-layers is

induced by mechanically changing the curvature of the LED-

on-sapphire wafer, as illustrated in Fig. 1(b). Since the

FIG. 1. (Color online) (a) Illustration of polarization sheet charges in con-

duction band diagram of GaInN LEDs, (b) illustration of an externally

strained LED wafer, and (c) calculated polarization sheet charge as a func-

tion of an LED-on-sapphire wafer curvature including the equivalent alumi-

num fraction in a AlGaN growth template.
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sapphire substrate is much thicker than the LED epi-layers,

the center line (neutral axis) of the sapphire wafer is assumed

not to change with varying external strain. The arrangement

results in LED epi-layers with additional compressive strain.

The externally applied strain on the LED epi-layers alters the

piezoelectric component of the polarization field and the

polarization sheet charges at hetero-interfaces of the LED.

Figure 1(c) shows the impact of wafer bending on the sheet

charges rA in the MQW active region and the sheet charge rB

in the spacer-EBL region. The sheet charges at the QW/QB

hetero-interfaces (rA) increase with the wafer curvature.

However, the sheet charges at the spacer/EBL hetero-interface

(rB) decrease with the wafer curvature. The compressive

strain could also be exerted by adding aluminum to a relaxed

GaN growth template, as shown by the upper abscissa in Fig.

1(c). We note that the polarization sheet charges in the MQW

active region and in the spacer-EBL region have two distinct

trends as the wafer curvature increases. This provides us the

opportunity to not only study the overall impact on the device

performance of GaInN LEDs due to the polarization fields but

also allows us to further identify the impact of a polarization

field in a specific region of GaInN LEDs.

The LED epitaxial structures are grown on (0001) sap-

phire substrates by metal-organic-chemical-vapor deposition.

A five-period MQW active region is grown, consisting of

3-nm-thick Ga0.8In0.2N QWs and 12-nm-thick GaN QBs.

The center wavelength of electroluminescence (EL) is

around 445 nm. Wafers are processed into lateral LED struc-

tures 1� 1 mm2 in area and left unencapsulated in wafer

form. The devices are state-of-the-art with absolute internal

quantum efficiencies greater than 50%. The LED-on-sap-

phire wafer is bent by external mechanical force. Figure 2

shows a front-view photograph enhanced by illustration of

major components. The wafer is positioned on a glass slide.

The two ends of the glass slides are on top of rigid sample

holders. A curved anvil, using DuPont Company Delrin ma-

terial, was fabricated. The anvil is pressing downwards at the

center of the sample. The bending displacement is measured

by a digital dial underneath the glass slide. Uni-axial curva-

ture is achieved on the LED-on-sapphire wafer. The wafer

curvature achieved is limited by the wafer’s ability to be

deformed elastically. The curvature of the sample is calcu-

lated from the following quantities: The bending displace-

ment, the distance between the two rigid sample holders, and

the substrate thickness. EL characteristics are measured on

the same LED chip with all other conditions fixed except the

wafer curvature, which is either zero or 1.71 m�1. The wafer

bowing after epitaxy is usually about 0.1 m�1, much smaller

than the induced curvature, and therefore negligible.

Next, we present EL spectra and efficiencies of the same

GaInN LED measured under two conditions: (i) when the wa-

fer is relaxed and (ii) when the wafer is externally strained to

the curvature of 1.71 m�1. Figure 3 shows the EL spectra

comparison at 50 lA DC forward current between wafer cur-

vatures of K¼ 0 m�1 and K¼ 1.71 m�1 with magnified views

at the etalon-induced sub-peaks of the emission spectra. A

low forward current is chosen to minimize the free-carrier-

screening effect of the electric field inside the QWs, so that

the change of the polarization field is more profound. The

changes shown in Fig. 3 are described as follows: while the

sub-peaks below the center wavelength exhibit an increase in

intensity, the sub-peaks above the center wavelength exhibit a

decrease in intensity. These distinct changes in intensity repre-

sent a red-shift of the EL spectrum with a wafer curvature of

K¼ 1.71 m�1 compared to the EL spectrum at K¼ 0 m�1.

The red-shift is verified by calculation of the centroid wave-

length, which shifts from 445.84 nm to 445.88 nm as the wa-

fer curvature increases from K¼ 0 m�1 to K¼ 1.71 m�1.

Although the differences in emission characteristics are small,

the changes are specific, significant, and highly reproducible.

In the MQW active region, the increase of the sheet

charges rA increases the electric field inside the QWs and

consequently increases the QCSE. The emission spectrum is

expected to shift towards longer wavelength and the associ-

ated low-current efficiency is expected to decrease. QCSE is

more severe at low injection current densities, since the free

carriers have screening effects on the electric field in the

QW layers. The measured spectral red-shift confirms that the

tuning of polarization field in the GaInN LED is accom-

plished by the wafer-bending method and its trend is consist-

ent with the calculation shown in Fig. 1(c). The red-shift is

consistent with the increase in electric field in the MQW

region caused by the stronger curvature.

Figure 4(a) shows the measured EL efficiency as a func-

tion of current density on the same GaInN MQW LED for

wafer curvatures of K¼ 0 m�1 and K¼ 1.71 m�1 with mag-

nified views of both the efficiency-peak region (at low cur-

rent densities) and the efficiency-droop region (at high

current densities). There are two distinct results obtained

from the measurements: first, in the efficiency-peak region at

the low current densities, the efficiency of the GaInN LED

with induced wafer curvature is lower than that of the same

LED without induced curvature. Second, in the efficiency-
FIG. 2. (Color online) Front view of the LED-on-sapphire wafer bending

setup with illustrations of all major components.

FIG. 3. (Color online) Electroluminescence spectra comparison of the same

GaInN LED at two wafer curvatures, with “zoomed-in” views at the spectral

sub-peaks.
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droop region at high current densities, the efficiency of the

GaInN LED with induced wafer curvature is higher than that

without induced curvature. As a result, there is a cross-over

of the two efficiency curves and the LED wafer with induced

curvature has a lower efficiency droop. These experimental

results can be explained as follows: the lower efficiency

measured at low current densities is consistent with the

increase in QW electric field and associated QCSE. The effi-

ciency increase at high current densities is consistent with a

reduction of the positive sheet charge at the spacer-EBL

interface, which mitigates electron leakage out of the active

region. The mitigation effect on electron-leakage is more

obvious at high injection current densities, since the electron

leakage increases with carrier concentration.

Along with the measured efficiency under different

strain conditions, device simulations are performed on the

same GaInN LED using the LEDSIM simulation tool. The

simulation results are shown in Fig. 4(b) which has the same

efficiency comparison to the experimental results in Fig.

4(a). The simulated and the measured efficiency behaviors

show excellent agreement in both the overall trend and the

detailed comparisons in the magnified views.

We note that the results presented here could not be read-

ily explained if Auger recombination were to be the dominant

cause of the droop. A larger QCSE (stronger field in QW)

should enhance Auger recombination8,9 and thus increase

droop. However, our experiments reveal a decrease in droop

upon application of the external compressive force. We also

note that the results presented here shed light on the use of

GaInN underlayers located below the active region:21,22

GaInN underlayers induce tensile strain in the MQW region

thereby reducing the QCSE and increasing low-current effi-

ciency (although without alleviating the droop problem).

In summary, we have tuned the polarization-field via

external mechanical force and directly measured the effects

on carrier recombination and transport in the same GaInN

LED. With this design of experiment, we have excluded the

sample-to-sample and wafer-to-wafer variation, which has not

been achieved in previous studies of the polarization field.

The tuning of the polarization field is experimentally con-

firmed by the red-shift of the emission spectrum at low current

level, which is a well-known consequence of QCSE in GaInN

LEDs. Tuning the polarization field reduces peak efficiency,

enhances high current efficiency, and reduces efficiency droop

in GaInN LEDs. Simulation and experiments show excellent

agreement. Our results show that the polarization field has

clear impact on carrier transport and recombination, and sug-

gest that the electron leakage out of the active region plays an

active role in the efficiency droop in GaInN-based LEDs.
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FIG. 4. (Color online) (a) Measured efficiency comparison of the same

GaInN LED at two wafer curvatures, with “zoomed-in” views at the effi-

ciency-peak region at low currents and the efficiency droop region at high

currents and (b) LEDSIM-simulated efficiency comparison with the same

conditions as in (a).
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