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Stable Temperature Characteristics and Suppression
of Efficiency Droop in InGaN Green Light-Emitting
Diodes Using Pre-TMIn Flow Treatment

Ya-Ju Lee, Yi-Ching Chen, Chia-Jung Lee, Chun-Mao Cheng, Shih-Wei Chen, and Tien-Chang Lu

Abstract—We present experimental results on the improved
performance and high stable temperature characteristics of the
InGaN green light-emitting diode (LED) with pre-trimethlyindium
(pre-TMIn) flow treatment. By using pre-TMIn flow treatment, a
relatively large radiative coefficient (B = 3.34x 107! em3.s71)
corresponding to a 9.2% enhancement in the internal quantum
efficiency, as well as a significant reduction of leakage paths for
injected carriers, was obtained. Most important, the pre-TMIn
flow treatment evidently reduces the dependence of the external
quantum efficiency on temperature and efficiency droop of green
LEDs. The improvement is thought to be attributable to the pref-
erential formation of In-rich dots upon pre-TMIn flow treatment,
which effectively suppresses the trapping of excitons by threading
dislocations and the overflowing of injected carriers outside the
active regions at elevated temperatures.

Index Terms—Efficiency-droop, light-emitting diode.

I. INTRODUCTION

HE development of InGaN alloys is of priority concern to

production of light-emitting diodes (LEDs) that are highly
efficient across the visible spectrum and so can deliver the color
quality of traditional light sources. In particular, InGaN material
systems can be applied to manufacture a high-power blue LED
with an external quantum efficiency (EQE) of as high as 56%
[1]. However, the peak EQE of green LEDs is significantly lower
than that of InGaN-based blue and AlGalnP-based red LEDs,
which characteristic is called the “green gap.” Additionally, the
efficiency of green LEDs falls more rapidly than blue LEDs as
the injected current increases [2]. Therefore, various approaches
were developed over the last decade to overcome the aforemen-
tioned issues for InGaN-based green LEDs. To engineer a narrow
bandgap that is suited to light emission in the green region of the
spectrum (A = 500-570 nm), high indium contents of up to 30%
in the quantum wells (QWs) of LEDs are necessary. Such high
indium contents are associated with a complex array of proper-
ties that evolve with the indium contents of QWs and adversely
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affect crystalline quality and the output performance of LEDs.
In addition, for practical application of LEDs, stable temperature
dependence on device performance is required. Recently, a few
studies have considered improving the interface abruptness and
optical properties of green LEDs by supplying flowing trimeth-
lyindium (TMIn) prior to the growth of InGaN QW:s [3], [4]. How-
ever, in previous studies, the effects of such pre-TMIn flow treat-
ment on the performance of LEDs have barely been discussed.
In this work, we present experimental results on the improved
performance and high stable temperature characteristics of the
InGaN green LED with pre-TMIn flow treatment. For the pre-
sented scheme, several essential properties of an LED such as the
internal quantum efficiency (IQE), the leakage current, the effi-
ciency droop, and the temperature characteristics are significantly
improved. The potential physical cause for the improved perfor-
mance was also discussed.

II. DEVICE FABRICATION

Green LED structures were grown on c-plane sapphire
substrates by low-pressure metal-organic chemical vapor de-
position. Following the growth of a GaN nucleation layer at
520 °C, a 2-pm-thick undoped GaN layer and a 2.5-um-thick
Si-doped n-type GaN cladding layer were grown at 1050 °C.
The active region comprises six periods of a nominally undoped
3-nm-thick Ing 30Gag, 70N/14-nm-thick GaN multiple quantum
wells (MQWs) structure. The growth temperature for InGaN
well and GaN barrier were 750 °C and 900 °C, respectively.
During temperature ramping, a 2-nm-thick GaN capping layer
was grown on the well layer to prevent the decomposition of
InGaN well layer. An interruption between the well and barrier
layers was used to stabilize the reactor temperature and gas
flows. During the interruption of growth, a TMIn flow of 60 sccm
was introduced into the reactor prior to the growth of an InGaN
well for 10-s duration. Beneath the MQWs structure, there
are strain-relaxation layers with seven periods of 3.5-nm-thick
Ing.1GaNy 9N/3.5-nm-thick GaN superlattices. For comparison,
a conventional sample obtained by not introducing TMIn flow
prior to the well layers was grown. Finally, a 300-nm-thick
p-type GaN cladding layer was grown on top of the MQWs. The
grown wafers were then fabricated to LED devices with chip
size of 300 x 300 pm? for subsequent measurements.

III. RESULT AND DISCUSSION

Fig. 1 presents cross-sectional transmission electron-micro-
scopic (TEM) images of the MQWs that were prepared (a)
without and (b) with pre-TMIn flow treatment, respectively.
The boundaries of the InGaN-GaN QWs in both samples are
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Fig. 1. Bright-field TEM images of InGaN-GaN MQWs grown (a) without and
(b) with pre-TMIn flow treatment. Inset: TEM diffraction patterns and enlarged
TEM images of InGaN well regions.

wilo pre-TMin flow wi pn-TMI_nJIow

s
=
ey

505nm

Intensity (a.u.)
Intensh} [EXTR)

\ Bright spot
S Bright spot
440 480 520 560 600

Wavelength (nm)

410 480 520 560 560
Wavelength (nm) 4

Fig. 2. CL images of MQWs prepared (a) without and (b) with pre-TMIn flow
treatment. Inset: CL spectra with peak wavelengths.

clear and well defined, suggesting that the pre-TMIn flow
treatment slightly affects interface abruptness. TEM diffraction
patterns are inset in the figure to elucidate the crystallographic
orientations of both samples. Also inset are high-magnification
TEM images, which reveal segregations of indium atoms
along the (0001) growth direction in both samples, suggesting
the desorption of indium and its subsequent penetration into
the GaN barrier layer remains in the sample that underwent
pre-TMIn flow treatment.

To analyze the spatial characterization of MQWs, cathodolu-
minescence (CL) was measured using a Jeol-7000F SEM that
was equipped with a Gatan Mono-CL system. Fig. 2 displays
CL images of MQWs that were prepared (a) without and (b)
with pre-TMIn flow treatment, respectively. The density of
bright spots (indicated by an arrow) randomly distributed over
the sample that had undergone pre-TMIn flow treatment, appar-
ently exceeded that of those over the conventional sample, and
the area of bright emission was much larger. These effects are
possibly attributable to the fact that supplying TMIn flow when
the growth was interrupted caused randomly distributed InN
clusters to form on the surface of the GaN barrier layer. These
InN clusters functioned as seeds for the subsequent indium of
InGaN well layer, promoting the incorporation of indium atoms
in MQWs and the formation of localized In-rich dots or regions;
radiative efficiency was also improved. The CL spectra (inset
in Fig. 2) are consistent with the above analysis, a stronger
emission intensity with an additional peak are obtained at a long
wavelength (A = 522 nm) from the sample with pre-TMIn flow
treatment. To compare quantitatively the radiative efficiency
of the samples, room-temperature power-dependent photolu-
minescence (PL) measurements, first made by Dai ef al., were
made herein to determine their IQE as a function of carrier
concentration [5], as shown in Fig. 3(a). The inset presents PL
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Fig. 3. (a) IQE versus carrier concentration. Inset: PL spectra with peak wave-
lengths. (b) Radiative coefficient B versus etch pit density. Inset: AFM images
of surface morphology following etching treatment with phosphoric acid.

spectra of both samples, which are similar to CL spectra. Ap-
parently, the IQE of the sample that had undergone pre-TMIn
flow treatment considerably exceeds that of the conventional
sample throughout the carrier concentration region. Pre-TMIn
flow treatment increased the IQE by approximately 9.2% at
a typical carrier concentration of 2 x 10'® cm™2. The rela-
tionship between measured IQE and carrier concentration for
both samples is well described by IQE = Bn?/(An + Bn?),
where A and B are the nonradiative and radiative coefficients,
respectively. If a reasonable value of A = 3 x 107 s~ is
assumed [6], then B can be obtained. The calculated values
of the samples without and with pre-TMIn flow treatment are
B=19x10""cm? -s7'and B = 3.34 x 1071 cm?® - 571,
respectively. Fig. 3(b) plots the radiative coefficient B against
etch pit density (EPD). Etch pits were formed by etching with
of phosphoric acid, and the EPD values of the samples without
and with pre-TMIn flow treatment that were estimated from the
AFM images in the inset in Fig. 3(b) were 5.7 x 10° cm? and
7.5 x 109 cm?, respectively. High EPD generally corresponds
to a high density of threading dislocations, and therefore, a
small value of B. However, the samples herein exhibited the
opposite tendency. Watanabe et al., however, suggested that
the pits may be originated by local lattice expansion because
of the presence of In-rich dots in MQWs, rather than being
connected to the threading dislocations [7]. Accordingly, as
previously discussed in reference to Fig. 2(b), a high density of
In-rich dots distributed over MQWs is expected in the sample
that underwent pre-TMIn flow treatment. The strong spatial
localization of In-rich dots effectively prevents the capture of
excitons by threading dislocations, increasing B and the IQE.
Temperature dependence on the output performance of the
samples is now considered. Fig. 4 plots the [-V characteristics
of the samples (a) without and (b) with pre-TMIn flow treatment
on a semilog scale from T" = 30 °C to T' = 150 °C at intervals
of 30 °C. The I-V curves of both samples exhibit the typical
current rectification of InGaN-based LEDs. The series (Rg) and
parallel (Rp) resistances, and the ideality factor (7igea1) Of the
samples at all temperature were extracted and presented in Fig. 4
as well. At a given temperature, the values of Rg and njgeal
for both samples are similar, suggesting that the pre-TMIn flow
treatment barely affected the transport property of injected car-
riers under forward bias injection. Furthermore, both Rg and
Nideal Slowly declined as the temperature increased, mainly be-
cause of the improvement of the p-type transport properties as
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Fig. 4. In|I| versus V for the sample (a) without and (b) with pre-TMIn flow
treatment from 7" = 30 °C to T = 150 °C. Series (Rs) and parallel (Rp)
resistances, and ideality factor (72;q.a1) are also shown.

([=—30c_——60C_-s-90°C — 120°C - 150°C ]
— T T T T T T T T 45 T T T T T
(@) ST l(b) SR T ()
02 ] g . ] ® w/ pre-TMin flow .
3 804 5mA 801 o I
L Rl 1 5 i 80 mA )|z ad = w/o pre-TMin flow #d
- 5 601--8- 100 mA 1+ 5 cof- ®100mA 1= L
w ) o e | %
c 8 40 ] B a0 e—e—a 3 1uF 4al / ]
wl u il g o . .
g * 2% 30 60 90 120 150 . 30 60 90 120 15 -IE L
£ Temperature (°C) Temperature (°C) { % o A
° Ed42r -~ 4
L L 1§ .
3 £ P
Wy 3 .~
<] 6 n
L | Ju g1 1
.
0 20 40 60 80 1000 20 40 60 80 100 0 30 60 90 120 150
Current (mA) Current (mA) Temperature (°C)

Fig. 5. EQE versus injected current for sample (a) without and (b) with pre-
TMIn flow treatment from 7" = 30 °Cto T" = 150 °C. Inset: Normalized EQE
versus temperature at three different injected currents, I = 5 mA, I = 50 mA,
and I = 100 mA. (c) EQE droop versus temperature for both samples.

temperature increased, which promotes the activation of accep-
tors at elevated temperatures. However, the value of Rp of the
sample that had undergone pre-TMIn flow treatment consider-
ably exceeds that of the conventional sample, at all tempera-
tures. For example, at 7' = 30 °C, the extracted Rp values
are around Rp = 23.39 G2 and Rp = 106.70 GS2 for the
samples without and with pre-TMIn treatment, respectively. An
indium atom can preferentially bond at the core of a threading
dislocation, pinning it, preventing it from gliding during growth
[8]. Therefore, when pre-TMIn flow is supplied, the number of
leakage paths that are associated with the threading dislocations
are significantly reduced, resulting in high Rp values.

Fig. 5 plots the EQE as a function of injected current for the
samples (a) without and (b) with the pre-TMIn flow treatment
from 7' = 30 °C to T' = 150 °C. At all temperatures, the
EQE values of the sample that had undergone the pre-TMIn flow
treatment are better than that of the conventional sample. This
enhancement increases with temperature. On average, the EQE
value is enhanced by 7.5% at T' = 30 °C, increasing to 44.5%
at T'" = 150 °C. The insets in Fig. 5(a) and (b) plot the nor-
malized EQE versus temperature for both samples. Clearly, the
EQE values of the sample that had undergone pre-TMIn flow
treatment declined slightly as temperatures increased, demon-
strating that the characteristics of this sample were more ther-
mally stable. For example, at an injected current of 7 = 100 mA,
the normalized EQE of the sample that had undergone pre-TMIn
flow treatment declined by under 7.2% as the temperature in-
creased from T = 30 °C to T = 150 °C; however, that of the
conventional sample decreased by 16.0% under identical con-
ditions. Studies have suggested that the localized injected car-
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riers in In-rich dots function excellently as radiative recombi-
nation centers, effectively suppressing the overflow of injected
carriers outside the MQWs at elevated temperatures. This fact
indicates that pre-TMIn treatment can substantially reduce the
dependence of the EQE on temperature. Finally, Fig. 5(c) plots
the EQE droop (EQE at I = 100 mA divided by the max-
imum EQE) against temperature for both samples. Less effi-
ciency droop was observed for the sample that had undergone
pre-TMIn flow treatment at all temperatures, which is funda-
mentally due to its much improved confinement of injected car-
riers in MQWs.

IV. SUMMARY
In summary, pre-TMIn flow treatment was incorporated in a
InGaN green LED to minimize the temperature dependence on
the EQE and alleviate the efficiency droop. For temperature in
the range of 30 °C to 150 °C, the EQE (at I = 100 mA) of the
sample with pre-TMIn flow treatment drops by less than 7.2%,
representing a significant improvement of temperature charac-
teristics as compared to a reduction of 16.0% in the conventional
LED under identical condition. On average, with pre-TMIn flow
treatment, the EQE value of an LED is enhanced by 7.5% at
T = 30 °C, increasing to 44.5% at T' = 150 °C. Moreover, the
presented device exhibits less efficiency droop at all measured
temperatures. We, therefore, conclude pre-TMIn flow treatment
is determined to be a promising scheme for the improvement of
output performance of InGaN-based green LEDs and bridging

the “green gap” in solid-state lighting.
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