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In order to investigate their electrical characteristics, high-voltage light-emitting-diodes (HV-LEDs) each contain-
ing four cells in series are fabricated. The electrical parameters including varying voltage and parasitic effect are studied.
It is shown that the ideality factors (IFs) of the HV-LEDs with different numbers of cells are 1.6, 3.4, 4.7, and 6.4. IF
increases linearly with the number of cells increasing. Moreover, the performance of the HV-LED with failure cells is
examined. The analysis indicates that the failure cell has a parallel resistance which induces the leakage of the failure
cell. The series resistance of the failure cell is 76.8 €2, while that of the normal cell is 21.3 2. The scanning electron
microscope (SEM) image indicates that different metal layers do not contact well. It is hard to deposit the metal layers
in the deep isolation trenches. The fabrication process of HV-LEDs needs to be optimized.
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1. Introduction

Light-emitting diodes (LEDs) for lighting appli-
cation are widely adopted for economic, energy, and
environmental reasons.!! As the “star” of the solid-
state lighting industry, a lot of research on electrical
and optical characteristics of the GaN LEDs is in ac-
tive progress.[?3] Nowadays, the concept of microchips
employed in direct-current LEDs (DC-LEDs) is still
promising. These series-connected microchips in one
large chip would withstand very high forward voltage
under dc operation.[*! Compared with normal LEDs,
high-voltage LEDs (HV-LED) have some attractive
advantages. The high-voltage and low-current opera-
tion is safer and more efficient for indoor power trans-
formers. Due to its small chip size, the HV-LED can
provide more flexible space for the driver and heat
sink. Meanwhile, the numbers of solder joints and
components are reduced. As a result, the reliability of
LEDs is improved.

The characteristics of HV-LEDs have not been
studied much, such as the ideality factor and the non-
ideal characteristics. In this paper, we try to explain
the electrical characteristics of the high-voltage LED
and to analyse the origins of these phenomena.
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2. Experiment results and discus-

sion

The epitaxial LED wafer was grown on a sap-
phire substrate using a metal-organic chemical vapour
deposition (MOCVD) system.
doped GaN buffer layer, an Si-doped n-GaN layer,

It included an un-

InGaN/GaN multiple quantum wells, an Mg-doped p-
AlGaN electron blocking layer, and an Mg-doped p-
GaN layer. For the fabrication of a high-voltage LED,
the 4.5-um-deep isolation trenches between cells were
defined by an inductively coupled plasma (ICP) etch-
ing system. If the LED is fabricated on a patterned
substrate, the trenches should be as deep as 5.5 pm for
isolating. A 450-nm-thick SiO5 film was deposited to
prevent short circuiting between cells using a plasma
enhanced chemical vapour deposition (PECVD) sys-
tem. Then, the indium tin oxide (ITO) layer was
deposited on the p-GalN as the transparent contact
layer. After the thermal annealing of the ITO layer,
the connecting metal bridges were deposited by mag-
netic sputtering. In this experiment, the HV-LED fab-

ricated contained four cells in series.
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We use the Shockley equation to describe the I-V
characteristics of LEDs, i.e.,

I =1 eXp(qv/nidealKT)7 (1)

where I is the reverse saturation current, ¢ is the el-
ementary charge, K is the Bolzmann constant, and
Nideal is the ideality factor.) A real diode has un-
wanted parasitic resistances, and the Shockley equa-
tion needs to be modified in order to take into account
parasitic resistances. The I-V characteristics of a real
diode are given by

[= W IR VIR (maenKT) (9
R, ’

where R, is the parallel resistance, and Ry is the se-
ries resistance. On the assumption that these resistors
were large, Shah et al.l® proposed that the GaN p-n
junction diode can be modeled by a series of diodes,
the actual p—n junction diode, unipolar heterojunction
diodes, and a Schottky diode at the metal/p-type GaN
junction. The I-V characteristics of the structure are
given by

L WKT) Sl

Figure 1(a) is a theoretical curve obtained from

V+ (3)

Eq. (2).I") The forward hump is caused by the paral-
lel resistance, and it has the same level as the reverse
saturation current. The second hump is caused by the
series resistance. The electrical characteristics of the
HV-LED measured at room temperature by Keithley
4200 are shown in Fig. 1(b). R has a relatively high
value and leads to the hump at high voltage in In I-V
curve, and the same conclusion can be drawn from the
I-V curve. What is more, the inset in Fig. 1(b) shows
the HV-LED tested by the prober.

If we only consider the linear region of the In I—-
V' curve, the second term on the right-hand side of
Eq. (3) will be a constant. Then equation (3) can be
written as

Inl =a+ bV, (4)

where a =", n;Inlg /Y. ni,and b= (¢/KT)/>, n.
Therefore, the ideality factor can be estimated by
the slope of the In/-V curve, namely n = >, n; =
(¢/KT)/b. Figure 2 shows how to extract the ideality
factor from Fig. 1(b). In order to avoid the influence of
parasitic resistance, the region near the origin is cho-
sen. As shown, while the In I-V curve obeys the linear
law, the I-V curve conforms to the exponential law.

After the linear fitting, the slope of Fig. 3 is 6.003,
and apparently the ideality factor of this HV-LED is
6.4.
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Fig. 1. (colour online) (a) I-V curve of parasitic resis-
tance model, and (b) I-V and InI-V curve of HV LED.

T T T T T
—11+ < model: Exp2PMod1 "
E 12} uation y = et /
w a 3.3820X 5X 1053
—12F+ S 0.8 b 6.422610.04:
S 04
5 ——
—13+ £ oL
5 9.0 94 98
~ Forward voltage/V
£ —14F E
—15+ b
—16+ L. _
—&— In/—V characteristic
—— linear fit of In/—V characteristic
—17 1 1 1 1

1
9.0 9.2 9.4 9.6 9.8 10.0
Forward voltage/V

Fig. 2. (colour online) Linear fitting of the In I-V curve,
and the inset shows the I-V relation in the same region.

Figure 3 shows the I-V characteristics of differ-
ent cells. After the fitting process, the ideality factors
are 1.6, 3.1, and 4.7 respectively. It means that the
ideality factors increase linearly with the increase of
the cells in series. According to the theory of Sah—
(8]

Noyce—Shockley,'®! the ideality factors between 1 and
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2 are caused by the recombination of carriers in the
space charge region, mediated by recombination cen-
tres located near the intrinsic Fermi level.
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Fig. 3. (colour online) I-V characteristics of different

cells of the HV-LED.
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Fig. 4. (colour online) Electrical characteristics of (a) HV-
LED with failure cells and (b) ideal LED with parallel diode.

As shown in Fig. 4(a), the electrical characteris-
tics of some HV-LEDs are abnormal. In fact, the HV-
LED performs like this because it had one cell delayed
to turn on. Figure 4(b) illustrates the I-V character-
istics of an ideal LED with a parasitic diode.[® Obvi-
ously, the failure cell has a parallel resistance, which
leads to a leakage pathway in the LED structure. The

circuit in Fig. 4(a) shows the equivalent circuit of the
abnormal HV-LED. Only when the value of V5 in-
creases to a threshold, will the failure cell be turned
on.

In order to prove this theory, the I-V charac-
teristics of the failure cell are tested in Fig. 5. Un-
der a reverse biasing of 5 V, the leakage current is
7.6 mA while that of the normal cell is 18 nA. Ac-
cording to Li et al,l® the lattice damage could be
caused by ICP etching process. During the fabrica-
tion of HV-LED, deep isolation trenches are etched,
which surely causes dangling bonds on the side walls
of the LED. These dangling bonds could absorb impu-
rities and turn into defect states. Finally, the leakage
pathways are formed. The deposition of the SiOs can
alleviate the leakage, but there are pinholes or defects
in the SiOs layer. To solve this problem, the deposi-
tion parameters should be optimized and a passivation
layer can be used to improve the electrical character-
istics of the LED.
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Fig. 5. (colour online) Electrical characteristics of the

failure cell of the abnormal HV-LED.

In Fig. 5, it can be clearly concluded that the fail-
ure cell has a series resistance, which induces the high
turn-on voltage. In order to analyse the high turn-
on voltage, figure 6 shows the plots of the relation
between I(dV/dI) and I. Series resistance is one of
the factors describing how the Ohmic contact affects
the forward electrical characteristics of LEDs.['% The
series resistance can be obtained using an equation
derived from Eq. (2), as

dVv nidealKT
I( =) =R, + 21—~
(G ) =1+ 2 5)

We can obtain Rg from the slope of the curve
in Fig. 6. After the fitting process, the Ry (slope)
of the normal cell is obtained to be 21.3 €2, while
that of the failure cell is 76.8 €. The high series
resistance cell is examined by scanning electron mi-
croscope (SEM), and figure 7 shows the structure of
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the trench. The different metal layers do not con-
tact closely, and even the outer metal layer does not
contact the others. In addition, the metal on the
side wall is thinner than in other places. This phe-
nomenon may originate from the growth process of
the metal layers. In fact, the isolation trenches are
so deep that it is hard to deposit metal materials in
the corners. The bad contact affects the electrical
characteristics and the reliability of the HV-LED. For
the industrialization of HV-LEDs, a new structure of
the epitaxial layer or a new metal growing method
should be developed to meet the requirements of

the fabrication process. Moreover, the annealing of
the ITO layer can reduce the series resistance of the
HV-LED.[]

3. Conclusion

In this work, we fabricated the HV-LEDs, and
The ideality
factors are extracted from the In I-V curves, and the

studied their electrical characteristics.

ideality factors increase linearly with the number of
cells. Moreover, we investigated the electrical charac-
teristics of a HV-LED with a failure cell. The failure
cell has a higher turn-on voltage and leakage current
under reverse bias. Under a reverse biasing of 5 V, the
leakage current is 7.6 mA while that of the normal cell
is 18 nA. After analysis, the ICP etching process can
induce the leakage current, and the failure cell has
a larger series resistance than the normal cell. The
large series resistance of the failure cell could be re-
duced through optimizing the parameters of the metal
deposition process and the ITO annealing. The analy-
sis of electrical characteristics is helpful for improving
the fabrication maturity and the performance of HV-
LEDs.
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