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Comparison of metal chloride-doped graphene
electrode fabrication processes for GaN-based light
emitting diodes

Ki Chang Kwon,” Buem Jun Kim,” Cheolmin Kim,* Jong-Lam Lee,*” and Soo
Young Kim**

The effect of inductively coupled plasma (ICP) etching on the performance of light emitting
diodes (LEDs) with doped graphene (D-G) electrodes was investigated. The sheet resistance
decreased from 220 Q/sq to 105-140 Q/sq, and the value of the work function increased from
4.2 eV to the 4.9-5.1 eV range after four-layer graphene was doped with metal chlorides. The
voltage at a 10 mA current was 5.5 V for LEDs with pristine graphene (P-G) and D-G
electrodes when graphene was treated using the ICP etching step. The ICP etching process
heated the D-G, recovering P-G properties in D-G and depositing residual photoresist on the
graphene surface. Therefore, no difference was found in the electrical and luminance
characteristics of P-G and D-G LEDs. The voltage at a 10 mA current was lowered to 4.25-4.5
V for LEDs using D-G electrodes without ICP etching. The luminance properties of these
LEDS were improved compared to the LED with a P-G electrode. The decrease in the sheet
resistance and increase in the value of the work function in D-G enhanced the electrical
properties of the LEDs. Therefore, avoiding the ICP etching step is better for D-G electrodes in

GaN-based LEDs.
Introduction

GaN-based light-emitting diodes (LEDs) with low operating
voltage and high power have been rapidly developed for various
applications, such as monitor displays, solid-state lighting, and
traffic signals. Achieving high-quality and reliable ohmic contacts
has been crucial for GaN-based LEDs since their development by
Nakamura et al." Various transparent conducting metal/metal oxide
structures were used to obtain low-resistant and high-transparent
ohmic contacts (<107 Q-cm?, >90%) for p-type GaN. Among these
contacts, oxidized Ni/Au and indium tin oxide (ITO) are widely used
to form the current spreading layer. However, the amorphous Ni-Ga-
O phase in the Ni/Au contact insulates the thin films at high current
density.2 In the case of ITO, the cost increase of indium, diffusion of
indium to semiconductor phase, and low mechanical strength are still
problems affecting high-power LEDs.® Therefore, research into
excellent current spreading layer materials other than oxidized Ni/Au
and ITO is needed to further develop LEDs with low operating
voltage and high power.
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Graphene has received much attention as an alternative electrode
for p-type GaN because of its high carrier mobility (>200,000
em>V~'s™"), high transparency (>90%), and superior chemical
resistance.*” The forward voltage of LEDs with a multilayer
graphene (MLG) electrode is reported to be 5.6 V at 20 mA because
of the ambiguous work function and relatively high sheet resistance,
which is equivalent to an ITO-based LED at 63% power output.® In
order to reduce the sheet resistance of graphene and its contact
resistance with p-type GaN, p-type GaN nanorods, AuCls;-doped
MLG, Ni/Au/AuCl;-doped MLG, and Au/AuCl;-doped MLG were
investigated.”'* However, the operating voltage is still high because
the fabrication process is not yet optimized. Therefore, a comparison
of device properties according to the GaN LED fabrication process is
needed to optimize these properties.

In this study, we compared two different LED fabrication methods
that used inductively coupled plasma (ICP) etching, which is needed
to open n-type GaN. Furthermore, the effect of multilayer doped
graphene (D-G) on current spreading properties was investigated. D-
G with metal chlorides using a layer-by-layer transfer method was
used as the current spreading layer in p-type GaN-based LEDs. The
changes in the work function value, G band in Raman spectra, and
surface image after metal chloride doping on graphene and ICP
treatment were analyzed using ultraviolet photoemission
spectroscopy (UPS), Raman spectroscopy, and field-emission
scanning electron microscopy (FE-SEM). From these data, the effect
of metal chloride doped graphene and the LED fabrication process
on LED performance was investigated.

Experimental Section
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Preparation of D-G graphene electrodes: Pristine graphene film
(P-G) was grown using chemical vapor deposition on 25 pm copper
foil with a methane and hydrogen gas mixture. After its growth,
graphene  was  transferred to  GaN  substrates  using
polymethylmethacrylate (PMMA). After this transfer, the PMMA
layer was removed using a boiled acetone bath at 50 °C. The metal
chlorides were dissolved in coordinating solvents such as
nitromethane, acetonitrile, and methanol for AuCls, IrCl;, and RhCl;.
The D-G was made by spin-coating the metal chlorides on P-G at
3000 rpm for 60 s after a residual time of 60 s. The doping
concentration was fixed at 20 mM, as reported previously.'*'> The
transfer of the P-G sheet and doping process were repeated four
times for the fabrication of multilayer D-G.

Fabrication of LEDs: The p-type GaN substrates were grown on a
c-plane (0001) sapphire using metal-organic chemical vapor
deposition. They consisted of a 500 nm thick undoped GaN buffer
layer, 4 um thick n-type GaN, InGaN/GaN multiple quantum well,
p-type AlGaN electron blocking layer, and multiple p-type GaN
layers. The substrate was cleaned using piranha solution
(H,SO4/H,0, = 1:1 volume ratio) and by boiling aqua regia
(HCI/HNO; = 1:3 volume ratio) for 10 min to remove the oxide
residue on the surface. Two kinds of LED fabrication process are
compared, as shown in Fig. 1. The difference is the process sequence
of D-G transfer and ICP etching. In PROCESS I, P-G was directly
transferred to and doped on the GaN substrate. After D-G fabrication,
mesa etching was carried out using ICP with a photoresist (PR) to
open the n-type GaN layer. The graphene-transferred p-type GaN
was dry etched using 3 min of ICP etching to open the n-type GaN
using a mixture of Cl, (7 sccm) and BCl; (3 sccm) gas at a working
pressure of 5 mTorr, a plasma power of 350 W, and a chuck bias of
100 W.'® Then, the p-pad and n-pad, consisting of Cr/Au (50 nm /
300 nm), were deposited onto the substrate. The chip size of LED is
300 x 300 pm?’.

n-GaN
undoped GaN
~—— sapphire
mMaw

p-GaN
P-GaN substrate
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1. ICP mesa etching
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1. G transfer 2. ICP mesa etching 3. p-&n-pad
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2. p- & n-pad
deposition

FIG. 1. Schematic illustration of the GaN light-emitting diode (LED)
fabrication processes. PROCESS I and PROCESS II are compared in this

3. G transfer
& doping

experiment.

As shown in the inset of Fig. 1, the amount of remaining PR residue
on graphene was considerable after ICP mesa etching, which was not
shown on the ITO electrode. It seems that PR easily reacted with
graphene due to the addition of energy from ICP because PR and
graphene are composed of carbon atoms. The PR residue could be an
obstacle to uniform current spread in LEDs. Furthermore, it is
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reported that the graphene was severely damaged and split into
submirometer-scale islands by the high-energy ICP etching
process.'” In PROCESS II, ICP mesa etching was performed before
D-G transfer. D-G was transferred to the etched p-type GaN
substrate with the p-pad and n-pad. The D-G was patterned by using
O, plasma. No PR residue was found on the D-G layer surface, so
the current is expected to spread uniformly.

Characterization: The sheet resistance was measured in a standard
state using a four-point probe technique (Keithley 2612A multimeter,
U.S.A)). UV-visible spectra were recorded using a JASCO V-740
photo-spectrometer with a wavelength range of 400-900 nm. FE-
SEM (JEOL, JSM-5410LV, Japan) images of the P-G and D-G films
were also obtained. The graphene Raman spectra were obtained
using a Lab RAM HR (Horiba JobinYvon, Japan) at an excitation
wavelength of 514.54 nm. Synchrotron radiation photoelectron
spectroscopy (SRPES) experiments were performed in an ultra-high
vacuum chamber (base pressure of approximately 10™'° Torr) in a
4D beam line, equipped with an electron analyser and a heating
element, at the Pohang Acceleration Laboratory. The onset of
photoemission, corresponding to the vacuum level at the graphene
surface, was measured using an incident photon energy of 250 eV
with a negative bias on the sample. The results were corrected for
charging effects by using Au 4f as an internal reference.

Results and Discussion
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Fig. 2. (a) Sheet resistances of single layer pristine graphene (P-G 1L), P-G
4L, AuCl; doped graphene (D-G) 4L, IrCl; D-G 4L, and RhCl; D-G 4L
before and after inductively coupled plasma (ICP) etching. (b) The
transmittance values at 550 nm for P-G 1L, P-G 4L, AuCl; D-G 4L, IrCl; D-
G 4L, and RhCl; D-G 4L samples before and after ICP etching.

To investigate the effect of ICP etching on the electrical and
optical properties of P-G and D-G, the values of sheet resistance and
transmittance at 470 nm were measured using a four-point probe
method and UV-visible spectroscopy, as shown in Fig. 2(a) and (b).
The samples were coated with PR and then the ICP treatment was
performed under the same conditions used during LED fabrication.
After ICP treatment, the PR was removed by using a 3:1 ratio of an
acetone:chloroform boiling solution. Before ICP treatment, the sheet
resistance decreased from 780 Q/sq for P-G to 220, 110, 105, and
140 Q/sq for 4-layer (4L) G, AuCls, IrCl;, and RhCl; D-G,

This journal is © The Royal Society of Chemistry 2012

Page 2 of 5



Page 3 of 5

Journal Name

respectively. However, after treatment, the sheet resistance

considerably increased to 1350, 540, 320, 315, and 395 Q/sq for P-G,

P-G 4L, AuCls, IrCls, and RhCl; D-G, respectively, indicating that
ICP treatment degrades the electrical properties of graphene.

The transmittance at 470 nm of each sample decreased from 87%
to 83-84% after doping. After ICP treatment, the values of
transmittance more decreased to 95, 85, 81.5, 81.5, and 80.5% for P-
G 1L, P-G 4L, AuCl;, IrCl;, and RhCl; D-G, respectively. As shown
in the inset of Fig. 1, the PR layer reacted strongly with the graphene
layers when the harsh ICP etching was performed, causing PR
residue to remain on the surface of graphene. PR residue on
graphene films is thought to induce the increase in sheet resistance
and the decrease in transmittance after the ICP etching process.

Secondary electron cutoff spectra of graphene with and without
ICP treatment were shown in Fig. 2(c) and (d) to identify the value
of the work function. The value of the work function was calculated
using the following equation:

@ = hv—Ey )]

Here, @ is the value of the work function, hv is the photon energy
of the excitation light (He I discharge lamp, 21.2 eV), and Ey is
electron threshold energy. The secondary electron threshold energy
was determined by extrapolating two solid lines from the
background and straight onset in the secondary electron cutoff
spectra.lg’19 The value of the work function, ®, of D-G increased
from 4.2 eV for P-G to 4.95, 4.9, and 5.1 eV for AuCl;, IrCl;, and
RhCl; D-G, respectively. After ICP treatment, ® of P-G increased
from 4.2 eV to 5.0 eV. It is thought that the combination of graphene
and PR induces a hole trapping phenomena based on the electron tail
reduction model, resulting in the increase of ®.2%?! However, ® of
other D-G samples did not increase after ICP etching in comparison
to P-G cases. It is considered that the hole trapping phenomena
induced by the PR is marginal due to the chlorine anion in D-G
samples.
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Fig. 3. The field-emission scanning electron microscopy (FE-SEM) images
of P-G and each different D-G sample before and after the ICP etching
process. (a) P-G, (b) AuCls, (c) IrCls, and (d) RhCl; D-G before ICP etching.
(e) P-G, (f) AuCls, (g) IrCl3, and (h) RhCl; D-G after ICP etching.

Fig. 3 shows the FE-SEM images of the samples before and after
ICP etching. Some particles are observed on D-G samples that are
not shown on the P-G sample. These particles are thought to be
metal nanoparticles induced by spontaneous charge transfer from
graphene to metal chlorides. Therefore, these metal nanoparticles
decreased the transmittance values of D-G as shown in Fig. 2(b).

After the ICP etching process, PR residue and damaged graphene
sheets were observed on the graphene surface in all the samples.
This residue led to increased and decreased values of sheet resistance
and transmittance of P-G and D-G. Furthermore, the size of the
metal particles became larger and brighter after ICP treatment,
indicating that the treatment induced metal particle agglomeration.

This journal is © The Royal Society of Chemistry 2012
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These data indicated that the ICP process damaged graphene,
degrading its properties.”**

Fig. 4(a) and (b) show the Raman spectra of P-G and D-G samples
before and after the ICP etching process. The G peaks are located at
1583, 1588, 1590, and 1588 cm™' for P-G, AuCl, IrCl;, and RhCl;
D-G, respectively. The locations of G peaks in D-G were higher
wavenumbers compared to the G peak in P-G. Furthermore, 2D
peaks of D-G samples were shown to be shifted to higher
wavenumbers compared to the 2D peak of P-G. These results agree
with previous articles, which reported that both hole and electron
doping on graphene made G and 2D peaks shift to higher
wavenumbers.”** Therefore, it is thought that the graphene sheet
was effectively doped with metal chloride solution. After ICP
treatment was performed on graphene, the position of G and 2D peak
in D-G samples were downshifted to lower wavenumber. The G and
2D peak positions were plotted before and after ICP etching to
clarify this issue, as shown in Fig. 4(c). Furthermore, the intensity of
the D peak significantly increased after ICP treatment. The intensity
ratios of the D peak to the G peak increased after the ICP etching
process, as shown in Fig. 4(d). Therefore, it is thought that the
graphene sheets were damaged by ICP etching and reacted with PR
residue.
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Fig. 4. (a) The Raman spectra of the metal chloride D-G before ICP etching.
The positions of the G and 2D peaks in D-G were shifted to higher
wavenumbers compared to those of P-G. (b) The Raman spectra of metal
chloride D-G after ICP etching. The intensity of the D peak increased and the
G and 2D peak positions of D-G matched those of P-G after ICP etching. (c)
The intensity ratio of the D peak to the G peak before and after ICP etching.
The inset graph shows the intensity ratio of the 2D peak to the G peak. (d)
The G and 2D peak positions of P-G and D-G samples before and after ICP
etching. Red color indicates the states before ICP etching and blue color

indicates the states after ICP etching.

The current-voltage (I-V) characteristics of the GaN-based LEDs
with P-G and D-G electrodes made using PROCESS II are displayed
in Fig. 5(a). The number of graphene layers was fixed at four. The
device forward voltage (V) at a 10 mA current was 5.9 V for P-G
electrode. This Vg value is higher than ITO-based LEDs, which was
recently reported to be 4 V.” The Vy of LEDs with D-G electrodes at
an injection current of 10 mA was lowered from 5.9 V to 4.4, 4.25,
and 4.5 V for AuCl;, IrCl;, and RhCl; D-G, respectively. It is
thought that the decreased sheet resistance and increased ® in D-G
enhanced the electrical properties of LEDs.*'? The Vi at a 10 mA
injection current was 5.5 V for LEDs with P-G and D-G electrodes
in PROCESS I. 1t is reported that thermal degradation occurred in D-
G, leading to ® of D-G returning to the value of ® of P-G and

J. Name., 2012, 00, 1-3 | 3
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increased sheet resistance.” The ICP etching process thermally
heated the graphene, meaning the I-V difference between P-G and
D-G LEDs was not found in PROCESS I. The current injected
optical images of LEDs fabricated using PROCESS II are displayed
in Fig. 5(b). LEDs with P-G electrodes exhibited strong current
crowding around the p-pad. However, the light emission properties
of LEDs with D-G electrodes were shown to be significantly
enhanced in PROCESS II. The LED with an IrCl; D-G electrode
displayed the best light emission properties at a 5 mA current.
Neither P-G nor D-G exhibited PR residue in PROCESS II, and the
emission difference between the P-G D-G electrodes was magnified
as a result. In the case of LEDs made using PROCESS I, the PR
residue interrupts the current spreading properties of the graphene
sheet. Graphene carrier transport properties deteriorated because
high temperatures induced by ICP mesa etching promoted the
reaction between graphene and PR. Furthermore, the graphene
current spreading layer might have been damaged during the ICP
etching step because of the harsh ion bombardment treatment on the
GaN substrate. These results indicated that the current injection
properties of D-G are better that those of P-G.

@

Q- PG
—O— AuCl, D-G
30" _@— Irc,dG
—Q— RnCl, D-G

Current (mA)

Voltage (V)

Fig. 5. (a) Device current-voltage (I-V) characteristics of LEDs with four
different electrodes from PROCESS II. The P-G, AuCls, IrCl;, and RhCl; D-
G were used as electrodes. (b) The light emission images of LEDs fabricated
using PROCESS I1. The image of IrCl; D-G at an injection current of 5 mA is

the brightest among all of the samples.

Fig. 6. Schematic energy band diagram in (a) P-G/p-type GaN and (b) D-
G/p-type GaN. The hole injection barrier height was lowered by doping with

graphene.
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Figs. 6(a) and (b) show the band diagrams of P-G/p-type GaN and
D-G/p-type GaN. The E,,., ¢, E., E,, X,, and V,; mean vacuum
energy level, work function, conduction band, valence band, energy
gap between vacuum level and conduction band of p-type GaN, and
injection barrier height, respectively. The energy levels for p-type
GaN were adopted from previous reports.”*® The value of ® of D-G
increased from 4.2 eV to 4.9-5.1 eV, as shown in Fig. 2(c). This led
to a drop in the Fermi level (Er in the figure) of graphene. This
induced the decrease of Vy; in D-G/p-type GaN, improving the hole
injection into p-type GaN. Therefore, it is thought that D-G without
ICP treatment lowers the injection barrier of p-type GaN, enhancing
light emission and I-V characteristics.

Conclusions

Two kinds of LED fabrication processes were investigated using
P-G and D-G electrodes. The sheet resistance decreased from 220
Q/sq to 105-140 Q/sq, and the value of the work function increased
from 4.2 eV to 4.9-5.1 eV for 4L D-G. The graphene electrode was
treated using ICP during mesa etching step in PROCESS I. In
PROCESS 11, the graphene electrode was transferred after the mesa
etching step so that graphene was not treated by ICP. The Vg at an
injection current of 10 mA was 5.5 V for LEDs with P-G and D-G
electrodes in PROCESS I. No difference was found in the I-V and
luminance characteristics between P-G and D-G LEDs fabricated
through PROCESS I because the ICP etching process thermally
heated graphene. In the case of LEDs using D-G as electrodes in
PROCESS II, the Vg at an injection current of 10 mA was lowered to
4.25-4.5 V and luminance properties were improved compared to
the LED with the P-G electrode. It is thought that the decreased
sheet resistance and increased work function value in D-G enhanced
LED electrical properties. These findings provide a potential basis
for the application of graphene electrodes in GaN-based LEDs.
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