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Enhanced light emission of GaN-based diodes with a NiO,/graphene hybrid

electrode
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A NiO, buffer layer is introduced in GaN-based light-emitting
diodes to form low resistance ohmic contacts between p-type GaN
and graphene conductive electrodes, leading to improved perfor-
mance with lower operating voltage and higher light output power.

GaN-based light emitting diodes (LEDs) have attracted extensive
attention in the past few decades due to their great advantages of high
brightness, low energy consumption, and long lifetime. They have
been widely used in various applications including general lighting,
traffic lights, automobile headlights, and backlight units for liquid
crystal displays.! Recently, use of graphene as transparent conducting
electrodes in GaN-based LEDs has been extensively investigated
because of its excellent optical and electrical properties.>> Graphene
is considered as an ideal candidate to replace conventional indium tin
oxide (ITO) electrodes. However, as a result of low hole concentra-
tion and high work function of p-GaN, it is hard for the current
spreading layer to form a good ohmic contact with p-GaN.® In
addition, the work function mismatch of graphene (~4.8 eV) and
p-GaN (~7.5 eV) will lead to a high contact barrier that hinders the
movement of electrons and increases the operating voltage of LEDs
with graphene electrodes. Therefore, forming a good ohmic contact
with the p-GaN layer is a key point to improve the performance of
GaN-based LEDs with graphene transparent electrodes. To solve
this problem, previous studies have developed several effective
approaches by inserting ITO quantum dots™® and metal sheets®
between graphene and the p-GaN layer or by modifying the work
function of graphene' to decrease the contact resistance. With these
methods, the performance, especially the electrical properties of
LEDs with graphene transparent electrodes, has been greatly
improved. However, the operating voltage of ~4.0 V (at 20 mA)
reported previously for the LEDs with graphene electrodes still needs
to be further decreased, when considering “state-of-the-art” LEDs
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using other transparent electrodes like ITO and ZnO transparent
electrodes the operating voltage is 3.2-3.4 V (at 20 mA).'"*2

In this work, a very thin NiO,, buffer layer (1-2 nm) is introduced
below the graphene film to improve its ohmic contact with the
underlying p-GaN layer. With a transparency as high as ~90% to the
visible light, the NiO,/graphene hybrid film serves as a good electrode
for GaN-based LEDs. The large work function of the NiO, inter-
layer reduces the contact barrier at the graphene/p-GaN layer inter-
face. Moreover, the high p-type carrier concentration of NiO, caused
by the nickel vacancies and/or oxygen interstitials makes it easier for
graphene to form ohmic contacts with the p-GaN layer®> and
consequently improves the LED performance.

Fig. 1(a) shows the schematic structure of the LED device with
NiO,/graphene conducting electrodes. The LED multilayers were
first grown on 2-inch c-plane (0001) sapphire substrates via metal—
organic chemical vapor deposition (CVD). The GaN epitaxial
structure consists of a 50 nm thick low-temperature-grown GaN
buffer layer, a 2 um thick undoped GaN layer, a 2 pm thick heavily
Si-doped n-type GaN layer, 5 pairs of InGaN (3 nm)/GaN (12 nm)
multiple quantum wells (MQWSs) and a 100 nm thick Mg-doped
p-type GaN layer. After deposition of a 2 nm thick Ni film on the
p-type GaN layer by an electron beam system, the GaN wafers were
annealed at 400 °C in air for 3 min. Then graphene films were
transferred onto the GaN wafers. Conventional mesa structure LEDs
(225 x 175 pm?) were fabricated after an inductively coupled plasma
etching process and p—n metal electrode deposition. Graphene films
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Fig. 1 (a) Schematic structure of the LED device with the NiO,/gra-
phene electrode. (b) Raman spectrum of the graphene film. (c) Photo-
graphs of LED chips with the NiO,/graphene electrode and without any
transparent electrode.
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used here were prepared on copper foils by CVD. In detail, the
copper foils were heated to 1000 °C under Ar (500 mL min~") and H,
(50 mL min~ ). After reaching 1000 °C, Ar was turned down to 200
mL min~! and H, to 20 mL min~". A small amount of CH,4 (5-10
mL min~") was then introduced into the reaction tube at ambient
pressure. After 10 min of reaction-gas mixture flow, the samples were
rapidly cooled to room temperature. Then the copper foils were
removed in FeCl; aqueous solution and graphene films were released
floating on the liquid surface. After that, graphene films were trans-
ferred into deionized water to remove the residual impurities.
Fig. 1(b) shows a typical Raman spectrum of the graphene film. The
presence of dominant G band (~1590 cm™") and 2D band (~2658
cm ') reveals the high quality of graphene. Fig. 1(c) shows the optical
photographs of a LED chip with the graphene/NiO, hybrid electrode
before and after applying 1 mA current. One can see a clear light
output power enhancement in the area of the LED with the NiO,/
graphene hybrid electrode. In addition, comparing with LEDs
without any transparent contact, the uniformity of light emission
below the NiO,/graphene hybrid electrode is greatly improved. It is
worthy to note that, to illustrate the important role as the conducting
film that graphene plays in the NiO,/graphene hybrid electrode, a
LED chip partly covered with graphene film is selected, as shown in
the middle panel of Fig. 1(c).

To investigate the impact of the thin NiO,, buffer layer on the light
extraction efficiency of the LED devices, the visible transmittance of
the NiO,/graphene hybrid structure was first examined. Fig. 2(a)
shows the transmission spectra of different conducting electrodes
used in our experiment. The NiO, (~1 nm)/graphene layer exhibits a
transparency of nearly 90% to visible light. In addition, it is worth
noting that the transparency of NiO,(~1 nm)/graphene to blue and
ultraviolet light is much higher than that of a 280 nm ITO layer,
suggesting its application potential in transparent conducting elec-
trodes for blue or ultraviolet LEDs. To further reveal the role of
graphene in the NiO,/graphene hybrid electrodes, we tested the sheet
resistances of the NiO, buffer layer (1-2 nm), NiO,/graphene, gra-
phene, NiO/ITO, and 280 nm ITO layer. As shown in Fig. 2(b), the
sheet resistance of NiO, buffer layers (>10 kQ) is much higher than
that of graphene (~kQ) and ITO (~20 Q). The sheet resistance of
NiO,/graphene and NiO,/ITO hybrid electrodes is almost the same
as that of bare graphene and ITO, respectively, suggesting that the
conducting performance of the NiO,/graphene hybrid is determined
by the conductivity of graphene. The underlying NiO,, buffer layer in
the hybrid electrodes mainly serves as a contact layer to the under-
neath p-GaN layer.

To characterize the NiO,/graphene contact with the underlying
p-type GaN layer, the current-voltage (I-V) curves of different LED
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Fig.2 (a) Transmission spectra. (b) Sheet resistances of NiO, (1, 2 nm),
NiO,/graphene, graphene, NiO,/ITO, and 280 nm ITO.
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Fig. 3 (a) Current-voltage (I-V) curves. (b) R, — In(R/r) curves of
different transparent contacts.

devices were collected, as illustrated in Fig. 3(a). By inserting a thin
NiO, buffer layer, the I~V curve becomes more linear compared with
the samples without the NiO, layer, which indicates that the ohmic
contact between graphene and the p-GaN layer is greatly improved.
Meanwhile, a steeper slope of the I~V curve than that of the
ITO layer is observed, revealing a lower contact resistance than
ITO/p-GaN obtained by introducing the NiO, layer. The specific
contact resistance was further characterized using a circular trans-
mission line model (CTLM). The CTLM pattern is presented in the
inset of Fig. 3(a). The CTLM results show that the contact resistance
between the NiO,/graphene and p-GaN is 5.9 x 10~*Q cm? which is
about 2-3 orders lower than that of the graphene/p-GaN structure
(107! to 1072 @ cm?). And it is also much lower than that of the
ITO/p-GaN or ITO/NiO,/p-GaN structure (~ 1073 Qcm?). The R, —
In(R/r) curves of different transparent electrodes are shown in
Fig. 3(b), where R, represents the resistance of the transparent
contact.

Fig. 4(a) shows the I-V curves of the LED devices with different
transparent electrodes. At an injection current of 20 mA, the voltage
of the LED device with the NiO,/graphene hybrid electrode is
dramatically reduced from 6.15 V to 3.65 V. Such a large drop in the
voltage is due to the fact that the ohmic contact between graphene
and p-GaN has been greatly improved by inserting the NiO, buffer
layer. The voltage of the LED with the NiO,/graphene hybrid elec-
trode at an injection current of 20 mA is a little higher than that of the
LED with the 280 nm ITO (~3.2 V), which can be explained by the
fact that the series resistance of the graphene film is still larger than
that of the 280 nm ITO layer. Based on the fact that the operating
voltage of LED devices is greatly related to the series resistance of the
transparent conducting electrodes, one may predict that the voltage
of the LEDs would be further decreased if the quality of the graphene
films from CVD was improved.®"

The light output power (LOP) curves of the LED devices with
different transparent conducting electrodes are shown in Fig. 4(b).
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Fig. 4 (a) Current-voltage (I-V) curves. (b) LOP-I curves of LED
devices with different transparent conducting electrodes.
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The LOP of the LED with NiO,/graphene is much higher than those
of LEDs without NiO,.. At an injection current of 20 mA, the LOP of
the LED device with the NiO,/graphene hybrid electrode can be
improved by 57% compared with the LED with a bare graphene
electrode. This enhancement is also attributed to the improved ohmic
contact between graphene and p-GaN. The LED efficiency will
dramatically decrease if the injection current is blocked due to the
weaker current spreading ability of transparent conducting elec-
trodes.?*® Considering the fact that the quality of the CVD-grown
graphene film can be improved and the series resistance will be further
decreased, although the LOP of the LED devices with NiO,/gra-
phene electrodes is still lower than that of the LED with the ITO
electrode, the proposed approach provides a rational yet effective
way to improve the LED performance.

Fig. 5(a) shows the X-ray photoelectron spectroscopy (XPS)
spectra of Ni2ps;, before and after the deposited Ni layer was
annealed in air at 400 °C. Significant difference can be observed in the
binding energy of Ni2ps, for the annealed Ni film. A Ni** peak
(854.5 eV) and two Ni°* peaks (861.3 eV, 855.7 eV) are clearly
identified, suggesting the formation of NiO and Ni,Os, respectively.
In the Ols spectra shown in Fig. 3(b), two distinct peaks (529.5 eV,
531.5 eV) can be detected, which correspond to the binding states of
Ni** and Ni** .25 Holes will be bound by the nearby Ni?* vacancies in
the annealed NiO film, which produce Ni** jons. These bound holes
will accept electrons and turn NiO into a p-type semiconductor. The
hole concentration of the NiO film can reach a level of 1.3 x 10'°
em ™3, which greatly improves the ohmic contact with the p-GaN
layer.'>

The equilibrium energy band diagrams of graphene/p-GaN and
graphene/NiO,/p-GaN heterostructures are shown in Fig. 5(c). E., E;
and E; represent the top of the valence band, the bottom of
the conduction band and the Fermi level, respectively. In the
graphene/p-GaN heterostructure, the height and width of the contact
barrier between graphene and p-GaN are defined as ¢g and AD. In
the NiO,/p-GaN heterostructure, the widths of the contact barrier in
the NiO, and p-GaN are defined as Adnior and Adj, gan corre-
spondingly. Compared with the contact barrier between graphene
and p-GaN, the energy band bending at the NiO,/p-GaN interface
(Pp-gans Yniox < ¢p) is much smaller due to the large work
function of NiO,. In addition, the ultrathin p-type NiO, layer
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Fig.5 XPS spectra of the annealed Ni layer: (a) Ni2ps/, and (b) Ols. (c)
Energy band diagrams of graphene/p-GaN and graphene/NiO,/p-GaN
heterostructures.

reduces the contact barrier width at the NiO,/p-GaN interface
(Adniox» Ady.Gan < ADp.Gan). Therefore, by introducing the NiO,
buffer layer, electrons can pass through the barrier more easily.*

Conclusions

In summary, GaN-based blue LEDs with NiO,/graphene hybrid
electrodes were fabricated and their optoelectronic properties were
investigated. By inserting an extra thin NiO, buffer layer, a low
contact resistance of 5.9 x 10~* Q cm® was obtained between gra-
phene and the p-GaN layer, resulting in a dramatic decrease in the
forward voltage of LED with graphene electrodes. The large work
function of NiO, reduced the contact barrier between graphene and
the p-GaN layer and the high p-type carrier concentration of NiO,
also facilitated the formation of good ohmic contacts with the
p-GaN layer. Meanwhile, the light output power of LED with NiO,/
graphene hybrid electrodes was greatly improved. The proposed
method provides an effective way to improve the performance of the
GaN-based LEDs with graphene electrodes.
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