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1. Introduction

GaN-based light-emitting diodes (LEDs) grown on the
c-plane sapphire substrate have attracted a great of interests
in the application of solid-state lighting and backlight
modules for liquid crystal displays. [1-3] The electro-beam
writer and dual-beam focused ion beam system (DB-FIB)
had been frequently used to achieve nano devices. The ion
damage induces structure defects to degrade device
performance. As a result, the single nano devices exhibited
low device performance when their scale were down to
hundreds nanometers. [4] In addition to the ion damage,
such single nano devices also encountered great difficulties
in the formation of electrical contact. [5-6] Therefore, the
devices can exhibit ordinary photoluminescence (PL)
characteristics, but they generally lack good
electroluminescence (EL) characteristics. [6] There are few
publications which have revealed the electrical and optical
properties of GaN-based emitters with nano scale formed by
FIB. [6] In this work, we report the fabrication of sliced
GaN/InGaN multi-quantum well (MQW) LEDs with
dimension of few micrometers formed by FIB technique.
Electrical and optical characterizations of the experimental
LEDs were also characterized in detail.

2. Experiment

The GaN/InGaN MQW LEDs used in this study were
grown on (0001) sapphire substrates by metal-organic
chemical vapor deposition (MOCVD) system. Similar
layer structure and growth procedure were described in
previous publications. [7] Regarding to the process
procedures, the p-GaN and GaN/InGaN MQW layers were
first etched away to explore the n*-GaN underlying layer. A
200 nm-thick indium tin oxide (ITO)film was deposited on
p-GaN contact layer to serve as a high-transparency p-type
Ohmic contact. Next, a bilayer metal of Cr/Au (50/100 nm)
was deposited on the ITO layer and the n-GaN underlying
layer to serves as the p-type and n-type electrode pads,
respectively. Process for fabricating the thin slice LEDs was
began with the formation of rectangular mesa (40 um x 25
um) by conventional photolithography and dry etching
techniques. The rectangular mesa LEDs were then sliced by

FIB down to 4.0 um X 1.4 pum. It should be noted that a 245
nm-thick SiO, layer prepared by plasma-enhanced chemical
vapor deposition was selectively deposited on the LED
samples to restrict the current path within the slice. These
slice LEDs were labeled as p-slice LED. Fig.1 schematically
depicts a side view of the p-slice LED. For comparison,
conventional LEDs with dimension of 340 pm x 340 pym
were also characterized and labeled as “broad-area LED”.

Fig.1 schematically depicts the structure of p-slice LED.
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Fig.2 Typical forward current density-voltage (J-V) characteristics
of the fabricated LEDs in semi-logarithm scale
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3 .Result and Discussion

Fig.2 shows the typical current density-voltage (J-V)
characteristics taken from the p-slice and broad-area LEDs.
With the same current density, the turn-on voltage of u-slice
LEDs was far lower than those of broad-area LEDs. It is
well known that GaN-based LEDs’ turn-on voltage is strong
dependent on current spreading effect. [8] Therefore, there
may be due to the fact that the broad-area LEDs with larger
area lead to a poor current spreading effect compared with
the p-slice LEDs. On the other hand, a very high electric
field was induced directly on the p-n junction beneath the
Cr/Au contact due to the small device area of p-slice LED
acting like the point contact junction diodes. [9] As a result,
potential barrier thickness decreases markedly with an
increase of forward voltage and, hence, resulting in easy
electron tunneling across p-n junction. In fact, projected
straggle of ion beam may lead to amorphous layer around
the slice, and thereby results in the practical slice width
smaller than its exterior dimension. As a result, the
practical electric field should be higher that the estimated
number.
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Fig.3 Peak wavelengths spectra taken from the slice and broad-area
LEDs as a function of forward current density

Fig.3 shows peak wavelength (A;) versus forward
current density (J;) taken from the fabricated LEDs. The
broad-area LEDs showed a typical behavior that the A,
exhibited blue shift first and then showed a red shift with
an increase of J;. The blue shift is well known to be due to
the quantum confinement stark effect (QCSE) [10-11], and
the red shift is mainly due to the band gap narrowing
caused by Joule heating effect. Since we could not
observed reliable and stable EL spectra from the p-slice
LEDs when J; was lower than ~1700 A/cm?, we could not
further comment the difference of A, shift between the
broad-area and p-slice LEDs when the J; was lower than
1700 A/cm?. However, it is worth to note that the p-slice
LEDs exhibited a different optical property from the
broad-area LEDs when J; was higher than ~1700 A/cm?.
First, the blue or red shift of A, with an increase of J; could
not be observed in the p-slice LEDs. They exhibited a near

constant A, unlike the broad-area LEDs had a marked
bias-dependent A,,. This phenomenon could be attributed to
the fact that the effects of joule heating (i.e., band gap
narrowing) and band filling on shift of A, compete with
each other to lead to a nearly constant A,, as shown in Fig.3.
On the other hand, the absence of blue shift of A, with
increasing the J; of p-slice LEDs might be also due to the
fact that strain release after the ion milling process could
result in reduction of piezoelectric field in the quantum
wells of the p-slice LEDs and thereby lead to a mitigation
of the effect of QCSE.

4. Conclusion

In conclusion, we have demonstrated the p-slice
GaN-based LEDs formed by focused ion beam system. In
the light of the aforesaid results, one would like to suggest
that the GaN-based single nano LEDs formed by FIB
process and operated under low power with high
performance might be potentially able to serve as a single
photon sources.

References

[1] H. X.lJiang, S. X. Jin, J. Li, J. Shakya, and J. Y. Lin, Appl.
Phys. Lett. 78, 1303 (2001) 1303.

[2] Nakamura S. and Chichibu S. F. Introduction to Nitride
Semiconductor Blue Laser Diode and Light Emitting Diodes
(London: Taylor and Francis) (2000).

[3] Hideki Hirayama. J. Appl. Phys. 97 (2005) 091101.

[4] J. Gierak, D. Mailly, G. Faini, J. L. Pelouard, P. Denk, F.
Pardo, J. Y. Marzin, A. Septier, G. Schmid, J. Ferré, R.
Hydman, C. Chappert, J. Flicstein, B. Gayral and J. M.
Gérard, Microelectronic Engineering, 57 (2001) 865.

[5] Yu Huang, Xiangfeng Duan, Yi Cui, and Charles M. Lieber,
Nano Letters, 2 (2002) 101.

[6] C. Bell, G. Burnell, D-J. Kang, R. H. Hadfield,M.
J .Kappers and M.G. Blamire, Nanotechnology, 14 (2003)
630.

[71 J. K. Sheu, C.M. Tsai, M. L. Lee, S.C. Shei and W.C. Lali,
Appl. Phys. Lett. 88 (2006) 113505.

[8] J. K. Sheu, J. M. Tsai, S. C. Shei, W. C. Lai, T. C. Wen, C.
H. Kou, Y. K. Su, S. J. Chang and G. C. Chi, IEEE Electron
Device Lett. 22 (2001) 460.

[9] G. D.J. Smit, S. Rogge, and T. M. Klapwijk, Appl. Phys.
Lett. 81 (2002) 3852.

[10] Cheng-Yin Wang, Liang-Yi Chen, Cheng-Pin Chen,
Yun-Wei Cheng, Min-Yung Ke, Min-Yann Hsieh,
Han-Ming Wu, Lung-Han Peng and Jian Jang Huang, Opt.
Express 16 (2008) 10549.

[11] S. Keller, C. Schaake, N. A. Fichtenbaum, C. J. Neufeld, Y.
Wu, K. McGroddy, A. David, S. P. DenBaars, C. Weisbuch,
J. S. Speck, and U. K. Mishra, J. Appl. Phys. 100 (2006)
054314.

-416-


http://www.sciencedirect.com/science/journal/01679317�

