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ABSTRACT 

A high-reflectivity omni directional reflector (ODR) has been incorporated into a GaInN light-
emitting diode (LED) structure. The ODR comprises a transparent, electrically conductive quarter-
wave layer of indium tin oxide clad by silver and serves as an ohmic contact to p-type GaN. It is 
shown that ODR-LEDs have low optical losses and high extraction efficiency. Mesa-structure 
GaInN / GaN ODR-LEDs emitting in the blue wavelength range are demonstrated and compared to 
GaInN / GaN LEDs with semitransparent Ni / Au top contacts.  The extraction efficiency of ODR-
LEDs is higher as compared to conventional LEDs with Ni / Au contacts.  
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1. INTRODUCTION 

GaN-based LEDs provide a higher performance in the short-wavelength part of the visible and 
ultraviolet (UV) spectrum than any other semiconductor material system[1, 2, 3]. There are many 
applications for such devices including chemical and biological agent detection, communications, 
and solid-state lighting. There is currently a great need for improvement of the internal quantum 
efficiency as well as of the extraction-efficiency in III–V nitride LED structures. High extraction 
efficiency designs include flip-chip mounted high-power devices[4], transparent indium-tin-oxide 
current-spreading layers[5], thin semi-transparent Ni / Au ohmic contacts[6], and resonant-cavity 
approaches[7].

In this publication, we present a novel approach for increased extraction efficiency in GaInN 
mesa-structure LEDs grown on transparent sapphire substrates. This approach is based on an omni-
directional reflector (ODR) consisting of GaN, a quarter-wave layer of indium tin oxide (ITO)[8], and 
a Ag layer. It is shown that this reflector possesses high reflectivity, omni-directionality, and a 
spectrally broad high-reflectivity band. In particular, it is shown that the ODR has better properties 
than conventional contacts and even Ag metal mirrors on GaN[9]. In a related way the performance 
of AlGaInP devices was improved utilizing substrate-less thin film LEDs[10, 11]. The epitaxially 
grown AlGaInP  semiconductor layers, including the active region, are placed on a highly reflective 
mirror before bonding the wafer to a new carrier. Particular emphasis is being paid to the shaping of 
micro-reflectors which increase light extraction through the device top surface.  
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2. THEORY AND EXPERIMENT 

The device structure, shown in Figure 1, consists of a mesa with the common “p-side-up” growth. 
The p-type contact consists of the large-area ITO of quarter-wave thickness that is completely 
covered by a thick Ag layer. Flip-chip mounting is preferred for increased light outcoupling 
efficiency. The figure shows that the p-type contact is close to the light-generating region indicating 
the importance of reducing any optical losses at the p-type contact. 

FIG. 1. Mesa structure GaInN LED employing an omni directional GaN / ITO / Ag reflector. 

The reflectivity along the surface normal direction of a semiconductor / metal reflector is given by 
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where ns is the refractive index of the semiconductor, and nm and km are the refractive index and the 
extinction coefficient of the metal, respectively. For a GaN / Ni reflector[12], a typical contact 
metalization for p-type ohmic contacts, the reflectivity calculated from Eq. (1) at λ = 440 nm is 
about 30 %. For a GaN / Ag metal reflector[12], a reflectivity of 92 % is inferred form Eq. (1).  

The reflectivity along the surface normal direction of a semiconductor / dielectric / metal 
reflector can be calculated as 
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where nli is the refractive index of the low-index ITO layer. For a GaN / ITO / Ag metal reflector[12],
a reflectivity of about 94 % is inferred form Eq. (2). Note that the extinction coefficient of ITO 
increases with the conductivity[8, 13]. Because current is conducted normal to the film plane, a low 
conductivity of the ITO can be afforded in the LED structure presented here but not in the LED 
structure in which ITO is used as a current-spreading layer. The extinction coefficient of ITO is 
therefore neglected and the calculated reflectivity is valid in the low-conductivity limit of ITO. Note 
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that even very small differences in reflectivity can improve LED performance significantly since 
waveguide modes undergo multiple or even many reflection events.  

The LEDs were grown by organo-metallic vapor-phase epitaxy and consist of a 4 µm thick 
n-type GaN buffer layer, an n-type GaN lower cladding layer, a GaInN / GaN multiple quantum well 
active region, a p-type upper cladding layer, and a highly Mg-doped GaN contact layer. LED mesa 
structures were obtained by standard photolithographic pattering steps defining circular p-type 
contact areas (200 µm diameter) followed by dry-etching to expose the n-type cladding layer 
surrounding the p-type contact areas.  

After a 3 min dip in buffered oxide etchant (BOE) to remove native oxide, p-type contacts for 
the ODR-LEDs were deposited in a two-step process: first, ITO films of about quarter wave 
thickness (d  55 nm) were deposited in an RF-assisted sputtering system using a 99.99-pure 
In2O3 / SnO2 target. The sputtering was carried out in an Argon plasma with an ion acceleration 
voltage of 1 kV and an ion beam current of 24 mA. A constant oxygen flow rate of 3.5 sccm and a 
total pressure in the sputtering chamber of 4.3 x 10-4 Torr resulted in an ITO growth rate of about 0.2 
nm / s. The ITO was then annealed in a rapid thermal annealing furnace at 600 °C for 30 s in a 
flowing N2 ambient. The ITO-film obtained this way was virtually colorless and transparent. In the 
second step, Ag (200 nm) and Au (20 nm) were deposited on top of the annealed ITO layer by 
electron-beam evaporation at a pressure of about 8 x 10-7 Torr.

Semi-transparent p-type contacts for reference LEDs were obtained by deposition of Ni (20 nm) 
and Au (20 nm) in the electron beam evaporator at a pressure of about 1 x 10-6 mbar followed by 
annealing in dry air at 530° C for 3 min. Prior to the deposition native oxide was removed by BOE. 
The n-type contacts for both samples (conventional LED and ODR-LED) were fabricated by 
electron beam evaporation of Ti (60 nm) and Al (60 nm) at about 3 x 10-7 Torr without oxide 
removal or subsequent annealing.   

FIG. 2. Current-voltage curves of the ODR-LED and a conventional reference LED with an 
identical mesa structure and contact diameter of 200 µm.  
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The electroluminescence intensity and current voltage for the conventional and the ODR-LED’s 
were measured simultaneously in an integrating sphere with the sample positioned on a transparent 
glass holder. Figure 2 shows the current voltage characteristic of the ODR-LED and the 
conventional LED. The voltage required to drive a forward current of 15 mA through the 
conventional LED is about 3.6 V and about 6.6 V for the ODR-LED. The slope resistances at these 
voltages are R s = 33 Ω  for the conventional LED, and Rs =143 Ω for the ODR-LED.   

Figure 3 shows the optical spectrum of the ODR-LED and the conventional LED at a pump current I = 
12 mA. A peak emission wavelength of about 440 nm can be inferred from the figure. The Full-Width-Half-
Maximum is about 55 nm in both cases.  

FIG. 3.  Emission spectrum of (a) ODR-LED and (b) conventional LED. 

The light-output-versus-current characteristic of the device is shown in Figure 4. At small 
forward currents (I < 17 mA) the light power extracted from the ODR-LED is significantly larger 
than the output from the conventional LED. As outlined above, a reflectivity of about 94 % is 
expected for the ITO / Ag mirror utilized in the present ODR LED; this is clearly a better figure-of-
merit than the transmittance T 65 % of the semitransparent Ni (20 nm) / Au (20 nm) contact of the 
conventional LED. Typically transmittance values for semitransparent contacts are between T = 85 
% and T = 38 % for Ni (2 nm) / Au (5 nm)[6] and Ni (50 nm) / Au (50 nm), respectively[14]. The 
increased light output of the ODR-LED can therefore be attributed to better light extraction 
efficiency due to the use of an omni directional mirror.  

However, with increasing current levels saturation of the output power is observed for the ODR-
LED, whereas the conventional LED maintains an almost linear L-vs.-I-relationship up to 20 mA as 
inferred from Fig. 4. This is most likely due to heating of the ODR-LED caused by the large 
resistance Rs = 143 Ω exceeding the R s value of the conventional LED by almost a factor of three. 
The larger Rs value corresponds to an additional drive voltage drop of about 3 V at a forward current 
I = 15 mA as compared to the conventional LED (see Fig. 2). It is interesting to note that a similar 
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voltage drop of about 2 V has been reported for a blue LED employing a single ITO layer of 25 nm 
thickness as p-type contact material[15]. We therefore attribute the higher device resistance to the 
resistivity of the ITO-layer or to a poorer specific contact resistance of the GaN/ITO contact. Note 
that the ITO deposition parameters were adjusted to obtain maximum transparency which usually 
results in low conductivity[8, 13].

FIG. 4. Light-output-vs.-current of (a) ODR-LED and (b) conventional LED. The power is 
measured with an integrating sphere with the samples mounted on a transparent glass holder.

3. CONCLUSION 

In conclusion, a novel LED structure comprising an omni directional reflector (ODR) has been 
presented.  The triple-layer ODR consists of GaN, a quarter-wave thick ITO layer, and a Ag-layer 
and forms the p-type contact to the LED wafer. Calculations predict a 94 % reflectivity for the ODR, 
which exceeds the reflectivity of 30 % attainable with Ni contacts. Comparison to conventional 
LEDs fabricated from the same wafer employing semitransparent Ni (20 nm) / Au (20 nm) p-type 
contact with a transparency T  65 % showed that the output power emitted by the ODR-LED is 
significantly larger.  This difference is attributed to the higher light extraction efficiency caused by 
the ODR. However, the overall device resistance of the ODR LED was about a factor of three larger 
compared to the conventional LED due to the resistivity of the ITO layer or a poorer specific contact 
resistance of the GaN/ITO contact.     

Acknowledgment: This work was supported in part by DARPA/ARO (Dr. Carrano), the NSF (Dr. Varshney), 
and ONR/Univ. New Mexico (Drs. Wood and Hersee).  

Proc. of SPIE Vol. 4996     143



REFERENCES 

[1] G. Kipshidze, V. Kuryatov, B. Borisov, M. Holtz, S. Nikishin, and H. Temkin, “AlGaInN-based 
ultraviolet light-emitting diodes grown on Si(111)”, Appl. Phys. Lett. 80, 3682 (2002). 

[2] M. Shatalov, J. Zhang, A. S. Chitnis, V. Adivarahan, J. Yang, G. Simin, and M. Asif Khan, “Deep 
ultraviolet light-emitting-diodes using quaternary AlInGaN multiple quantum wells”, IEEE Journal 
on selected topics in quantum electronics 8, 302 (2002). 

[3] T. G. Zhu, J. C. Denyszyn, U. Chowdhury, M. M. Wong, and R. D. Dupuis, “AlGaN-GaN UV light-
emitting-diodes grown on SiC by metal-organic chemical vapor deposition”, IEEE Journal on 
selected topics in quantum electronics 8, 298 (2002). 

[4] J. J. Wierer, D. A. Steigerwald, M. R. Krames, J. J. O’Shea, M. J. Ludowise, G. Christenson,  Y.-C. 
Shen, C. Lowery, P. S. Martin, S. Subramanya, W. Goetz, N. F. Gardner, R. S. Kern, and S. A. 
Stockman, “High-power AlGaInN flip-chip light-emitting diodes”, Appl. Phys. Lett. 78, 3379 (2001). 

[5] C. H. Lin, D. L. Hibbard, A. Au, H. P. Lee, Z. J. Dong, F. J. Szalkowski, J. Chen and C. Chen, “Low 
resistance optically transparent contacts to p-type GaN using oxidized Ni/Au and ITO for LED 
application”, Mat. Res. Soc. Symp. 639, G4.8.1 (2001). 

[6] J. K. Sheu, Y. K. Su, G. C. Chi, P. L. Koh, M. J. Jou, C. M. Chang, C. C. Liu, and W. C. Hung, 
“High-transparency Ni/Au ohmic contact to p-type GaN”, Appl. Phys. Lett. 74, 2340 (1999). 

[7] S. Fernandez, F. B. Naranjo, F. Calle, M. A. Sanchez-Garcia, E. Calleja, P. Vennegues,  
A. Trampert, and K. H. Ploog, “High-quality distributed Bragg reflectors based on  
AlxGa1-xN/GaN multilayers grown by molecular-beam epitaxy”, Appl. Phys. Lett. 79, 2136 (2001). 

[8] Ray Swati, R. Banerjee, N. Basu, A. K. Batabyal, and A. K. Barua, “Properties of tin doped indium 
oxide thin films prepared by magnetron sputtering”, J. Appl. Phys. 54, 3497 (1983). 

[9] D. A. Steigerwald, J. C. Bhat, D. Collins, R. M. Fletcher, M. O. Holcomb, M. J. Ludowise, P. S 
Martin, and S. L. Rudaz, “Illumination with solid-state lighting technology”, IEEE Journal on 
selected topics in quantum electronics 8, No. 2, 310 (2002).

[10] K. Streubel, N. Linder, R. Wirth, and A. Jaeger, “High-brightness AlGaInP light-emitting diodes”,
IEEE Journal on Selected Topics in Quantum Electronics 8 No.2, 321 (2002).

[11] S. Illek, U. Jacob, A. Ploessl, P. Strauss, K. Streubel, W. Wegleiter, and R. Wirth “Buried micro-
reflectors boost performance of AlGaInP LED’s”, Compound Semiconductor January/February, 1 
(2002).

[12] The following parameters are used in the calculations. Refractive indices: nGaN = 2.5, nAg = 0.1, nNi =
1.7, and nITO = 2.05. Extinction coefficient: kAg = 2.5 and kNi = 2.5. These values are valid in the 
wavelength range of 400 – 500 nm. 

[13] R. H. Horng, D. S. Wuu, Y. Ch. Lien, W. H. Lan, “Low-resistance and high-transparency Ni/indium 
tin oxide ohmic contacts to p-type GaN”, Appl. Phys. Lett. 79, 2925 (2001). 

[14] D. W. Kim, Y. J. Sung, J. W. Park, and G. Y. Yeom, “ A study of indium tin oxide (ITO) contacts to 
p-GaN”, Thin Solid Films 398-399, 87 (2001). 

[15] T. Margalith, O. Buchinsky, D. A. Cohen, A. C. Abare, M. Hansen, S. P. DenBaars, and L. A. 
Coldren, “Indium tin oxide contacts to gallium nitride oproelectronic devices”, Appl. Phys. Lett. 74,
3930 (1999). 

144     Proc. of SPIE Vol. 4996


