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Over the last decade the physics of micro- 
size photonic structures and devices have 
been Investigated and much progress made. 
Although many possible applications for 

these devices were Identified long ago, it is 
only recently that technological advances 
have enabled a transition from basic 
research to practical devices. 
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Figure 1. Scanning electron 
microscope (SEM) image of a 

III-nitride micro-size LED array. 

The various types of  micro-photonic devices 

range from arrays of micro-emitters, detectors 

and waveguides to optical switches and photonic  

crystals.Together wi th  their  two-dimensional 

array nature, they enable many important  appli- 

cations such as optical communications,  signal 

and image processing, optical interconnects,  

computing,  enhanced  energy conversion and 

storage, and chemical, biohazard substance and 

disease detection. Other  applications include 

micro-satellites, smart cards, etc. 

In particular, III-nitride optoelectronic  devices 

offer benefits including: 

• UV/blue light emission (allowing higher 

optical storage density and resolution as well  

as the ability for chemical- and biohazard 

substance detection);  

• the ability to operate at very high tempera- 

tures and power  levels (due to their mechani- 

cal hardness and larger bandgaps); 

• high speed (due to the intrinsically rapid 

radiative recombinat ion rates); and 

• a large band offset of  2.8 eV or 4.3 eV for 

GaN/AIGaN or  InGaN/A1GaN heterostructures 

(allowing novel  quantum well  devices, and 

high emission efficiencies). 

Together, these may allow the creation of 

micro-size optoelectronic  and photonic  devices 

wi th  unprecedented  propert ies and functions. 

Here we  discuss some of the recent  advances in 

III-nitride micro-size light emitters. 

III-nitride micro-LED 
fabrication 
Recently our research group at Kansas State 

University has successfully fabricated electrically 

pumped  individual III-nitride micro-size LEDs 

and micro-LED arrays and observed enhanced  

quantum efficiencies. 

The micro-size LEDs were  fabricated from our 

research-laboratory-grown LED wafers, based on 

the InGaN/GaN quantum well  (QW) LED struc- 

ture. Our LED structures were  grown on sap- 

phire substrates wi th  30 nm GaN buffer layers. 

The QW device layers comprise: 

• 3.5/am of silicon-doped GaN, 

• O. 1 pm of silicon-doped superlattice (consist- 

ing of alternating layers of 50A/50A of 

A1GaN/GaN), 

• 50A of silicon-doped GaN, 

• a 20A undoped  InGaN active layer, 

• 0.14 pm of Mg~doped superlattice (consisting 

of  alternating layers of  50A/50A of 

AIGaN/GaN), and 

• 0.5 prn Mg-doped GaN epilayer. 

This is followed by a rapid thermal anneal at 

950°C for 5 s in nitrogen. 
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Figure 2. (a) Optical microscope images of a Kansus State 
University conventional broad-area (300 x 300 pm 2) LED 
(right) and a Kansus State University interconnected 
microdisk LED with individual disk diameter of 10 pm (left). 
(b) Comparison of L-I characteristics of an interconnected 
InGaN/GaN quantum well microdisk LED and a conven- 
tional broad-area LED fabricated from the same wafer 
measured on the top surface of unpackaged chips. 

This process  p roduced  p-layer concen t ra t ions  of  

5xlO 17 cm -3 (wi th  hole  mobil i ty  of  12 cm2/Vs) 

and n-layer concen t ra t ions  of  1.6xlO TM cm 3 

(wi th  e lec t ron  mobil i ty  of  310 cm2/Vs). 

By incorpora t ing  the  AIGaN/GaN superlat t ice 

s t ructure  into our  LED device layers, t he  p-type 

concen t ra t ion  was e n h a n c e d  f rom 2 xlO 17 to 

5 x 1017 cm -3. 

Microdisk arrays such as that  s h o w n  in Figure 1 

wi th  individual disk size varying from 5 to 20 ~tm 

were  fabricated by  photo l i thographic  pa t te rn ing  

and inductively coupled  plasma (ICP) dry etching. 

Bi-layers of Ni (20nm)/Au (20Onto) and 

Al (30Onm)/Ti (2Ohm) were  deposi ted by electron- 

beam evaporation as p- and n-type Ohmic contacts. 

These were thermally annealed in nitrogen ambient  

for 5 minutes  at 500°C and  650°C, respectively. 

By varying indium con t en t  in the  InGaN active 

layers, the  emiss ion wave lengths  of  the  micro- 

size LEDs can  be  varied f rom green  to purp le  

(390 to 450 nm).  

M i c r o - s i z e  L E D s  f o r  b o o s t i n g  
e m i s s i o n  e f f i c i e n c i e s  

Bright blue LEDs based  on  IIl-nitrides paved the  

way for full-colour displays and  raised the  possi- 

bility of  mixing th ree  p r imary  colours  to obta in  

wh i t e  light for general  i l luminat ion by LEDs. 

If all househo ld  1 O0 W light bulbs  were  replaced  

by wh i t e  LEDs, the  total  energy  savings in the  

wor ld  would  app roach  US$ lOObn/year and  the  

associated reduc t ion  in env i ronmenta l  pol lut ion 

would  be  enormous .  

The  cur ren t  app roach  for achieving wh i t e  l ight 

using LEDs is to use p h o s p h o r s  to down-conver t  

the  emiss ion f rom a blue or  UV LED. In such an 

application,  improving  the  LED efficiency is a 

key step. 
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We have succeeded  in in t e rconnec t ing  hundreds  

of IR-nitride micro-size LEDs (of the  order of 10 gtm 

in d iameter )  - see Figure 2 - so tha t  they  are 

t u rned  on  and  off s imultaneously and  fit into the  

same device area as a convent iona l  LED of  about  

300 x 300 pm 2. 

The  per fo rmance  character is t ics  were  compared  

w i th  those  of convent iona l  LEDs fabr icated f rom 

the  same wafers .While the  forward biased voltage 

(VF) was slightly h igher  at 20 mA, the  intercon- 

n e c t e d  microdisk LEDs can  boos t  overall emis- 

s ion efficiency by  as m u c h  as 50%. 

It is bel ieved that  the  device can  overcome  the  

two  biggest  p rob lems  facing LEDs: the  low 

ext rac t ion  efficiencies (due to the  total internal  

ref lec t ion occurr ing  at the  LED/air interface)  and  

cur ren t  spreading. 

Additionally, the  strain-induced piezoelectr ic  field 

in the  active QW regions may be  reduced,  result- 

ing in increased internal  quan tum efficiency. 

Fur thermore ,  the  process ing  s teps of  these  inter- 

c o n n e c t e d  micro-size LEDs are the  same as for 

convent iona l  LEDs. It is thus  expec t ed  that  the  

manufac ture  yield will rival w i th  convent iona l  

LEDs. Currently, ou r  group is working  on  the  

opt imal  configurat ion of this novel  LED architec- 

ture,  including the  size of  micro-LEDs, the  spac- 

ing b e t w e e n  the  micro-LEDs, and  the  e tch ing  

depth .  

I I I - n i t r i d e  m i c r o d i s p [ a y s  

We have also deve loped  and  pa t en t ed  a bond ing  

scheme  tha t  allows us to address microdisk 

pixels individually in an array compr i s ing  many 

III-nitride micro-emit ters /micro-detectors .  

Our research 

group at Kansas 

State University 

has successfully 

fabricated elec- 

trically-pumped 

individual III- 

nitride micro- 

size LEDs and 

micro-LED arrays 

and observed 

enhanced quan- 

turn efficiencies. 

Micro-LED arrays 

may be used to 

replace lasers as 

inexpensive 

short-distance 

optical links. 
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Figure 3. Optical microscope 
images o f  (a) a bonding 

scheme that allows us to 
address each microdisk pixel 

individually (or a III-nitride 
blue microdisplay); (b) the 

III-nt~ride blue microdisplay 
(a) in action. 

Figure 4. (a) L-I characteristics 
for three Kansas State 

University individual microdisk 
LEDs within a microdisplay 

The inset is an electrolumines- 
cent (EL) spectrum of  a blue 

microdisk LED. The measure- 
ments were made through 

the sapphire substrate on 
unpackaged chips. (b) The 

size dependence o f  the turn- 
of f  time of  the III-nitride 

microdisk LEDs, 

pads 

ag layer 

e light 
etector 

For examples,  w h e n  an  array such as t h a t  i n  

Figure 1 was forward biased and  individually 

addressed, we  successfully demons t ra ted  the  

opera t ion  of a p ro to type  blue  microdisplay.The 

prototype device has dimensions of  0.5 x 0.5 nun  2 

and  consists  of  10 x 10 pixels 12 p m  in d iameter  

(see Figure 3a). Figure 3(b) shows  optical  micro- 

scope  images of  a blue microdisplay in action, 

demons t ra t ing  the  opera t ion  of  the  first proto- 

type  semiconduc to r  microdisplay. 

The  bond ing  scheme  of  these  microdisplays was 

also used to character ise  individual III-nitride 

ca, lO 
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rnicro-LEDs u n d e r  cu r ren t  in ject ion condit ions.  

Figure 4(a) shows  the  L-I character is t ic  ( p o w e r  

ou tpu t  versus forward current)  of three  individual 

12 ~tm micro-LEDs wi th in  a microdisplay of 

Figure 3, showing  that  the  uniformity  of  l ight 

emiss ion among  these  micro-LEDs is qui te  good. 

The  angular  d is t r ibut ion of  l ight emiss ion has  

b e e n  measu red  t h rough  the  sapphi re  substrate• It 

was seen  that  the  escape  cone  for the  isot ropic  

spon taneous  emiss ion is qui te  larger (about  

100°), so microdisplays fabr icated f rom IIl-nitride 

QWs g r o w n  on  sapphi re  substrates  can  provide  a 

very wide  v iewing  angle. 

The opera t ing  speed  of  these  micro-LEDs has  

also b e e n  measured .The  turn-on response  was 

very fast (be low 30 ps), whi le  the  turn-off  t ime 

Xoff decreased  wi th  a decrease  in micro-LED size, 

e.g. f rom 0.21 to 0.15 ns w h e n  the  size was 

r educed  from 15 to 8 ~ma (Figure 4b) .This  behav-  

iour is expected ,  s ince the  effects of  surface 

recombinat ion are enhanced  in smaller micro-LEDs. 

On the  o the r  hand,  the  increased opera t ing  

speed  may also be  a result  of  an  e n h a n c e d  radia- 

tive r ecombina t ion  rate in micro-LEDs due to the  

micro-cavity effect. 

Wi th  this  fast speed  and  o t h e r  advantages such  

as long opera t ion  lifetime, III-nitride micro-LED 

arrays may be  used to replace lasers as inexpen-  

sive short-dis tance opt ical  links, e.g. b e t w e e n  

c o m p u t e r  boards  wi th  opera t ing f requencies  of  

up  to 10 GHz. 

Current  microdisplays are based  on  Liquid 

Crystal Display t echno logy  or  Organic  LEDs. 
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microdisplays - which require the integration of  a 

dense array of micro-size LEDs on a single semi- 

conductor  chip - have not yet been  successfully 

fabricated. Furthermore,  colour  conversion for 

full-colour displays cannot  be achieved in con- 

ventional III-V or silicon semiconductors.  So far, 

large Flat Panel Displays based on semiconductor  

LEDs used on large buildings and stadiums are 

made up of a massive number  of discrete LEDs. 

Based on the results obtained from this proto- 

type microdisplay and the unique properties of 

III-nitrides, we  believe that III-nitride microdis- 

plays can potentially provide unsurpassed per- 

formance, including: self-luminescence, high 

brightness/resolution/contrast ,  high-tempera- 

ture/high-power operation, high shock resist- 

ance, wide field-of-view, full-colour spect rum 

capability, long life, high speed, and low power  

consumption.  On the other  hand, the ability of 

2D array integration with  advantages of  high 

speed, high resolution, low temperature sensitivi- 

ty, and applicability under  versatile conditions 

also make III-nitride micro-LEDs a potential can- 

didate for light sources in short-distance optical 

communications.  

Summary 
We believe that micro- and nano-photonic devices 

are going to shape the next decade's infrastructures 

for communications, signal and image processing, 

energy conversion and storage, chemical-bio-hazard 

substance and disease detection. 

Like the integration of silicon transistors in the 

1960s, micro- and nano-photonics are expected  

to undergo integration in large arrays with o ther  

optical circuit elements to form optical chips. 

Nevertheless, further understanding of fundamental 

properties is required, and novel materials (such 

as III-nitrides) and device structures must be 

explored to accelerate the development  of micro- 

and nano-photonics technology to its full potential. 
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Tired  o f  unstable  flow from solid 
sources and  no t  satisfied with 
packing rings or  solut ion 
alternatives? T h e n  cons ider  the 
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Metalorganics .  

ROHM 
|HRRS 

THE UNI-FLO TM CYLINDER 
(patent pending) 

ROHId AND HAAS COMPANY 60WILLOW STREET 

Contac t  us today or  visit ou r  website 
at meta lorganics .com.  

iil .... 

NORTH ANDOVER IdA 01845 USA 

o~ 

g 
m 
~C 

o o  

w 

RES No.1 15 - USE THE FAST NEW ENQUIRY SERVICE @ www. th ree - f i ves .com 

Ill-V| REVIEW THE ADVANCED SEMICONDUCTOR MAGAZINE VOLt4 - NO 5" June/July loot 37 


