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Advances in nitride-based blue and violet 
light emitters - most notably high-efficiency 
LEDs and edge-emitting diode lasers - now 

suggest possibilities for more advanced 
types of geometry such as those based on 
vertical-cavity surface-emitting structures. 

Progress towards nitride 
blue and near-UV VCSELs 
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Figure 1. In-situ stress 
measurement during the 
growth of an AIGaN/GaN 

Bragg reflector with 
multiple interlayers. 

Tim technological  and economica l  advantages in 

migrat ing from convent ional  edge-emitt ing to 

surface-emitt ing configurat ion in the  longer- 

wavelength  regime (600-1500 rim) are readily 

established, wi tnessed  by a growing presence  of 

VCSEL c o m p o n e n t s  in bo th  tele- and data-com- 

munica t ion  technologies .  However,  even in the  

absence  of coheren t  light emission, the  beam-like 

coll imation from resonant-cavity light emit t ing 

diodes (RC-LEDs) can also be  very useful th rough  

e n h a n c e d  spon taneous  emission. 

Both devices are character ised  by the need  for 

an optical  resonator  - formed wi th  planar  mirrors  

parallel to the  g rowth  surface of the  semiconduc-  

tor  he te ros t ruc tures  - wh ich  has high quality or 

Q-factor.The ex tens ion  of these  device concep t s  

to the  blue and  near-ultraviolet (relatively unex- 

p lored  so far) p resen ts  significant challenges and  

oppor tun i t i es  to III-nitrides technology. 

The idiosyncrasies of GaN-based vertical-cavity 

devices range from issues of the  gain spec t rum 

of the  InGaN quan tum well med ium to the  fabri- 

cat ion of the optical  resona tor  structure.  For 

example,  the  low contras t  in the  index of refrac- 

t ion b e t w e e n  GaN ( n - 2 . 3 5 )  and A1N ( n - 2 . 1 0 )  

mandates  a large n u m b e r  of layer pairs and  high 

a luminium fraction in a multi-layer A1GaN distrib- 

u ted  Bragg ref lector  (DBR) stack, in order  to 

achieve sufficiently h igh reflectivity (R-0.99) .  

Fur thermore ,  the (wavelength)  bandwid th  of the  

high-reflectance region is small (10-20 nm).A 

large mismatch  in the  lattice cons tan t  (2.4%) 

implies difficulties in strain m a n a g e m e n t  and 

potent ia l  occu r rence  of structural  defects due to 

strain relief wh ich  can seriously compromise  the  

optical integrity of a high-Q microcavity. 

To c i rcumvent  the problems wi th  as-grown A1GaN 

DBRs, lift-off me thods  have b e e n  used to separate  

the  InGaN multi quan tum well  (MQW) hetero-  

s t ructure  from its sapphire  substrate  in order  to 

encase  it wi th in  a high-Q cavity wi th  two dielec- 

tric DBRs. In this way, quasi-continuous-wave 

optically p u m p e d  vertical-cavity lasing [1 ] and 

resonant-cavity LED opera t ion  [2] have b e e n  

achieved in the  405-415 nm range, at exci ta t ion 

levels comparable  to the  equivalent  cur ren t  

inject ion in a good edge-emitt ing diode laser. 

Here, however,  we focus on  recen t  progress in 

the  deve lopmen t  ofAIGaN DBRs and the i r  incor- 

porat ion in vertical-cavity emitters,  including bo th  

optically p u m p e d  VCSEL demons t ra t ions  as well  

as initial proof-of-concept  vertical-cavity LEDs. 

AIGaN/.GaN epitaxial 
DBR mirrors 
In trying to fu r ther  the  bounda ry  of III-nitride 

op toe lec t ron ic  devices, there  are early precur-  

sors for ni tr ide lasers in a vertical-cavity, surface- 

emit t ing geomet ry  in b o t h  the  blue and violet. 
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Vertical-cavity III-N structures that feature as- 

grown AIGaN DBRs have also met  with some ini- 

tial success. For example, Someya e t  a l  

(University of Tokyo,Japan) repor ted  the crack- 

free growth of a 35-pairA10.34Ga0.66N/GaN DBR 

with  reflectivity up to 96% at 390 nm [3], while  

Krestnikov et  a l  (Ioffe Institute, Russia and 

Technical University of Berlin, Germany) 

employed a 1.1 ~m A10.08Ga0.92N template on 

sapphire for stress compensa t ion  and showed a 

reflectivity of 96°(, at 401 nm with 37 pairs of 

Al0.15Ga0.8~N/GaN DBR mirrors [4]. Both groups 

have repor ted  stimulated emission from such 

optically pum ped  structures under  high excita- 

tion levels at low duty cycles, with the Tukyo 

group and collaborators using lateral pat terning 

techniques  [5]. 

Through the growth efforts at Sandia we  have 

also addressed the very difficult problem of the 

morphological  quality of the in-situ-grown AIGaN 

DBRs. Due to the large thickness of epitaxial 

DBRs necessi tated by the small contrast of refrac- 

tive indices, these DBRs are generally plagued by 

defects such as cracks which  form "lateral cavi- 

ties" and can readily lead to stimulated emission 

(or lasing) along the layer plane well before the 

threshold for true vertical-cavity lasing is reached. 

In particular, by using a novel in-situ stress sensor 

and special strain management using AIGaN and 

AIN interlayers [6l we were  able to monitor and 

engineer the growth stress during the DBR growth. 
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Figure 1 shows the evolution of the stress during 

the growth of 60-pair A10.z0Ga0.80N/GaN DBR 

mirrors on a 1 ~m GaN template: multiple inser- 

t ions ofA1N interlayers enable an essentially 

compressive growth over the entire DBR (around 

4.8 ~m thick). 

The peak reflectivity was de termined  to be 

around 99% near 380 nm wavelength.  At the 

same time the surface can be essentially crack- 

free over most of a 2" wafer. 

Figure 2: Input~output char- 
acteristics of a CW near- 
UV optically pumped 
VCSEL at 383 nm (inset 
shows side view of beam). 
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- - i n - s i t u  AIGaN/GaN DBR Figure 3: Schematic 
diagram of a resonant- 
cavity LED. 
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Figure 4: The emission 
spectrum of a device at 
J = 0.2 kA/cm 2. The pres- 
ence of only two modes is 
due to the narrow spectral 
bandwidth of the AIGaN 
DBR reflector. 

Finally, the  surface morphology of the I)BRs was 

optimised through a systematic study of the 

growth  conditions,  wi th  detailed feedback 

acquired via topographical  surface probes  (AFM, 

optical interferometric  surface profiling).This is 

an impor tan t  technical  point  since, cracking apart, 

o ther  morphological  defects on  the  scale of the 

light wavelength  readily lead to unacceptably high 

scattering losses for a prospect ive VCSEL device. 

An optically pumped 
near-UV VCSEL 
The as-grown AIGaN DBR mirrors  have been  

incorpora ted  wi th in  u n d o p e d  InGaN QW hetero- 

s t ructures  for optical p u m p i n g  studies, w h o s e  

pr imary  purpose  was to evaluate the optical 

quality' of the  microcavi ty  resonators.  

The active region was g rown directly a top the 

GaN/(AI,GaN) DBR, composed  typically of 10-20 

h10.03Ga0.97N QWs, each of wid th  Lw=40A wi th  

GaN barr iers  of Lu=6OA.The as-grown DBR and 

the  QW indium concen t ra t ion  were  des igned for 

spectral  overlap b e t w e e n  the  high-reflectivity 

region of the  former  wi th  the  photolumines-  

cence  emission of the  latter.The s t ructure  was 

capped  by a 1000A-thick Alo. 1Ga0.9 N carr ier  con- 

f inemcnt  layer. Finally, a multi-layer X/4 stack of 

SiO2/HfO 2 was depos i ted  by reactive ion beam 

sputtering.  HfO 2 is a high-index, low-absorpt ion 

material  in the  near-UV (to be low 300 nm)  wi th  

a high-quality microst ructure .  

The broad ref lect ion bandwid th  ( - 8 0  nm)  of the  

dielectric DBR was tailored to overlap the  near- 

bandedge  (In,Ga)N emiss ion .The growth  of the  

ni tr idc he tc ros t ruc ture  was opt imised for high 

optical flatness, as good morpho logy  is crucial to 

the realisation of t rue VCSEL operat ion.AFM stud- 

ies of the surface of the  as-grown walker and the  

comple te  microcavi ty indicated a mean  rough- 

ness of approximate ly  2 nm over  areas on  the  

order  of several hund red  microns  squared. 

Figure 2 shows the i npu t / ou tpu t  character is t ics  

of a 383 nm optically p u m p e d  VCSEL unde r  CW 

opera t ion [7] .Above threshold,  an in tense  low- 

divergence beam of circular cross sect ion was 

observed  visually in the  laboratory using fluores- 

cent  screens.A por t ion  of the  beam is s h o w n  in 

the  inset  photo,  whe re  a screen was p laced 

along the  beam of circular cross sect ion to scat- 

ter  light into a b lue-enhanced  digital camera. We 

measured an angular (full)width of 7.4 °, in very 

good agreement  wi th  the  expec ted  divergence 

dictated by the  device aper ture  (as def ined by 

the  p u m p  spot  size). 

Electrically injected devices 
While such progress is encouraging,  major  chal- 

lenges exist for realising efficient resonant-cavity 

LEDs and blue/near-UV vertical-cavity diode lasers. 

Apart from the requi rements  of a low-loss, high- 

Q-factor microcavity, the cur ren t  inject ion into 

the  optically active volume is difficult due to the  

insulating or high-resistivity nature  of the DBRs. 

We note  here  new  advances w h e r e  the  particu- 

larly acute p rob lem of low lateral conduct ivi ty  in 

p-GaN layers is ameliorated by the  use of low-loss 

indium-tin oxide (IT()) as an intracavity current-  

spreading layer.We emphas ise  that, whi le  ITO is a 

useful con tempora ry  choice  ( including its ability 

to wi ths tand  very high cur ren t  densities), it by no  

means  represents  the  only solution to the  prob- 

lem. Indeed, it is likely that  new  "bandst ructure  

engineering" solutions as well  as current -aper ture  

schemes  (analogous to what  has b e e n  used in 

oxide-based AIAs/GaAs long-wavelength VCSELs) 

will compl imen t  the  (l imited) lateral hole con- 

ductivity directly wi th in  GaN-based heterost ruc-  

tures and likely provide a long-term solution. 

For use as an intracavity hole-current-spreading 

layer, the  typical resistivity of the -1000A-thick 

sput tered ITO films was about  3x10 -4 ~-cm, and 

their  single-pass transmission loss was on  the 

order  of 1% in the  range 390-450 nm. By using 

specific processing techniques,  we have been  able 

to fabricate two types of resonant-cavity, LEDs. 

First, the  optical  cavity was formed by two high- 

reflectivity (R~0.995) SiO2/HfO 2 dielectric mir- 

rors sandwiching  the  InGaN/GaN/A1GaN MQW 

heteros t ruc ture .  Light emiss ion efficiency from 
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the  devices was excellent,  wi th  directional  prop-  

erties, and they have been  opera ted  up to cur- 

rent  densi t ies  of 1 kA/cm z u n d e r  CW condi t ions  

and 10 kA/cm 2 under  pulsed exci ta t ion [2]. 

Devices which  include bo th  an as-grown A1GaN 

and a dielectric DBR have yielded comparable  

results as near-UV and violet RC-LED st ructures  

( s h o w n  schematical ly in Figure 3 [8]). 

Figure 4 shows  an emission spec t rum from such  

a device, displaying the  well-defined cavity modes. 

The  measured  modal  hal t :width is approximate ly  

0.6 nnt, co r re spond ing  to a cavity Q-factor of 

nearly 700.The results suggest that  the  intracavi- 

ty optical  losses are qui te  low; including contri-  

bu t ion  by the ITO layer. Surface morpho logy  was 

studied by AFM and by optical  in te r fe rometer  

profi ler  tools. In the  best  cases, mean-square 

roughness  over  macroscopic  areas (several tens  

of square microns)  was less than  2 nm, a vahm 

cons idered  excel lent  for an RC-LED and adequate  

for a prospectiw* VCSEL. 

Figure 5 shows  an example  of the  I-Vcharacter is-  

tics of an RC-LED device, whe re  the impact  of the 

"contact"  resis tance of  ITO is examined  by com- 

paring the  I-V data of a convent iona l  LEI) device 

wi th  standard p-contact metallisation.The presence 

of ITO does lead to a finite extra voltage drop  of 

1.5-2.0 V; however,  we believe that  the  ITO/p-GaN 

contact  can be fur ther  improved. (The microscop- 

ics of this contact  are u n k n o w n  and quite fascinat- 

ing, as ITO is presumed to be an n-lTpe semi-metal). 

These  results are encouraging  and suggest that  

fur ther  progress  is likely for realising useful RC- 

LED devices .The  optical  and electrical  character-  

istics repor ted  also indicate tha t  a short-wave- 

length VCSEL may be  possible th rough  the  partic- 

ular technical  app roach  identified here. 

Such a b reak th rough  may also facilitate the  study 

of the interest ing basic microcavit  T physics in the 

ni tr ide compounds .Th i s  follows from recogni t ion 

that  e lectron-hole  Coulomb corre la t ion effects 

should  be particularly p r o n o u n c e d  in ni t r ide 

quan tum wells, allowing "polariton-like" coupl ing 

effects to be  found and exploi ted in the  design of 

efficient surface-emitting blue and near-UV devices. 
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Figure 5: I-V LED charac- 
teristics with and without 
intracavity current spread- 
ing ITO layer. 

"The optical and 
electrical charac- 
teristics reported 
also indicate 
that a short- 
wavelength 
VCSEL may be 
possible through 
the particular 
technical 
approach 
identified here." 
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