Basics of lll-nitride-based devices

Light emitters
LEDs Microwave Devices
+ Homo and Hetero-epitaxy
+ LED chip design and characterization
« UV LED Development

UV detectors

GaN HEMT

+ High power, high frequency
transistors development
(For communications)

« Device design, epi-growth
and performance

Other important nitride devices include
laser diodes, HBT, power devices, various
harsh-environmental sensors, mems, bio-
related stuff as well as novel applications.
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Solid State Lighting

Some Advantages:

+ Operating Life (10x
Incandescent, 5x Halogen)

* Durability

+ Compactness

» Cool Operation

« Directional

+ Efficiency (~3x less electricity
used)

- Better Color Rendition
(Dimmable)

+ Use of the semiconductor
infrastructure

Signals / Signs

White Lighting
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Evolution of lighting
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SSL saves energy, $$9,
and benefits environments
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LED performance

— Total luminous flux
Luminous intensity

nint = # of photons emitted from active region per second
# of electrons injected in to LED per second

Color (CCT, CRI)
Electrical (voltage, current, power)
Life testing/estimating

And others......

= Pint / (hv)

| /e

nextr =

# of photons emitted into free space per second

=P/ (hv)
Pint / (hv)

# of photons emitted from active region per second

External quantum effi.=Internal quantum effi. x light extrac. effi.

reLative b s #Wicion £y (he g o abe)

wavalength (nanometeos)

Color LED: mW vs. White LED: Lumen

Wall-plug efficiency vs. luminous efficiency

Color temperature vs. color rendering index

Internal quantum efficiency vs. external quantum efficiency

L RERDESERTVE (7))
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Not all white light looks same!

» Candela (cd) = Im/sr, a LED with
high mcd doesn’t mean it must be
efficient.

* Lumen involves the spectral
sensitivities of human eyes.

Fitiif, hailuenju.edu.cn




Color Rendering Index

The three "primary" colors are dubbed "X,"
"Y," and "Z." If we are merely concerned
about color and not about brightness, we can
specify just the relative strengths of these
three colors, denoted by x, y and z. Since x
+y + z must add up to 1 (i.e. 100%) just
providing x and y is sufficient to specify lamp
color; the z value is implied. Lamp color can
then be represented on a two-dimensional

plot of x and y.

L RERDESERTVE (7))

Color temperature

b
PR,

520

16
500

When we say a lamp has a Color Temperature of 3000 Kelvins, it
means a glowing metal at 3000 Kelvins would produce light of
about the same color as the lamp. Instead, if the metal is heated
to 4100 Kelvins, it will produce a much whiter light. Direct sunlight
corresponds to about 5300 Kelvins while daylight, which has the
blue from the sky mixed in, is typically 6000 Kelvins or above. A
standard incandescent lamp has a filament at 2700 Kelvins, and
therefore (by definition) a Color Temperature of 2700 Kelvins.

© 2006 Mt EYEA
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- SPECIFICATIONS FOR NICHIA WHITE LED
A typical product
1.SPECIFICATIONS
(1) Absolure Maximum Ranungs (Ta=25°C)
Sr= 2 I (1 = COS( 9 12)) Ttem Symbel Absolute Maximum Rating Unit
— Forward Current Ir i0 mA
1 Cd 1 Imfsr Pulse Forward Current Irp 100 mA
Reverse Voltage VR 5 v
- . ¥, e &g " ‘J ‘r
Application notes: e =T =
o - 1 5 opr =30 ~+
* The total Ilght OUtPUt (Ium!nous ﬂUX) Storage Temperature Tste -40 ~+100 °C
of a 40-watt incandescent light bulb is Soldering Temperature T 265°C for 10sec
about 500 Im, while that of a 40-watt Ir2 Conditions - Pulse Width Z 10msec. and Duty < 1/10
fluorescent tube is about 2300 Im. (2) Inhal Electncal/Optical Charactenstics (Ta=25°C)
: i i Item Svmbol | Condition Min_ Tvp. Max._ Unit
* Question: How bright is an IR LED? Forward Voltage Vi | IF=20[ma] 36 4.0 v
Answer: 0 mecd. Reverse Current Iz VE=3[V] - - 50 T7.%
Rank T Iv | IF=20[mA] | 11000 | 12600 | 15500 | mcd
. . . . Luminous Intensity | Rank S Iv IF=20[mA] 7800 9200 11000 med
+ when buying LEDs for illuminating RankR | Iv | [i=20[mA] | 5520 | 6400 | 7800 | mcd
purposes - a 2000 med 30° LED puts # Luminous Intensity M e is = 10%.
out just as much light as an 8000 mcd - otmA Tasasec
. o k =20mA Ta=25"
LED with a 15° viewing angle. (The L, S é;;bl el
angle is half in both width and height, x | 0280 | 0264 | 0283 | 0206 x | 0287 | 0283 | 0330 | 0330
so the beam is four times as bright.) y | 0248 | 0267 | 0305 | 0276 y | 0205 | 0305 | 0360 | 0339
This is one of the reasons that ultra- Rauk b2 Rank <0
bright LEDs are often "water clear", to x | 029 | 0287 | 0330 | 0330 x | 0330 | 0330 | 0361 | 03356
keep the light going in one direction y_| 0276 | 0295 | 0339 | 0318 y_| 0318 | 0360 | 0385 | 0351

and not diffuse it all over the place.

L RERDESERTVE (7))

# Color Coordinates Measurement allowance is = {.01.

The quantity-ratio of the ranks is decided by Nichia

* One delivery will include up to two consecutive color ranks and three lnminous intensity ranks of the products.
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What is a light emitting diode?

p "~ Atomic arrangement
| Semiconsuctor | Uetermines bandgap and color:

T bandgap 71 AllnGaP - Red,
T InGaN - Blue,

With applied voltage positive and negative charge carriers recombine
Energy may be released as light or heat
Fundamentally a non-destructive process

Internal Efficiency x Extraction Efficiency = External Efficiency

Material Quality Geometry of Chip
Layer Structure Absorption Losses
and composition in Chip

For a single PN junction LED, The external efficiency is limited by:

e Full internal reflection at the semiconductor surface
Typically, not more than 1-2 % of emitted light can leave a flat-surface diode.
Refraction coefficient for semiconductors is large (n = 3.5 for GaAs)
and the critical angle is very small.

¢ Reabsorption within the diode
Up to 90 % of emitted light may be re-absorbed

L EEAYESERAIE (2) © 2006 5t YR BEi#, hailuenju. edu.cn

Double-heterojunction light emitting diode

Confining barrier for electrons

P-t N-t
E we N\ Y Y YYY
¢ (<] e oF-——=---=-- o
Ey| N v
aTAYAAY: hao S f

E, DD D¢ \je 6/

Confining barrier for holes

Important (1) ho = Egy < Egg
advantages Therefore, outer layers are transparent and don't absorb the emitted light.
2 There is no reabsorption.

Due to the barriers, injected electrons and holes are confined in the inner layer.

Therefore, heavy injection (accumulation of large number of electrons and
holes) in the inner layer is possible.

This strongly improves the internal recombination efficiency
(decreases the radiative-recombination time, increases maximum frequency)
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InGaN-based light emitting diode

C onfimemment oo Comfinemen
luyer

<— P- contact layer I R J & &

1 LI =
L ——— R e o o e e I
10 nm p-AlosGaosN } P-blocking layer B - ’
— ) =z b L, e
——— <+ MQW active layer —_— | e Fy

1.5 um n-Alo.sGaoaN “~ N-blocking layer

1 um AIN template } Stress-relief buffer layer

Sapphire substrate

«— Substrate

i s 1o i i b - e T

#

Schematic of a UV-LED epilayer

Ey

« Electron Blocking Layers are required to prevent electron escape at high
injection current densities

« LEDs emit slightly different colors at different temperatures. They also emit
different colors at different currents, especially white LEDs which depend on
phosphors to change the colored light of the die to white light

L EEAYESERAIE (2) © 2006 5t YR BEi#, hailuenju. edu.cn

Nanoscale In-clustering in InGaN light generation region

.

-*- - Cluster Cluster - -f -

2.8 nanometer
2.8 nanometer s
J }_ InGaN quantum well

High-resolution
Transmission
Electron
Microscope image

0.52 nm

False color image )

emphasizing changes -]ugtqr
ncen' in spacing of atomic .8
EL‘?}]

LR, Jinschek & €l Kisielowski columas
Mational Center for Electron Microscopy

(NCEM) Lawrence Berkeley National

Lab. (LENL) Berkeley. CA
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Light extraction from LEDs

Lumileds AlGalnP/GaP
Truncated-Inverted-Pyramid LED Lumileds AllnGaN Flip-Chip LED

/

ALO,

nunt /;/:

Nichia AllnGaN patterned substrate
OSRAM AlGalnP Micro-mirror LED and mesh electrode LED

Submao

*Total internal reflection at the semiconductor air interface reduces the
external quantum efficiency.

L EEAYESERAIE (2) © 2006 5t YR BEi#, hailuenju. edu.cn

How to make white light?

Blue LED
Spectrum

47 525 590 630 {nm) 470 525 590 630
Multi-LED: LED + Phosphors:
Mix light from multiple Use blue or near-UV LED to
LEDs of different color pump a mixture of phosphors

Potentially Higher Efficiency Efficiency May Be Lower
Color Control Needed Color Control Easier
Color Tuneability Possible Tuneability Not Possible

Blue or UV requires use of
gallium nitride (GaN) based material

L EEAYESERAIE (2) © 2006 5t YR BEi#, hailuenju. edu.cn




Challenges for making high brightness UV-LED

GaN - 365 nm
400 //
E [ i;~0=° -'Bi? nm LED internal quantum
= 350 - - efficiency n :
E) +» AlInGaP-based red/yellow:
o 300 A ~100%
o ) = 280 nm AIN — 200 nm
& 250 45% Al « State-of-the-art GaN blue:
: 20 1 \ ~60-80%
-% 200 - A =230 nm ; * The best 280 nm UV today:
2 70% Al <2%
£
w150 r r - .
0.00 0.20 0.40 0.60 0.80 1.00
Al mole fraction in AlxGa1-xN
1. Low dopant activation in high-Al alloys, poor ohmic contacts
2.  Minimal carrier localization effects in AlGaN as opposed to in InGaN alloys,
high nonradiative recombination rates
3.  Strain-induced cracking, high dislocation density (lack of good substrates),
rough epi morphology
4. Strong polarization fields which further lowers the radiative recombination
efficiency.
L EEAYESERAIE (2) © 2006 5t YR BEi#, hailuenju. edu.cn
Flip-chip lll-nitride blue/UV LED
Light Emission
Quantam e Advantages of flip-chip design:
Wells o « Better thermal management.
\“\ n-GaN « Better light extraction
= p-GaN \/ + Low absorption due to transparent substrate

SET flip-chip UV LED design

L RERDESERTVE (7)) ® 2006 ot AEYH R
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Photonic LEDs for better light extraction

—— Photonic Crystal LED
==== Conventional LED

170 micron
>

05 ; am J.'":I
250 nanometer holes etched Top-view of a Light intensity vs. angle.
into GaN. Photonic Crystal The Photonic Crystal LED’s
LED light emission 1s narrow,

If designed correctly photonic crystal LEDs can be directional
(increased brightness). However, the approach is quite costly !

L EEAYESERAIE (2) © 2006 5t YR BEi#, hailuenju. edu.cn

Thin film LED technology

1. epitaxy 2. metallization 3. bonding 4. substrate removal

epilayer substrate
=
* -..

carrier
(GaAs, Si, metal)

bonding metal

* Nice thermal management
* The bonding metal also has good reflectivity.

L EEAYESERAIE (2) © 2006 5t YR BEi#, hailuenju. edu.cn




0.9mm

Blue-LED arrays
and micro-display
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Unfortunately, until now Nichia
is still the only company which
can mass produce GaN lasers

LASER DIODEs

"1k products Comply wilh NGHS Deecise axcepl Tor LD 5 Module. (Decer

Edge-emitting blue laser is on the market,

~ but there is still a long way to go for vcsels.

O
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InGaN lasar structure
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Sony PlayStation 3 (60GB)

i 19 used & new
Other products by E'.on'.' Computer Entertainment from $1,124.47
Platform: PlayStation 3 T
drivies (Y2 OUETDIMGT reviawe | =
Have one to sel
Bd ichevied I8
Availability: Available from these sellers.
_AddmWnbliy (-
19 used & new avallable from $1,124.47 L e
Addd ts Wreddeng Regitry |
Find out about all of the naxt-genaeration consales. e =
___ Maimd

Attention: We are currently out of stock. Allocations of the PS3
have been very limited but we are working with Sony to secure future allocations. W4
will send email notifications and provide updates on the product detail page as well 21

n the customer discussions on the this page when we have availability.

PS3 is based on GaN violet laser.

Finally it is out after several delays, but out of stock right now!
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NECESSARY CONDITIONS FOR LASING
* High concentration of excess electrons and holes
Excess electrons and holes should be provided externally
- heavy electrical injection (pumping)
* For photons, gain should be > losses
Gain is proportional to the concentration of electrons and holes
- the concentration should exceed a threshold value !
* High positive feedback for photons

—

Reflective mirrors

Mirrors = Provide positive feedback
« Define propagation direction

+ Select a set of wavelengths Cavity
L - cavity length
Light is enhanced (positive feedback) 2
in the case of the constructive interference L=N——
(if the standing wave is formed in the cavity ) 2n 1

THRESHOLD CURRENT

For a diode to operate as a laser, gain should exceed loss. an operating laser diode can be strongly overheated,

Above the threshold should be:
e Excess electron and hole concentration
* Electron and hole injection (pumping)

Cooling is essential.

Important aim of laser-diode design - to reduce the threshold cument

* Electric current {and therefore to fight cverheating)

Thresheld current - the current at which gain equals loss

Due to large currents for the heavy injection and small active-region size,

LEEAYESERFE (2) © 2006 T YR fiti#, hailuenju.edu.cn




DESIGN OF A SEMICONDUCTOR LASER DIODE

In principle, a simple p-n junction may operate as a laser.
However, a double-heterostructure laser diode is much more effective.

Edge-emitting diode:
Long (~ 300 pm) and thin double-heterostructure light-emitting diode.

g

. Cleaved edges act

<« as reflecting (semi-
reflecting) mirrors

\N\NN—~

n,>n,

* Advantage: acis as a light guide in the lateral direction
* \Would-be disadvantage for a diode: re-absorption
However, the re-absorption is favourable for lasing !

* Favourable for lasing also are:

Confinement of electrons and holes - efficient recombination
Confinement and enhancement of light

L RERDESERTVE (7))
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QUANTUM WELLS (%)

\We consider two sequential heterojunctions (a double heterostructure) |

For example, AlGaAs/GaAs/AlGaAs.
The inner layer (GaAs) is very thin (2 - 20 nm).
its energy gap s amaller than that in the outer layers,

E.
Discrete energy levels i'-- AE.
ol electrons
AlGaAs GaAs AlGaAs
Discrete energy levels =2 |
of holes ] aE, E
v

Because the quantum well is very thin (typically less than 10-20 nm),
the motion of electrons and holes is quantized.
Instead of continuous energy spectra,
there are discrete energy levels for both electrons and holes.
A quantum well can be very effectively used
as the active region of semicenductor laser dicdes.

ADVANTAGES OF QUANTUM-WELL LASER DIODES (%)
* Very small active volume - efficient recombination

« Easy lo create large densities of electrons and
holes of the same energy
= Smaller non-radiative losses

Due to the above - much lower (10 times !) threshold current

Also:

* The threshold current is less sensitive to
temperature - more stable performance
# Emission wavelength can be easily designed

WHY SEMICONDUCTOR LASER DIODES ARE SO ATTRACTIVE
FOR OPTICAL- FIBRE COMMUNICATIONS

= Easy and fast (below 1 ns) direct internal modulation
#* Reasonably small working voltages
* Easy coupling to oplical fibres (due o a parallel beam)

L REE SRR TVE (7))

© 2006 Mt EYEA

Fitiif, hailuenju.edu.cn




EMISSION SPECTRUM OF LASER DIODES

Cavity length (size of the active region) L ~ 300 um
n,=35; A=2Ln,/N; for 2=1000 nm, N =2000

4

Intensity

Emission spectrum

/ of the LED

Laser modes

i =2Ln,/N
g = 2L0, (N +1)
Jyy =2Ln, [(N=1)

Ansa Anea Ana Ay Ana Ano Wavelength
Constructive interference in the cavity

selects a discrete set of narrow laser lines (modes)
from the original LED emission spectrum
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VCSELs (Vertical Cavity Surface Emitting Lasers)

A VCSEL is a semiconductor laser diode in which light propagates normal
to the epitaxial layer.

No cleaving is required for VCSEL mirrors, which are formed from
multiple layers of epitaxially grown or otherwise deposited thin films.

T The most important advantages of VCSELs

ﬁ are on-wafer testing, and batch-processing
Pump : fabrication. Other advantages includes low
i SIOJHIO, DBR drive current and small thermal budgets.
=—— InGaN MOWs However, compared with edge-emitting laser,
VCSEL usually has relatively smaller output

due to shorter resonant cavity.

—

H
4 )
] Sapphire

o

/
4

Si02/HfO: DBR

8 pairs
_GaN —& e - . Ta,05/810>
PGN — SestEL el —=h MQWs
n-GaN —»
. 25 pairs
Sapphire
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AlGaN/GaN high electron mobility transistor (HEMT)
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Where are High-Power Microwaves Needed
(Besides in Ovens)?

» RADAR applications
— Military
— Commercial applications

+  Wireless network infrastructure
— Conventional (1-2 GHz)

— Local Multipoint Distribution
Service (LMDS) (28 GHz).

Wirdess

« Satellite Communications (12.4-30 GHz)

Wird e=s Suburban
Subscribers

DES
¢ [DECT Base aaiw%
X pEEE

E{ - . \Mrdm Hurd
f Subscriber
RES (Remote = m
EBawe Station
~ Wirad Rural
Subscriber

=
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GaAs InP GaN | SiC
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Formation of 2DEG at AlIGaN/GaN heterojunction interface
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How AlGaN/GaN HEMT works?

Gallium Nitride
Field-Effect Transistor

Pasitree valtage

Sowrce
Gats
Alumisym #
gallivm - I

nilride

Hegative vitage

Drain

Cwrrent

Galtium
nilride

Silicon Field-Effect Transistor

Positive
voltage

Positive voltage

Source Insulator
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What is important for a HEMT epilayer?
—sheet resistance and breakdown voltage

Load line
loss T Gate voltage =0V

Drain \ P o AVAI
Neame Sout = g

0 Vi Via
Drain voltage
Operation of a transistor as an amplifier

By maximizing both V and |, which can be done by increasing the breakdown
voltage and also at the same time increasing the maximum current that can be
delivered by the transistor, we can improve high power performance. Gallium
nitride is a material system ideally suited to do all of this.
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Fabrication of AlIGaN/GaN HEMT transistors
4

Submi Ni/ 3 / Air-bridge to connect
ubmicron NVAu isolated source pads

mushroom gate
defined by e-beam

1
Cl, based ECR
mesa isolation

rain source

1.1 vmn

2
Ti/AVTi’Au ohmic
contact annealed at
800C

(0.3-0.6 Q.mm) _ Sis
SEM photo™

a
h

A mushroom gate has the same foot print as a
- rectangular gate B) but at the same time has a
§ @ g larger area of cross section

1
| .

0.3um gate with ft>30GHz for x-band (8-12GHz)
SD spacing 3.5um, SG spacing Tum
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Small periphery and large periphery devices

ASample "U-Device™

T device U device

These devices are ready to be probed by co-planar waveguide probe (or Cascade probe)

Parallel fingers Fishbone
Large periphery devices with gate length up to cm-size has been fabricated.

Trade-off in scale-up: phase lag and potential drop and thermal removal.
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DC measurement
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(a) Sapphire substrate transistor (b) S1C substrate transistor [V

IV curves

CUrves

If DC is not good, RF is certainly bad!

Epi-layer on SiC substrate has smaller dislocation dislocation
and SiC substrate has much better thermal conductivity.
Therefore, most companies follow the SiC development trend.
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Current collapse or RF slump
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* Expected power is less than

predicted power due to RF dispersion

* Pulsing gate with 100 ns pulse we
plot the i-v curves to get conditions
similar to RF

* Mitigate the problem by using
PECVD Si;N,
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Small Signal measurement

35 -
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L3 k-
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—— Gain[dB]

—=— H21[dB]

100

A typical small-signal result obtained
by HRL. With 0.25 um gate, the current
gain cut-off and max. power gain cut-
off frequency are 40 and 90 GHz
respectively.
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35
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Pout

State-of-the-art result in year 2002
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P

e Poyyer density

Power sweep at drain bias = 45V, gate bias =-3.5V, 10GHz.
The result was achieved by Vinny Tiak in 2002, a student of Lester Eastman.
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Nitride-based UV detectors

The solar-blind region (260-280nm) is due to ozone layer absorption.

b Fypy

Radiation
p=AlGaN window
Ohmic c\{mlau! Ohmic contact
l I | I
| 1-GaN [

n’ GaN

Sapphire substrate

P-n junction detector- Front illimunated

Radiation

Three basic types of photo detectors:
* photo-conductive detector

* pn junction detector

*» Schottky barrier detector

Other configurations include MSM, PIN,

APD, phototransistor

Semitransparent

Schottky barrier
Ohmic contact

Ohmic contact /

| n-GaN "

o' GaN

Sapphire substrate

Schottky Barrier detector- Front illimunated
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Important definitions

» Quantum efficiency n: Ratio of the number of electrons collected to the number of

photons incident.

* Responsivity: current out divided by optical power incident.

« Gain: Photovoltaic (PN and PIN) No; Photoconductive Yes; Avalanche APD Yes

v (8V)
5
9 51 L i 1 ?

i5
1

a o)

600 800 1000
WAVELENGTH X ([nm)

. InAs

10 a8 08

N

Loy m)

Ga
P ;
\ inso| .

Size ol Detector Chip

Direct gap in semiconductors: « ~1/pm
Indirect gap in semiconductors a ~0.01/um
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design.
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There are many trade-offs in photodetector

Fitiif, hailuenju.edu.cn




AlGaN photoconductors
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AlGaN MSM photodetectors

Reverse biased Schonky bartier
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Blectric ficld lines H ‘ Depletion region
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o

MSM structure has following advantages:
* no p doping required.

+ ease of growth and fabrication

« high speed and large bandwidth

But it suffers from high leakage and poor
noise performance, in addition, bias is
normally required.
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Fig. 51. Time-domain response ol an MSM detector at various
bias voltages for a 2 mm gap spacing. For a bias voltage of 25 V
and without the hole response, 90- 1074 decay time 15 about 200
ps. Courtesy of Prol. J.C. Campbell (University ol Texas,
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Nitride-based PIN photodetectors

UV Radiation
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The choice of the PIN photodiode design for
solar-blind UV detectors is driven by its intrinsic
advantages:

1) a very low dark current due to large potential
barrier;

2) a high speed of operation;

3) a high impedance suitable for FPA readout
circuitry;

4) a direct control of the quantum efficiency and
speed through the control thickness of the
intrinsic layer;

5) the device can operate under low bias.

There are two modes of operation for
photodiodes: 1) photovoltaic (operation under
no bias) and 2) photoconductive (operation
under reverse bias).

For photodiode, the response speed is
limited by three factors:

1. Diffusion of carriers,

2. Dirift time in the depletion region,

3. Capacitance of the depletion region.




