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HighHigh--Quality AlNQuality AlN

LT-AlN buffer

HT-AlN

Sapphire (00.1)

350 nm HT-AlN
On LT-AlN buffer
RMS roughness < 1 Å

AFMAFM

• AFM shows well ordered atomic steps, 
with an RMS Roughness of <1 RMS Roughness of <1 ÅÅ for a 
5μm square.

• Open Detector X-ray diffraction shows 
symmetric (002) and asymmetric (105) 
FWHMsFWHMs of 41of 41”” and 240and 240”” respectivelyrespectively

HighHigh--Quality GaN on AlNQuality GaN on AlN
AFMAFM

LT-AlN buffer

500~600 nm
HT-AlN

Sapphire (00.1)

1.5 μm GaN
RMS roughness=1.29 A

• AFM shows well ordered atomic steps, with an RMS Roughness of RMS Roughness of 
~1.29 ~1.29 ÅÅ for a 5μm square.

• Open Detector X-ray diffraction shows symmetric (002) FWHMsFWHMs of of 
8282””..

• PL shows a narrow emission at 361 nm, FWHM~40 meV.
• Hall measurements yield a mobility of 450~500 cm2/V·s

for n~1016 cm-3 in undoped GaN.
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PhotoluminescencePhotoluminescence UV Optical TransmissionUV Optical Transmission
High Quality AlHigh Quality AlxxGaGa11--xxN Thin Films (0 N Thin Films (0 ≤≤ x x ≤≤ 1)1)
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Device DesignDevice Design
Device CrossDevice Cross--sectionsection

BackBack--IlluminatedIlluminated
•Back illumination is necessary 
for the realization of 
hybridizable arrays.

•Specifically designed for hole-
initiated multiplication.
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15 µm

Mesa structure
formed by ECR-RIE

Metal contact 
deposited by 

e-beam evaporator

SiO2 or SiN dielectric 
layer deposited by 

PE-CVD

Window opening:
wet (SiO2) or dry 

(SiN) etching

Electric field profileElectric field profile

Geiger Mode Single PhotonGeiger Mode Single Photon
Geiger mode: Operation of avalanche photodiodes above the breakdown voltage in combination with 
avalanche quenching circuitry, which enables the detection of single photons. The electric field is 
sufficiently high that a single charge carrier injected into the multiplication layer can trigger a self-
sustained avalanche. The current rises swiftly (nanosecond or subnanosecond rise time) to a macroscopic 
steady level in the milliampere range. If the primary carrier is photogenerated, the leading edge of the 
avalanche pulse marks the arrival of the detected photon. The current continues to flow until the 
avalanche is quenched by the circuitry, by lowering the bias voltage to below the breakdown voltage. The 
bias voltage is then restored in order to be able to detect another photon.

Linear Mode Operation Linear Mode Operation -- Gain of APDGain of APD

Near 53000 gain is achieved above breakdown voltage.

• The pulse detection efficiency was measured at different photon fluxes (photons/pulse) by varying the 
incident optical power. 

• At high photon fluxes, the pulse detection efficiency is 100 % and approaches the single photon 
detection efficiency (SPDE) value as we reduce the number of photons per pulse.

• SPDE of 12% achieved under front-illumination has been improved to 32% under back-illumination.
• We have demonstrated world’s first solar blind single photon detectors.

p-layer
MQW active region

n-layer / LEO GaN

Substrate (Sapphire)

We have demonstrated blue laser diodes, high-
power blue and green LEDs, and are currently 
pursuing green laser diodes.

n-GaN
(00.1) Al2O3

GaInN/GaN MQW
p-GaN
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Blue Laser DiodeBlue Laser DiodeBlue & Green LEDsBlue & Green LEDs

2.4 ML

3.6 ML

4.8 ML

InGaN QDs on GaN
Critical Thickness~3.3 ML

Room Temperature Photoluminescence 
from InGaN Quantum Layers on GaN

Sapphire

GaN

InGaN

Green RegimeGreen Regime

InGaN SelfInGaN Self--Assembled                                                 Assembled                                                 
Quantum Dots for Green EmittersQuantum Dots for Green Emitters

INJECTION OF HOLES

AlN Sapphire

UV LIGHT
(200-400 nm)

n

AlN Sapphire

UV LIGHT
(200-400 nm)
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p-GaN i-GaN n-GaN

UV LIGHT
(200-400 nm)
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We have demonstrated the first milliwatt-level deep UV LEDs 
operating at 280, 265, and 250 nm, among the shortest wavelengths 
ever reported.

Pulsed Power of LEDsPulsed Power of LEDs

WorldWorld’’s First s First UVUV Light Emitting DiodesLight Emitting Diodes

WorldWorld’’s First s First GreenGreen Hybrid Hybrid 
GaNGaN––ZnO LEDsZnO LEDs

Motivation: The Indium Diffusion & The Green Gap Motivation: The Indium Diffusion & The Green Gap 

(a) HR-TEM Lattice Parameter Mapping of pre- and 
post-annealed InGaN active layers showing 

thermally-induced indium non-uniformity in InGaN, 
(b) The efficacy drop of the InGaN and InGaAlP

LEDs in green spectra

(a) Generation of white lighting via color-mixing of 
red, green and blue LEDs, (b) Hybrid green LED 

structure, (c) The growth techniques used: MOCVD 
growth for GaN, InGaN active layer and AlGaInN

current blocking layer, PLD growth for atop ZnO layer.

Device CrossDevice Cross--sectionsection
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XRD CharacterizationXRD Characterization Device ResultsDevice Results

• ZnO is used as n-layer in (In)GaN green LED with inverted p-n structure ,
• High crystallographic quality of LED and integrity of MQWs are confirmed by XRD,
• Device VON = 2.5 V and green EL peaked at around 510 nm,
• Thermal degradation of InGaN is combated through adoption of PLD for ultimate (n-ZnO) 

growth step (lower Ts than MOCVD of n-GaN),
• PLD-grown ZnO may be good alternative to GaN for n-layer in green LEDs,
• Inversion of p-n junction (so that n-ZnO becomes top layer) also reduces total internal reflection -> 

improved light extraction.

Material CharacterizationMaterial Characterization ISB MeasurementsISB MeasurementsMOCVD GrowthMOCVD Growth

PhD Students:PhD Students: Can BayramCan Bayram*, *, ErdemErdem CicekCicek, , YinjunYinjun ZhangZhang
Research Scientists:Research Scientists: Dr. Zahra Dr. Zahra VashaeiVashaei, Dr. Ryan M, Dr. Ryan MccClintockClintock
Collaborators: Collaborators: Dr. Dr. FerechtehFerechteh TeheraniTeherani, Dr. Dave Rogers, Dr. Dave Rogers
Principal Investigator:Principal Investigator: Prof. Prof. ManijehManijeh RazeghiRazeghi

CCenter for enter for QQuantum uantum DDevices, evices, 
Department of Electrical Engineering and Computer Science, Department of Electrical Engineering and Computer Science, 

Northwestern University, Evanston, IL 60208, USANorthwestern University, Evanston, IL 60208, USA

ULTRAVIOLETULTRAVIOLET TOWARDS TOWARDS TERAHERTZTERAHERTZ IIIIII--NITRIDE OPTOELECTRONIC DEVICESNITRIDE OPTOELECTRONIC DEVICES

High Quality Material GrowthHigh Quality Material Growth

BLUE RegimeBLUE Regime

ULTRAVIOLETULTRAVIOLET OPTOELECTRONICSOPTOELECTRONICS

Ti/Au Ni/Au

GaN:Si (50 nm)

Ti/Au

Sapphire (0001)

AlN (500nm)

i-GaN (250 nm)

LT- AlN buffer

SiO2

GaN:Si (200 nm)
Absorption 

region

Multiplication 
region

GaN:Mg (285 nm)

i-GaN (150 nm)

Ti/Au Ni/Au

GaN:Si (50 nm)

Ti/Au

Sapphire (0001)

AlN (500nm)

i-GaN (250 nm)

LT- AlN buffer

SiO2

GaN:Si (200 nm)
Absorption 

region

Multiplication 
region

GaN:Mg (285 nm)

i-GaN (150 nm)

Device ProcessingDevice Processing

"Pulsed Metalorganic Chemical Vapor Deposition of High Quality AlN/GaN Superlattices for Near-Infrared Intersubband Transitions," App. Phys. Lett. 94, 121902 (2009).
"Effects of well width and growth temperature on optical and structural characteristics of AlN/GaN superlattices grown by metal-organic chemical vapor deposition," App. Phys. Lett. 95, 201906 (2009).

“A hybrid green light-emitting diode comprised of n-ZnO/(InGaN/GaN) multi-quantum wells/p-GaN,”App. Phys. Lett., Vol. 93, 081111 (2008).
“Electroluminescence at 375 nm from a Zn0/GaN:Mg/c-Al2O3 heterojunction light emitting diod,”App. Phys. Lett., Vol. 88, 14 (2006).

"Comprehensive study of blue and green multi-quantum-well light emitting diodes grown on conventional and lateral epitaxial overgrowth GaN," App. Phys. B (2008).

“AlGaN-based deep UV light emitting diodes with peak emission below 255 nm,” Proc. SPIE 5732, 197 (2005). 
“4.5 mW Operation of AlGaN-based 267 nm Deep-Ultraviolet Light-Emitting Diodes,” App. Phys. Lett. 83 (2003). 

“High Power 280 nm AlGaN Light Emitting Diodes Based on an Asymmetric Single Quantum Well,” App. Phys. Lett. 84 (2004). 

UV VIS

Applications of Applications of UltravioletUltraviolet PhotodetectorsPhotodetectors

White White 
LightingLighting

High Density Optical High Density Optical 
Data StorageData Storage

Laser Laser 
PrintingPrinting

Water Water 
PurificationPurification Food SterilizationFood Sterilization InIn--situ activation of situ activation of 

drugs through drugs through 
optical stimulusoptical stimulus

Applications of Applications of VisVisiibleble EmittersEmitters

Applications of Applications of UltravioletUltraviolet EmittersEmitters

Automotive LightingAutomotive Lighting DisplaysDisplaysBlue, Green, White Blue, Green, White 
Lighting SourceLighting Source

Household LightingHousehold Lighting

Applications of IIIApplications of III--Nitride OptoelectronicsNitride Optoelectronics

Interior/Exterior IlluminationInterior/Exterior Illumination

BackBack--lightinglighting

New York, USA

Architectural LightingArchitectural Lighting

Eiffel Tower  
France

Tianjin 
China

F-1 Grand Prix           
United Arab  Emirates

Mobile Mobile 
TechnologiesTechnologies

Applications of Applications of TerahertzTerahertz EmittersEmitters

Calibration of Light Calibration of Light 
Sources in UV TherapySources in UV Therapy

Vitamin D SynthesisVitamin D Synthesis

Covert Space Covert Space 
CommunicationsCommunications

Flame Detection andFlame Detection and
Combustion MonitoringCombustion Monitoring

Power Line         Power Line         
Monitoring (Monitoring (λλ < 280 nm< 280 nm))

Early Missile       Early Missile       
Threat WarningThreat Warning

Terrestrial & Aerial Terrestrial & Aerial 
CountermeasuresCountermeasures

AstronomyAstronomy

Chemical and Biological Agent DetectionChemical and Biological Agent Detection

anthrax

smallpox

plague

tularemia 

NonNon--LineLine--ofof--Sight CommunicationSight Communication

Dental Caries DetectionDental Caries Detection

visible THz

Biomedical ImagingBiomedical Imaging

visible THz

tooth tooth brain brain

cavity

Cancer DetectionCancer Detection
liver liver

healthy cancer
Explosives DetectionExplosives Detection Concealed Weapons DetectionConcealed Weapons Detection Drug DetectionDrug Detection AstronomyAstronomy

Visible Light Emitting DiodesVisible Light Emitting Diodes
and Laser Diodesand Laser Diodes

VISVISIIBLEBLE OPTOELECTRONICS OPTOELECTRONICS 
GaN Avalanche PhotodiodesGaN Avalanche Photodiodes

INFRARED TOWARDSINFRARED TOWARDS TERAHERTZTERAHERTZ
OPTOELECTRONICS OPTOELECTRONICS 
NearNear--Infrared DevicesInfrared Devices

MidMid--Infrared DevicesInfrared Devices

AlN
600 nm

Low Temperature AlN Buffer
(001) Sapphire

GaN
AlGaN
GaN

AlGaN
GaN

AlGaN

λ ~ 5.3 μm

Cap layer 30nm Al0.2Ga0.8N 
50×{Barrier Al0.2Ga0.8N 2.8nm/Well GaN 5.5nm}

ISB MeasurementsISB MeasurementsSuperlattice Superlattice 
StructureStructure

SimulationSimulation

Resonant Tunneling DiodesResonant Tunneling Diodes

(a)

(b)

Band DiagramBand Diagram II--V CurveV Curve
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Operational PrinciplesOperational Principles
Band DiagramBand Diagram II--V CurveV Curve

(c)

(d)

EF, R, C: Fermi, Resonant, Conduction Levels

e
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NDR

"Tunability of Intersubband absorption from 4.5 to 5.3 µm in a GaN/Al0.2Ga0.8N superlattices grown by metalorganic chemical vapor deposition," App. Phys. Lett. 95, 131109 (2009).

Active Layer Design &  Active Layer Design &  
Band StructureBand Structure

Crystal Crystal 
DirectionsDirections

Device StructureDevice Structure

Optical micrograph / SEM of Optical micrograph / SEM of RTDsRTDs
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RTD IV Curves (at 300 K and 77K)RTD IV Curves (at 300 K and 77K)

• As active layer has been identified as the main bottleneck in NDR reproducibility, nonpolar free-
standing substrates employing even lower aluminum content (10%) barrier are employed.

• Al0.1Ga0.9N/GaN-based RTD devices were processed into 35-μm-diameter devices with a bridge 
structure on m-plane freestanding substrates.

• For the first time, a reliable and reproducible negative differential resistance at room temperature                       
(R of - 67 Ω and current-peak-to-valley ratio of 1.08) in III-nitride RTDs was demonstrated. 

• The NDR was reproducible for more than 50 scans at room temperature.
Reliability in room-temperature negative differential resistance characteristics of low-aluminium-content AlGaN/GaN double-barrier resonant tunneling diodes," 

App. Phys. Lett. 97, 181109 (2010).
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