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Microstructured Materials Essential for QPM

Large Aspect Ratio Structures
Volume patterning by surface 

lithography Large Areas
Scalable production

Ferroelectrics

Complex Patterns
Enhanced functionality
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Parabolic lens
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Advantages of QPM

Eliminates dependence on birefringence for phasematching

• Any interaction within transparency range
– even in non-birefringent materials (GaAs)

• Noncritical phasematching
– eliminates Poynting vector walkoff
– especially important for OPOs

• Any desired polarizations
– use large diagonal nonlinear coefficients
– for LiNbO3 :  d33 /d31 = 7

• Aperiodic gratings
– shape temporal, spatial, spectral response

• One material can be tailored for many applications
– base technology on readily available commodity material
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Generic Nonlinear Material
using patternable media
for micron scale features



Many Applications for Engineerable Materials
Efficient CW Interactions

large nonlinear susceptibility χ(2)
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Many Applications for Engineerable Materials

Aperiodic gratings can shape spectra
localized conversion of spectral slices

Efficient CW Interactions
large nonlinear susceptibility χ(2)
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Many Applications for Engineerable Materials

Aperiodic gratings can shape spectra
100 kHz OPCPA in chirped QPM

Efficient CW Interactions
large nonlinear susceptibility χ(2)

20 watt CW SHG
532 nm
50% efficiency 
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Waveguides: 
tight confinement w/o diffraction 

⇒ high efficiency at low power
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Aperiodic gratings can shape spectra
continuum 500 – 2600 nm
SPM via cascaded χ(2)
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Many Applications for Engineerable Materials

Aperiodic gratings can shape spectra
100 kHz OPCPA in chirped QPM

Efficient CW Interactions
large nonlinear susceptibility χ(2)

20 watt CW SHG
532 nm
50% efficiency 
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Manipulate single 1.5 μm photons
> 99% efficient upconversion

1.3 μm

1.5 μm 0.7 μm
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Bloembergen Also Proposed QPM in 1962
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Early Presentation Viewgraph by A. Hill

*Note: The only publication of this work was a reference 
in J. A. Giordmaine’s 1964 Scientific American article 

Franken and Hill: Stacks of Quartz Plates: 1961(!)
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Channel Waveguides in LiNbO3 and KTP: 1989
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Volume Poling with Electric Fields: 1992
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Bulk Interactions in E-Field Poled LiNbO3 and KTP: 1994
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First QPM OPOs: Bulk and Waveguide: 1995
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Extension to Visible SHG: 1997
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Template-Controlled Epitaxy of GaAs: 1995
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All-Epitaxial OP-GaAs Waveguides: 1999
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All-Epitaxial OP-GaAs Waveguides: 1999
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Bulk OP-GaAs by HVPE on Orientation Templates: 2001
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Bulk OP-GaAs by HVPE on Orientation Templates: 2001
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First QPM OP-GaAs OPO: 2004
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Mirrorless Counterpropagating OPO: 2007

1960 1970 1980 1990 2000 2010

1960
Maiman & 
ruby laser

1962
Bloembergen:
Theory of NLO

1961
Franken & 
SHG

1968
Bloembergen:
QPM Patent

1964
Miller: multi-domain 
ferroelectrics

1972
Twinned 
semiconductors

1976
Stack-of-plates 
(semiconductor)

1980
QPM by crystal 

growth

1989
Single-crystal 

fibers

1989
Diffusion 

poling

1991
Electric field 

poling
E-beam 

poling
1992

Volume E-field 
poling for 

waveguides

1994
Bulk QPM: 
Electrically 
poled LiNbO3

1993
Diffusion- 
bonded GaAs

1995
Wafer-bonded 
QPM GaAs WGs

1999
Orientation- 
patterned 
GaAs WGs

2001
OP-GaAs 
thick films

1995
QPM OPO:
bulk and WG

2004
OP-GaAs
OPO 

2007
Mirrorless 
OPO



Summary

• NLO 50 years old

• QPM 35 years old

• Rich history of materials and device concepts

• Significant developments ongoing
– improved materials

oxides: peak and average power extension
semiconductors: mid-IR/THz wavelength extension

– aperiodic QPM gratings
bandwidth enhancement
group delay manipulation
engineered trajectory of cascade nonlinearities: comb generation

– quantum frequency conversion
single/few-photon devices 

– …
L.N. Durvasula: DARPA/CNOM
H. Schlossberg: AFOSR 
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