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Solid State Devices Group

(7-Ph.D, 2-MA, 3-Stud., 1-Tec)

Research

* Frequency conversion devices

* IR Semiconductors (Detectors, DL, QD)
* GaN (Detectors and Photonic devices)
« Silicon (High power switches)

AFM and HR TEM QD images

Main Facilities
« Clean room (70-m?, Class-100)
« MOCVD (As/Sb)

» Metal deposition, RIE, PECVD, RTP

* Characterization equipment:
« X-ray

»  Photoluminescence (0.3-14um, 10-350%) |-

« Life-Time (10-350°)
« FTIR

|-V

- C-V

* Ellipsometer
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Frequency Conversion Devices, Research Group
members (over the years)

* Moti Katz

* Ariel Bruner

* Moshe Oron

« David Eger

« Technical assistants: Pnina Shier, Galit Sthorm, Maya Veinger

Collaborations (Frequency Conversion)

* Gil Rosenman (TAU): Poling process of PPKTP

« Byer-Fejer Group (Stanford Uni): Stoichiometric LiTaOq

 G. I. Stegeman group (CREOL) and L. Torner (ICFO. Barcelona): Quadratic spatial solitons.
« Ady Arie — TAU: Non-traditional frequency conversion devices in PPKTP and PPSLT

 G. Marcus A. Zigler (HUJI): Frequency conversion by high- power laser

« S. Xie (Harvard Uni.): Source for coherent anti-Stokes Raman scattering microscopy

* Raicol Crystals (Israel): PPKTP and PPSLT (“Magneton”)
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Goal of the group
Developing frequency conversion devices for efficient, compact and

Inexpensive Laser sources.

Outline
Ferro-electric Frequency Conversion Devices

= Ferro-electric crystals
= Quasi Phase Matching (QPM)
= Frequency Conversion examples
l1I-V Semiconductors Frequency Conversion Devices
= QOrientation Patterned GaAs (OPGaAs) Waveguides process

= Frequency Conversion in OPGaAs Waveguides
Technion 27/1/2014

LQ_—



— E I
Nonlinear Interactions (Quadratic Term)

Sum Frequency Generation (SFG):

Nonlinear Crystal
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Second Harmonic Generation (SHG):

Nonlinear Crystal
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Difference Frequency Generation (DFG):

Nonlinear Crystal
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Optical Parametric Oscillator (OPO):

Nonlinear Crystal
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Optical Parametric Generation (OPG):

Nonlinear Crystal
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Ferro-electric crystals

Materials that have a spontaneous electric polarization that can be reversed

by the application of an external electric field
KTiOPO, (KTP)
TiO4 Octahedron

PS Domalin wall Pst /

| Z(Z)
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Quasi Phase matching by periodically poled structure
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In a non-linear crystal
Inverted

Periodic change of the sign of x?
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Quasi-Phase Matching (QPM) frequency
conversion by periodically poled crystals

i QPM Condition:
Efficiency For plane wave SHG:
n n, n; m
2/p2 - 2aLxl N | =—
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C* Surface

Poling process flow of Ferro-Electric crystals

" Surface
ic Poling

C

-/

C*and C Contac

Photolithography
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periodically poled

Selective etching of periodically poled surfaces
Stoichiometric LT (PPSLT)

\

periodically poled KTP (PPKTP), A=4.1um,
Top view of
C* and C- Surfaces

E——

Y-cut
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Multi-Watt green generation by SHG using PPSLT
Pump laser: Nd:YVQO,, A,=1064nm, PPVSLT: L= 21mm, A=8.0-um
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OPO to the Mid-IR (4um) by PPSLT

Primary and Secondary OPO in single period . }
L

Secondary OPO L :
: T ~ 54°C, A=28,5um
i " \% w / ! ) 1
Primary OPO: T‘ QTV . pooo W,=280um,
LN T - T L Uncoated Sample
1.064 1.448 2.095 4013  4.686
Idler conversion : . . mp) power
Max. total internal efficiency ~ 60% ———
' 1] ® 4.013um+4.686um
= ® 4.013um
>, 0.12- bl A 4686 pum
= D 1.2-
Q %
& 0.08- m 4.013 um + 4.686um e ]
L ® 4013 um 3 081
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0.4
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OPO Fan-shaped grating experimental results

Pump: intensity = 20MW/cm?, 1kHz, 35nsec, A,=1064nm,

wy=80um, L= 30mm, A=36.9um-37.9um, 6,,,,=2.5°

Wavelength Tuning Curve vs. Beam Position

Grating Period (um)
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Light Conversion Through a Triple Grating.

Output Coupler

Input Coupler Temp.=40°C
HT @ 1064nm HR @ 532nm
HR @1720nm SFG-

SHG: OPO: 532+1720—406nm

Pulsed
Nd:YAG
(1064nm)

A 1064—532nm  532_,770 + 1720nm  1064+770—447nm

-
-+

P [
< | > 4 >

A

5 mm 15 mm 10 mm
A=8.99um A=10.1-10.2um A=4.5um / 5.05 um

Two degrees of freedom are needed:

1. Temperature - SHG.

2. Sample position of the OPO grating for
achieving the correct wavelength for the

[@ SFG at the same temperature.
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Simple and robust system

- -

0.0 T T T T
1 2
[W]

0
P
pump

SHG by Direct Coupling of PP samples to the pump lasers

e 71v
—__&
\\T
No lens used between the laser and the Periodically-poled sample

Pump: Nd, 1.064-um, 50-Hz, 1-nS, 1mJ/pulse

w,~350-um. Sample: PPSLT 3x30x1-mm, A=8-um,

Efficiency ~50%

Pump: Nd:YVO,,1.064-pym, 10-30kHz, 25-40-nS,

w,~300-um, Max. Efficiency=48%
Sample: PPSLT 3x30x1-mm, A=8-um
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Non-traditional frequency conversion devices

(a)

SLT,

Beam shaping
(Ady Arie group,
TAU)

(b)

positicn 47um

Fig. 2. Microscope picture of the sample QPM gratings
and the boundary. Inset, geometry of the light beam-—

@ sample interaction.

(G. Stegeman group and
L. Torner group)

Quadratic soliton self-reflection
at a quadratically nonlinear
interface
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e Large nonlinearity
e GaAs, d;, ~100-pm /V
e GaP,d,, ~50-pm /V

e Extensive transparency
e GaAs:0.9pum - 17 pm

gl
Orientation-Patte
Why GaAs (or other IlI-V compound)?
LINDO;, d35=27-pm/V

e GaP:0.5um-11 pym
e High thermal conductivity

e GaAs: 50-W/m K

rned GaAs (OP-GaAs)

LiINDO;: 0.4 pm — 4.5 pm

LiTaO;: 0.35 pm — 4.5 pm
0.4 pm — 3.4 pm

KTP:
LINbO;: 5-W/m K
LiTaO5: 8-W/m K
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Losses, SHG and OPO measurement system

Spectrometer/
3-5mm IR Camera
i CW, DFB laser
BF filter ! M2 Plaiie 1560-nm
15<I<28 ! OPGaAs  and Polarizer (WG Losses meas.)
InSb Detector bt:; e X )
OPG by Multi _
Mid IR, 3.5-4.15-um Gratings PPLN Filters )\
tunable laser source Pump, 1.064 um | | A |
Max. peak power: 48-W 10kHz,1-ns |/ |
Average power: 12-mW
SHG by OPO by Multi
SWIR, PPSLT Gratings PPLN
1.9-2.1-um || Pump, 1.064 um n N |
tunable laser 10kHz,25-ns W) (WA |
source Oven Filters

E._
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Measurement of WG losses

Loss measurement in OPGaAs WG @ 1.56um
(Using Fabry-Perot interference method)

WG: 3um x 9um x 13mm, A=39u

OPGaAs WG 132-H3, L=13mm

\

~

)
=
RN
=

LT
*\}\
WAWAWAWA
VI VI VI V| L

a/= (0.8 /db/cm

Trans. power (arb. units
O O O O

oON D O ®

L Wavelength [A.U.] y

v' Lowest losses in our OPGaAs WGs- 0.8 db/cm
v Typical WG loss range : 1.0-1.5 db/cm

LQ_ Technion 27/1/2014




— )
——

First reported
D = SHG (4-um to 2-um) in OPGaAs WGs
2pm Aum
OPG Pump (pulse): A= 3.5-4.15um,
WG: core=13um x3um , L=10mm , A=39um
e w=13, 60=90 m w=13, 0=45
PUMP t L — 1.2 7

(110)

Type Il (TE+TM->TE)

o
~
|

(001)
e
@ | +
8
@
N
e
SHG peak power (W)
o
(e0]

oo o sl 353
O+ o0 =20 3950 4000 4050 4100 4150
Pump wavelength WL (nm)
‘ GaAs
(110) Type | SHG: TE+TE 2 TM
Type | (TE+TE>TM) Type Il SHG: TE+TM 2 TE

Oron et al, Optics Letters, 35, 2678 (2
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SHG of uncoated OPGaAs WGs

WG: A=39um ,L = 1cm, core= 3 x13um

Conversion efficiency 8,722 .
for ideal WG - 1o = eff Pump: 10KHz,1nsec, A= 4.095um, 6 = 45
nBCgoﬂ.«zp &ff 10 =
F " s i 5~
(For a=0, d,,= 94pm/V) m, = 28%W-lcm2 1 e
< i
2 % "
- exp(—2a, L) —exp(—a,; L) 2 o A
% 0.01 =
nact/ No =T=0.75 /// i
Nact = 21 % Wiem™= -
Highest reported for patterned WGs o T,

Input peak power(W)

High NL coefficient and Low loss—> High SHG efficiency

* M.B. Oron et al, Optics Letters, 35, 2678 (2010).
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First reported OPGaAs WG — OPO by pulse laser

<G <

< 2um
3.75um

Parametric power

- o~ typel ---m-- type || . | di
S oo . . Signha laler
‘&;3 i Ap=2015nm o 2021nm g
S 04 o« : o
E /’. g
E 0.2 /‘ '.' 8
© i /I _.-‘. —_
5 00 6——ooh m® :
@ 4 6 8 10 12 14 16 3600 3800 4000 4200 4400

WAVELENGTH (nm)

Pump powerin WG (W)

Parametric power spectral scan

Pin (T(;;)e(?l)th:r(;svr\]/o'd é{’f ?Qp?mei OW Pump : 12W, 2017nm-TM
WG: 3mx12mx13mm
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OPO Tuning Curves
T ™M Pump —> TE Pump

OPGaAs -typel A=3%um, 3x12um WG OPGaAs -typell A=39um, 3x12um WG
T =200 — 5500
= £ N
1:: 5000 ~. | | Measured ‘:' 5000 e Measured -
oo SN - \‘\
g 4500 ] < & 4500
I Calculated 7=~ _ 9 Calculated ™~. _
= 4000 | 3 % 4000 3
z " | ket || BT T T L -
5 3500 Lot / .
S eif = | e
or 3000 : , ‘ ﬁ 3000 -~ 1 ] : ;
e 1970 1990 2010 2030 7 1970 1990 2010 2030 2050

Pump wavelength (nm)

Pump wavelength (nm)

First reported calibrated tuning curves in GaAs WGs*

*M. B.
, SPIE

Oron, P. Blau, S. Pearl, M. Katz
proceedings Vol. 8325 (2012)

Ee_
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Summary

Ferro-electric Frequency Conversion Devices
High quality, ferro-electric, poled structures have been developed at Soreq.

Efficient frequency conversion by SHG, OPO, OPG and SFG (in the range of
Blue light to MIR) were demonstrated by these crystals.

Challenge: High power frequency conversion close to 100% efficiency.

OPGaAs-WG
A technological platform for design & OPGaAs-WG OPO devices has been

established at Soreq
Transparent OPGaAs WGs of ~ 1db/cm were fabricated

SHG & OPO has been demonstrated for the first time in OPGAAs WGs
Calibrated tuning curves for OPO operation have been established

Challenge: High efficient and robust cw laser source at the MIR (OPO, 2 to 4

micron or SHG, 9 to 4.5 micron)
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Electric Poling

Many possible parameters

 Electric pulse
Pulse height

Temperature

1L

* Pulse width

« Single pulse/Multi pulse

» Pulse shape

« Contact types )
Metal/paste/Liquid/Gel |
mMannnnnann Pulser

Cold Finger or
Hot Plate
[] R1 @ Poling current monitoring

nN7x¥nY7 |'vaA - nnuxN% niannn
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Template wafer fabrication

* MOCVD growth of the top and bottom 2” wafers

GaAs substrate (top)

0.1 um Aly gGag ,As

0.04 um GaAs
* Wafer pair alignment and cold bonding : : : :
v v \4 \4

* Hot bonding in an H, reactor (T= 520-600C) 0.03um InGaP

* Bond quality characterization by IR transmission

In-house developed bonding oven

':'2 Flow
controller

Temperature
control

Graphite susceptor

Heating
Element

Sample

LQ_

IR
camera

IR image
by Cross polarizeres

Second
polarizer

Sample
and first
polarizer

Light source
& vis. filter
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Substrate removal — Lapping and selective etch

> Lapping/Polishing of 90% of top substrate GaAs (top) substrate

» Selective wet etch of GaAs residual layer

> Selective wet etch of AlIGaAs etch-stop layer  Inverted =
layer

Good correlation found between IR bonding test
and final template defects

160 IR test 160 sub removalgss

P

P
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Template fabrication - channel etching

 SiO, mask definition by lithography
 Selective removal of GaAs layer
 Selective removal of InGaP layer

* Removal of SiO, mask

OPGaAs template — Surface views

- Substrate Inverted

[@. Iai/er

400A GaAs =

!

!
STt

GaAs substrate

Surface profile scan

channel depth (A)

-500

-1000

-1500

-2000

60umTemplate #104

—

T T T T
0] 50 100 150 200 250

scan distance (um)
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Layer growth on OPGaAs template
MOCVD growth challenges

Al,.Ga,.As (0.3um

Low defect thick Iayer grOWth IS rGQUired on.
> Heauvily treated substrate

> Non planar, corrugated, multipolar surface

Optical-buffer MOCVD growth development

Eun 188 — 4 um butfer on 598

Run 241 — dum buffer on B4-1
Run 244 -4 um buffer on B4-4

nN7xn% 'v1A - nMxN% niannn



Cross section of layer growth on OPGaAs template

After domain reveal by etching
Domain wall, SEM image, d=2um
Domain wall, Microscope image

WG layers on 60um template

Domain wall, SEM image

Domain wall, SEM image, d=10um

e

Mag HFW |Pressure, WD HV Tilt | Det —2.0pm |
24000x/9.67 ym| --- [17.5mm|30.0kV|3.2 °|ETD| 133 WGs Vishay Regrowth | Mag HFW |Pressure| WD HV Tilt | Det ——5.0pym

8771x/26.45 um 11.3mm|30.0kV|0.4 °|ETD R1370 20 cycles

nN7x¥nY7 |'vaA - nnuxN% niannn
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OPGaAs template fabrication — WG Ridge patterning

\
v'Smooth morphology

WG ridges top view (x200)

v"No defects
v'Domains copied from template into WG

WG ridge cross section

GaAs(1.5um)

GaAs template wafer
nN7x¥nY7 |'vaA - nnuxN% niannn




OPGaAs chip

gl
13mm uncoat

on test carrier
OPGaAs Chip of ~30 WGs

Input_ Output
facet == facet
Test
Carrier OP_GaAs
Chip




