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Materials Characterization Systems

Measure magnetic properties:
Hysteresis M(H) loops Permanent Magnets

FORC curves High Density Recording Media
Temperature dependencies

Mineral Magnetism

AC/DC measurements:
Hall mobilities Thermoelectrics
Carrier concentration solar Cells

Carrier type HEMTS

Measure electrical

properties of devices and
materials in temperature- Magnetoresistance
controlled environment Organic electronics

Nanowires

Fully integrated for material properties:
Electronic thin films

Electronic
Magnetic Organic Electronics
Chemical Spintronics
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Why THz?
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Equivalent Scales for THz

0.1 THz 1THz 10 THz

]

2.5THz~ 10 meV

= Alignment of THz energy levels  Zouf 0
1 H ; o2 — Drude Model ]
with phenomena of interest Soof ;
£0.06F

— Vibrational Resonances Sooaf
) ool
— Novel Spin Resonances 5 ool
— Free Carrier motion in o0z
. £
semiconductors ] S
0.2 0.4 0.8 0.8 1.0 1.2
Frequency (THz)
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Materials Phenomena

D. N. Basov, et al.
“Electrodynamics of correlated electron materials”
Rev. Mod. Phys. 85(2), 471 (2011).

-v-1-vi

VY

Spin-o upling

Localization peaks in disordered conductors
Carrier lifetimes in metals and semiconductors

m Inter-band transitions

Zeeman splitting

Superconducting gap Polarons
(Pseudo) gap in cuprates Charge transfer gap
Magnetic resonances Amplitude modes t—>Tt* transitions
and strong coupling effects (polymers) (polymers)
Josephson plasmons Correlation gaps in 1D conductors

Microwave

Infrared

Millimeter

& RF

1010Hz 10" Hz 10'2Hz 103 Hz 10" Hz 105 Hz
The Electromagnetic Spectrum Frequency (Hz) . | ake Shore
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Equivalent Scales for THz

0.1 THz 1THz 10 THz

1
A "

0.6 THz~ 0.5 mm

N
A\ 4

" THz wavelengths match the feature
sizes of development-grade
electronic materials

— Non-contact electronic characterization 10 mm
— Novel magnetic materials .
. L ake Shore
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Equivalent Scales for THz

0.1 THz 1THz 10 THz

1

]

—~o0. I =]
' 2 | &, DPPH
0.2THz~7T = |z
=S -t 10T
j i S 1Y A 9.5T
Coupling to spin-based €|
materials at THz frequencies 5 i oT
High speed computing E : i
paradigms - 8.51
May require large fields 022 024 026 028 0.30

Frequency (1Hz)

Nagashima, T.; Nishitani, J.; Kozuki, Kohei, "Lasers & Electro Optics & The Pacific
Rim Conference on Lasers and Electro-Optics, 2009. CLEO/PACIFIC RIM '09.

Conference on , vol., no., pp.1,2, 30-3 Aug. 2009 ‘ l_ake Shore
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Equivalent Scales for THz

E

0.1 THz 1THz 10 THz

1

/

6.5 THz ~ 300 K

g = Cryogenic temperatures

% —gésg — Homogeneous broadening of
; 1ok vibrational resonances

Tor a-Lactose

480 500 520 540 560 580
Frequency (GHz)
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Equivalent Scales for THz

0.1 THz 1THz 10 THz

1

/

6.5 THz ~ 300 K

= Cryogenic temperatures

— Homogeneous broadening of
vibrational resonances

— Temperature dependent carrier
concentration and mobility
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Equivalent Scales for THz

0.1 THz 1THz 10 THz

t 1 t 1
S A W g

7T 0.5 mm 10 meV 300 K

= Alignment of THz energy levels with phenomena of interest

" THz wavelengths match the feature sizes of development-
grade electronic materials

" Coupling to spin-based materials at THz frequencies
= Cryogenic temperatures

‘ Lake Shore
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THz System Product Challenges

=" THz performance suitable for materials characterization
— Continuous tuning over bandwidth
— Spectral resolution

= Ability to characterize samples while exposed to variable
cryogenic temperatures and magnetic fields

= Affordable THz-based measurement platform
= Robust Design

" Proceduralized experimental methods and reliable
analysis of the spectral results

— Convenient sample insertion without complicated alignment

— Enable materials developers to rapidly begin productive research
‘LakeShore
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Filling the THz Gap

0.1 THz

1 THz 10 THz

Electronics

[ &

Photonics

< >
Microwave -
| | | | | | |
1 | | | | 1 |
1010Hz 10" Hz 1012Hz 10" Hz 10" Hz 105 Hz
The Electromagnetic Spectrum Frequency (Hz) . | ake Shore
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" Many materials of interest for THz
require variable temperature
and/or high magnetic fields

= Optical cryostats are the standard
approach

— THz generation outside the
environment

— Must pass optical energy through
windows, cutting signal power and
spectral distortion

" Not ideal for THz spectroscopies

. Lake Shore
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Variable Temperature and
High Magnetic Field THz Platform

Cryostat Sample Space

Cryo-compatible
THz emitter with
collimating optics

Removable
sample insert

Rotatable
sample stage
(10 mm x 10 mm)

Thermally stable
optical
alignment stages

+9 T magnet

‘ Lake Shore
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Integrated THz System Details

Application software

for turnkey operation
Integrated cryostat & insert

Experiment setup/run

Analysis of spectral data Variable temperatures from 5 K to 300 K

Calculation of material properties Sample size — 10 mm

Measurement — THz transmission

Fiber-based optical
platform for CW THz
spectroscopy

CW THz spectrometer instrument

Amplitude and phase detection from
200 GHz to 1.5 THz

Spectral resolution under 500 MHz

Circularly polarized light Superconducting magnet

High magnetic fields to £9 Tesla
Integrated controls

Model 336 cryogenic
temperature controller

Model 625 superconducting
magnet power supply

Wl LakeShore
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Photoconductive THz Emitter

Hyperhemispherical High Resistivity Si Lens

Photocarrier

material
IR laser
Antenna \~___——’/, THz emission
40 L] L]
Room Temperature
Dark
—— Fiber illuminated device
20} _
= Photoconductive
< .
S device
€
g
5
O ot
-40 } } } } }
-10 -5 0 5 10
Bias (V) ‘ Lake Shore
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Hyperhemispherical High Resistivity Si Lens

Photocarrier /‘j)r\
material

IR laser —{

Antenna/ |\

Photoconductive
device
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Photoconductive THz Emitter |

(

THz emission

THz-frequency transient current
oscillations induced by amplitude
modulated IR laser light

Current oscillations in the antenna
structure radiate propagating EM
waves.

A high resistivity Si lens is attached
to the emitter device to couple the
THz emission to free space.

W [ake Shore



THz Time Domain Spectroscopy

fs—» «—

Emitter Module

PhotoCurrent {a.u.)

Femtosecond
laser

ZH1
<=

M

THz Amplitude (a.u.)

Lock-in
Amplifier

Delay Stage
Detector Module
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Erp,(t) < al/at ]
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THz Time Domain Spectroscopy

Emitter Module

Femtosecond
laser

Lock-in
Amplifier

Delay Stage

Detector Module
e
O " -
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THz Time Domain Spectroscopy

ps—> <

Dispersion

Emltter Module

e

SAMPLE

fs—» W{W\pﬁ

Femtosecond
laser

Lock-in
Amplifier

Delay Stage
Detector Module
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THz Time Domain Spectroscopy

fs—» W <«
ﬁEmitter Module

Dispersion r
Compensation

Femtosecond
laser

PhotoCurrent {a.u.)

THz Amplitude (a.u.)

Lock-in

Amplifier
Delay Stage

Detector Module
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THz Time Domain Spectroscopy

ps—> <

Emltter Module

: : 300 K I 4
Dispersion
Compensation r ﬂ

Femtosecond
laser

SAMPLE

Lock-in
Amplifier

Delay Stage

Detector Module

. Lake Shore

CRYOTRONICS

23 | Confidential Lake Shore Cryotronics, Inc.



Continuous-Wave THz Spectroscopy

- T M
Emitter Module

DFB Laser 1
Fiber coupler
and phase
modulator
DFB Laser 2 Lock-in

Amplifier

Detector Module
f2

. Lake Shore
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Continuous-Wave THz Spectroscopy

- Generation
" B MMM .
: e g
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Continuous-Wave THz Spectroscopy
- Detection

IR Intensity

THz E-Field Receiver module

V/\VAVA\/A dl|>_‘

Detected current No detected current

Lake Shore
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Continuous-Wave THz Spectroscopy [
- Frequency Tuning |

Fiber coupler
and phase
modulator

Lock-in
Amplifier

Detector Module
f2
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Emitter Module

DFB Laser 1

Fiber coupler
and phase
modulator

Lock-in
Amplifier

Detector Module

DFB Laser 2 )
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Lake Shore Model 8500 Series THz System

Setup | Comments

Restore
Defaults Abort
Setup
Measure Sample Lactose Smem sample 25 tsst Monitor »
Operator Spec i ok )
[in]
Joe Use
R ' Lactose Smm sample 25 THz Off
Sample =
[rym—— Smm sample #5 Materials and dimensions amparaiice Bampiog.
Somple mateial Lactore | 131.248K|
Activities .
Setpoint: 5000 K
& Spectrum Measurement Sample film thickness 5 IE] FEa ﬁ
Sample subtrate material ID: | 0.000T
8 |
Sample substrate thickness: E] Setpoint:
Reference subtrate material ID: LHe Level Lok J
Reference substrate thickness: 65.0% 0:47
Sample Tray Position oK |
Limits
Set..
Min temperature: 0 [K] Unknown
Max temperature: 400 [K]
Max Field: 9
Max Bias Voltage: . 1] |
-/ Measure
(7] Program
17| Results
‘ Toolbox
(—

Confidential Lake Shore Cryotronics, Inc.
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Lake Shore Model 8500 Series THz System

g Toolbox

Estimated running time

00:07:40

Setup | Comments |

Home
Restore
Defaults
Execute | | |
Measure Spectrum Measurement Spectrum Measurement.tset Monitor »
Spectrometer oK ]
Operator Spectrometer frequencies
) David Daughton Start frequency B TH THz Off
Sample End frequency 14 THz Temperature “
-

Frequency step 1000 MHz Set... 290.002 K |
e Setpoint: 0.000K
l 7 Spectrum Messurement Spectrometer settings Field oK
Number of scans 1 Set.. 0.000 Tl
Time constant ms Setpoint: ---
LHe Level oK J

Phase modulator value
Up 14000 64.5% 0:46
o 14000 Sample Tray Position [T
- Set... Unknown

/' Measure Processing settings
I:I Program Smoacthing points None -
E‘ Results
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Integrated Software for Turn-key Operation

Sample Reference  Background

o

ZH1

A4

SAMPLE

=

S
¥ 3
=

W} Lake Shore
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=2 - - Lake Shove Model 8500 Series THz System
A - | —
00 » & oa®# : N O £
art Stop Sencathing Send Ssve Delete Clase Prnt Expoct Makers  Curar Reset Mssdure .
= Az " Tracking Zogm Lines Abor
Execute Sewp File: Chart Data Points | ChartZeom | Measuring
Results * ! Spectrum Measurement 30nen pesmalioy Spectrum My tres® Monitor >
Operator | Legend « Transmission o | SR
Siaw A = THz Off
sample | EL™ 12 — ——
& 30 nm permalloy
1 | St 290.001 K
Activities | Setpaint 0.000 K
(e j —
o Spectrum Messurement 0.8 e ]
. Maasure ,] 06 Set.. 0.000 T
| 30nem permatioy Spectrum Measurement | Setpoint:
& THz Tempoeary Results/46) 0.4 LHe Level ok
Program
| 02 61.9% 0:43
I A e S T (LN LNV SV S WA A SO i ik Bl P —
0.2 03 04 05 06 07 0.8 09 1 1.1 1.2 13 14 15
frsmey iz | 55 Unknown
05843 THz, 1144 au.
Fhase Difference Y
[rachpen]
40
=y ,»..-.N-f"“
| o]
-,—_
20
.
| |
]
_.f-
r—"'/
-/ Measure 0.
(| Program P
‘ﬁm | 02 03 04 05 06 07 08 09 1 11 12 13 14 15
Fioequency [Tiz]
Wt |
ferp '.'SAW '.'ahmgu . Results. | Comments -
|Operation complete in 0:00:12 I—— ] 4
—
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Integrated Software for Turn-key Operat

0 B 2 & @8 8 @
Start Stop Create Insert  Insent Insert  Remove Move
New~ Loop~ Activity Control Step Up

Execute Program Sequence
Program «
Operator I
R Operator I
~ sequence |
] Step 1: Start/Sample
‘ B Step 2: Goto field 4 1)

= 8 Step 3: Temperature lcop
. Step 3.1:Spectrum Measurement
I Step 4: Finish

. Lake Shore
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Case Study: Sr,CrReO Thin Films

double-perovskite ferrimagnet (T, = 635 K)
M, =1.29 p, per fu.

Predicted 90% spin polarization

Large anisotropy

1-5:| T T 1 | T T1 | | | T T 1 ‘ T 1T T I 1T 1 I:
1B My =129 py/fa. In-plane
;05} HC:I'OST 1.5gmrrrrre .
— / 1F
m 0fF } 0.5-
2 F 0F E
05F 7= -0.5¢ E
=op To3K i los
1F 159075705 102
5 H(T) .
_1.57| T A T T N T T A T T M AV A N A A B

15 <10 -5 0 5 10 15
H (T)

Stoichiometric, epitaxial, and well ordered

Well ordered films on STO and LSAT
substrates
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Case Study: Sr,CrReO¢ Thin Films

Stoichiometric, epitaxial, and well ordered
Grown with off-axis magnetron sputtering
1 um thickness ~ 20 hours

Low Material yields
10 to 200 nm thick film on 10 x 10 mm substrate

After characterization, wafer is diced & distributed for
device manufacturing

Wafer real estate is at a premium

Electrical contacts for material evaluation reduce
number of devices — non contact evaluation

Cryogenic characterization elucidates conduction
mechanisms

‘ Lake Shore
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CW-THz transmission

1.0
Substrate c
pikA 3
A E; 05F
I
L
> B
0.0

0.5 1.0 15

+ Frequency (THz)

. Lake Shore
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CW-THz Spectroscopy of
Conductive Thin Films

1Tuckness
1.0
Substrate £0s / . 4um

eikA % — .:s 6 nm

- 0.4 1'3 nm

é . ' _ _ _ _ 20 nm

0'2 _— e _— 5 L - L .. A L | S 50 L
. - 3 125 nm

0.2 0.4 0.6 0.8 1.0
Frequency(THz)
Conductivity
2e19
c T
=
E | le2d
: I_._\_'_'_'_._._\_‘_'_'_\_'_-_'_'_'_'_—_'_‘_-—-_-—\—'———-———-—\—-_H_—
©
= 2e2
T
=
Y 1.3e21
3 0.2 0.4 0.6 - 0.8 1.0
F (TH
Ga-doped ZnO on ZnO requency(THz)
. [ ake Shore
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SCRO Film DC conductivity

I | | | | | |
L ——SCRO(175nm)/LSAT
105K ——SCRO(20nm)/LSAT

200 400 600 800 1000
Frequency (GHz)

1.4 fan of SCRO on 13¥,um LSAT substrate

THz Transmission

0100 200 300 400 s =
r'(K) )

‘ Lake Shore
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Variable Range Hopping Conductivity

1.4 zoam of SCRO on 133 gam LLSAT substrate

d(w) = Opc

0.2 0.4 0.6 0.8 1.0
FrequencyTHz)

1.4 yaon of SCRO on 133 gam LSAT substrate

Variable Range Hopping

c(w) = A(TMw*D + op,

1000 K |
A(SK)’V? S(SK)~O8 ol e » 5e e > i

N. F. Mott and E. A. Davis. Electronic Processes in Non-Crystalline
Materials. Clarendon Press Oxford, 1971.

Wl LakeShore
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What’s Next

Model 8500

THz System for
Material Characterization

— Turn-key acquisition of temperature
and field dependent THz spectra

40 | Confidential Lake Shore Cryotronics, Inc.

= Customer applications —
samples

= Sponsored research
program to develop
turn-key analysis
software for CW-THz
spectra

‘ Lake Shore
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