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LIMITED WARRANTY STATEMENT

WARRANTY PERIOD: ONE (1) YEAR

1.Lake Shore warrants that this Lake Shore product (the "Product")
will be free from defects in materials and workmanship for the War-
ranty Period specified above (the "Warranty Period"). If Lake Shore
receives notice of any such defects during the Warranty Period and
the Product is shipped freight prepaid, Lake Shore will, at its option,
eitherrepair orreplace the Product ifit is so defective without charge
to the owner for parts, service labor or associated customary return
shipping cost. Any such replacement for the Product may be either
new or equivalentin performance to new. Replacement or repaired
parts will be warranted for only the unexpired portion of the original
warranty or 90 days (whichever is greater).

2.Lake Shore warrants the Product only if it has been sold by an autho-
rized Lake Shore employee, sales representative, dealer or original
equipment manufacturer (OEM).

3The Product may contain remanufactured parts equivalent to new
in performance or may have been subject to incidental use.

4.The Warranty Period begins on the date of delivery of the Product or
later on the date of installation of the Product if the Product is
installed by Lake Shore, provided thatif you schedule ordelay the Lake
Shore installation for more than 30 days after delivery the Warranty
Period begins on the 31st day after delivery.

5This limited warranty does not apply to defects in the Product
resulting from (a) improper or inadequate maintenance, repair or cal-
ibration, (b) fuses, software and non-rechargeable batteries, (c) soft-
ware, interfacing, parts or other supplies not furnished by Lake Shore,
(d) unauthorized modification or misuse, (e) operation outside of the
published specifications or (f) improper site preparation or mainte-
nance.

6.TO THE EXTENT ALLOWED BY APPLICABLE LAW, THE ABOVE WAR-
RANTIES ARE EXCLUSIVE AND NO OTHER WARRANTY OR CONDITION,
WHETHER WRITTEN OR ORAL, IS EXPRESSED OR IMPLIED. LAKE
SHORE SPECIFICALLY DISCLAIMS ANY IMPLIED WARRANTIES OR CON-
DITIONS OF MERCHANTABILITY, SATISFACTORY QUALITY AND/OR FIT-
NESS FOR A PARTICULAR PURPOSE WITH RESPECT TO THE PRODUCT.
Some countries, states or provinces do not allow limitations on an
implied warranty, so the above limitation orexclusion might not
apply to you. This warranty gives you specific legal rights and you
might also have other rights that vary from country to country, state
to state or province to province.

Limited Warranty Statement Continued:

7.TOTHE EXTENT ALLOWED BY APPLICABLE LAW, THE REMEDIES IN
THIS WARRANTY STATEMENT ARE YOUR SOLE AND EXCLUSIVE REME-
DIES.

8.EXCEPT TO THE EXTENT PROHIBITED BY APPLICABLE LAW, IN NO
EVENT WILL LAKE SHORE OR ANY OF ITS SUBSIDIARIES, AFFILIATES OR
SUPPLIERS BE LIABLE FOR DIRECT, SPECIAL, INCIDENTAL, CONSE-
QUENTIAL OR OTHER DAMAGES (INCLUDING LOST PROFIT, LOST DATA
OR DOWNTIME COSTS) ARISING OUT OF THE USE, INABILITY TO USE
OR RESULT OF USE OF THE PRODUCT, WHETHER BASED IN WAR-
RANTY, CONTRACT, TORT OR OTHER LEGAL THEORY, AND WHETHER
OR NOT LAKE SHORE HAS BEEN ADVISED OF THE POSSIBILITY OF
SUCH DAMAGES. Your use of the Product is entirely at your own risk.
Some countries, states and provinces do not allow the exclusion of lia-
bility forincidental or consequential damages, so the above limitation
may not apply to you.

9.EXCEPT TO THE EXTENT ALLOWED BY APPLICABLE LAW, THE TERMS

OF THIS LIMITED WARRANTY STATEMENT DO NOT EXCLUDE, RESTRICT
OR MODIFY, AND ARE IN ADDITION TO, THE MANDATORY STATUTORY

RIGHTS APPLICABLE TO THE SALE OF THE PRODUCT TO YOU.

CERTIFICATION

Lake Shore certifies that this product has been inspected and tested in
accordance with its published specifications and that this product
metits published specifications at the time of shipment. The accuracy
and calibration of this product at the time of shipment are traceable
to the United States National Institute of Standards and Technology
(NIST); formerly known as the National Bureau of Standards (NBS).

TRADEMARK ACKNOWLEDGMENT

Many manufacturers and sellers claim designations used to distin-
guish their products as trademarks. Where those designations appear
in this manual and Lake Shore was aware of a trademark claim, they
appear with initial capital letters and the ™ or ® symbol.

Microsoft Windows® and Excel® are registered trademarks of Micro-
soft Corporation in the United States and other countries.

Copyright 2010-2012 Lake Shore Cryotronics, Inc. All rights reserved. No portion of this manual may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying,
recording, or otherwise, without the express written permission of Lake Shore.
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1.1 General 1

@ Chapter 1: Introduction

1.1 General

1.1.1 Hall Effect
Measurements

1.1.2 Sample Materials
and Applications

The Lake Shore 7700A Series Hall effect/electronic transport measurement system
(HMS) is designed to measure electronic transport properties of electrically conduc-
tive materials. The system consists of the most advanced, integrated hardware and
software commercially available. From single field measurements for bulk semicon-
ductors, to variable field measurements for the most demanding compound semicon-
ductor characterization at temperatures from 2 Kto 800 K, the Lake Shore Hall effect
measurement system is the most flexible, fastest, and precise measurement system
available. Itis designed and manufactured in the USA.

The 7700A Series systems are easy to operate using the Lake Shore Hall measurement
system software. The Hall system software controls the instrumentation during an
experiment and determines sample resistance, resistivity, Hall coefficient, Hall
mobility, carrier concentration, or current-voltage characteristics. The software con-
trols and varies both temperature and magnetic flux density (field) during measure-
ments.The 7700A Series of electromagnet-based Hall measurement systems consists
of the following models:

Model 7704A: HMS with 4 in electromagnet
Model 7707A: HMS with 7 in electromagnet
Model 7712A: HMS with 12 in electromagnet

A CEversion of the Model 7700AHMS is also available. Additional hardware and processes
have been incorporated into the system so that the product meets CE safety require-
ments for EU countries. These features are mentioned throughout this document. An
HMS system that meets CE requirements has a CE mark placed on the back panel of the
instrument console.

Foryour safety, please read the manual and familiarize yourself with the operation of
the system before you power up the system.

Anintroduction to Hall effect measurements is included in Appendix A: Hall Effect
Measurements.

Hall effect measurements require four or more electrical contacts to the sample. The
process for making good electrical contacts varies greatly depending on the sample
material and geometry, factors out of Lake Shore control. Formation of adequate
electrical contacts is the user's responsibility and can be the most difficult part of the
measurement process. Some guidance is given in the sections pertaining to sample
mounting in Chapter 4: Sample Modules, and in Appendix B: Electrical Contacts to
Semiconductors.

Hall effect measurements are the most frequently used means to determine carrier
type (electrons or holes), mobility, and carrier density in semiconductor material.
Hall effect measurements are used to characterize properties of a wide variety of
electronic conductors, including semiconductors, metals, and superconductors, thin
films, heterostructures, and bulk materials (single crystal or polycrystalline). Typical
semiconductor materials include Si, Ge, GaAs, GaN, AlGaAs, CdTe, HgCdTe, SiC and
others. Other samples commonly tested include magnetoresistors, GMR films, high
temperature superconductors and magnetic materials.

B akeShore | www.lakeshore.com



2 CHAPTER 1: Introduction

1.1.3 General Hall
Effect Measurement
System Features

1.1.4 Hall System
Software

Measuring transport properties as a function of magnetic flux density (field) or tem-
perature can reveal additional information about the nature of the charge carriersin
the material. Information about individual carriers in a material with multiple carri-
ers can be revealed by making variable magnetic flux density measurements of car-
riermobility and then applying multi-carrier analysis techniques such as multi-
carrier fitting or quantitative mobility spectrum analysis (QMSA®).

In addition, measurements of mobility and density versus temperature give the
material scientist insight into the scattering mechanism present. Impurities, light
hole states, and other features of the band structure can be inferred from these mea-
surements.

Typical applications for the 7700A series Hall systems include materials research,
product development, and quality control.

m Measures Hall voltage, resistance, magnetoresistance, and current-voltage char-
acteristics with one system

m Calculates resistivity, Hall coefficient, carrier concentration and mobility

m Allows contact characterization measuring current-voltage (I-V) curves in most
configurations

m  Measures samples with resistances ranging from pQ to hundreds of GQ (configu-
rations available for this feature)

m Varies temperature and magnetic flux density (field)

m  Reduces measurement time with a fully integrated, automated computer data
collection system which makes measurements and calculates results

m Displaysreal-time feedback of processed measurement data in both graphical
and/or tabular format as the experiment is taking place

m Controls, monitors, and changes instrument settings throughout the experiment
using Hall system software

m  Produces more accurate, repeatable measurements by actively monitoring, con-
trolling, and stabilizing magnetic flux density (field). Produces excellent field sta-
bility with water cooled magnet coils, feedback control, high quality sensors, and
advanced electronics.

m Takes measurements for mobility spectrum analysis using a variable field elec-
tromagnet.

m Offers several options for customization

The 7700A series Hall system uses Windows® XP or VISTA® menu driven, enhanced
color-graphic software for system operation, data acquisition and analysis. Real-time
feedback of processed measurement data can be displayed in graphical and tabular
format. The software controls the operation of the instruments during data acquisi-
tion and actively controls the magnetic field throughout a measurement. Hall system
software automatically records data for 4-lead van der Pauw structures and 6-lead
Hall bar structures and stores data to the hard drive to be used for further processing,
analysis, and display.
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1.2 System

Standard

EquiPmenj: and installation.
Specifications  [Tate lab

Measurement configuration
Sample holder module
Electromagnet model and pole face sets

Shipping dimensions electromagnet
Shipping weight electromagnet

Installation dimensions electromagnet

Model 7704A

System Model Number

Model 7707A
Referto section 1.2.4

1.2 System Standard Equipmentand Specifications 3

General specifications about the 7700A series Hall effect measurement system is pro-
videdin TABLE 1-1.Thereis an electromagnet power supply included with the system.
You are encouraged to read the included manual for its specifications and

Model 7712A

Model 75013 room temperature/77 K; one sided sample cards

EM4-HV,4in
1.29mx1.22mx0.97m
(51inx48inx38in)
215.5kg (475 Ib)

0.39mx0.84mx0.51m
(15.25inx33.25inx 20in)

EM7-HV,3inor6in
0.86mx1.22mx1.19m
(34inx48inx47in)
660 kg (1500 Ib)

0.94mx1.02mx0.66 m
(37inx40inx 26 in)

EM12-HV,12in
0.92x1.04x1.22m
(36x41x48in)
2744 kg (6050 Ib)

0.92mx0.92mx1.22m
(36inx36inx 48in)

Installation weight electromagnet

201.9 kg (445 Ib)

635 kg (1400 Ib)

2630 kg (5800 Ib)

Electromagnet power supply (MPS)

Model 643

Model 665

Model 668

Shipping dimensions MPS
Shipping weight MPS
Installation dimensions MPS
Installation weight MPS

Computer and software

N/A (mounted in the console)

N/A (mounted in console)

0.48mx0.31mx0.57m
(19inx12.2inx22.5in)

74kg (1631b)

0.76mx0.84mx152m
(30inx33inx60in)
340kg (750 Ib)

1.35mx0.60mx0.70m
(53.1inx23.6inx27.6in)

260kg (573 1b)

0.76mx0.91mx178m
(30inx36inx70in)

440kg (9701b)

1.35mx0.60mx0.70m
(53.1inx23.6inx27.6in)

360 kg (7941b)

Dell® computer with HDD, CD-ROM, 15 in SVGA flat screen monitor,
Windows® XP, Hall software, and National Instruments IEEE-488 USB adapter

Shipping dimensions computer and console

1.22mx0.92mx1.32m (48inx36inx52in)

Shipping weight computer and console

346 kg (763 Ib)

272 kg (600 Ib)

Installation dimensions computer and con-
sole

Installation weight computer and
console

All dimensions given as height x width x depth

0.78mx0.96mx1.21m(31inx38inx48in)

222 kg (488 Ib)

148 kg (325 Ib)

TABLE1-1 7700Aseries Hall system general specifications

1.2.1 Model 7704A
HMS with 4in
Electromagnet

FIGURE 1-1 Typical Model 7704A HMS
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4 CHAPTER 1: Introduction

1.2.1.1 Model EM4-HV Electromagnet (Variable Gap)
One set of pole caps is provided standard with the EM4-HV (4 in) electromagnet.

Air gap Upto 109 mm (4.3 in) continuously variable
Coil resistance, nominal 0.25Q per coil (0.5 Q total wired in series)
Standard pole cap diameter 51mm(2in)

Optional pole cap diameter 25mm, 76 mm, 102 mm (1in, 3in,4in)
Cooling water Tap water or closed cooling system
Water flow rate 7.6 L/min (2 gal/min)

Pressure drop 200 kPa (30 psi)

Water chiller cooling capacity 2.5 kW (8,530 BTU/h)

Water inlet temperature 15°Ct0 25 °C(59 °Fto 77 °F)

Coil over temperature limit 70°C (158 °F)

Coil spacing, nominal 121 mm (4.75in)

Coil size-width, nominal 121 mm (4.75in)

Coil size-diameter, nominal 311 mm(12.25in)

Current (maximum continuous operating) 170 A per coil

Voltage, nominal 35V

Continuous input power, nominal 2.5kvA

Lake Shore power supply (suggested) Model 643

TABLE 1-2 Model EM4-HV electromagnet

1.2.1.2 Model 643 Magnet Power Supply

Refer to the Model 643 MPS User's Manual for complete information. Some impor-
tant characteristics are given in the following table.

Wiring and frequency 3-phase, 50 or 60 Hz

Rating 5500 VA max

Voltage 204/208 VAC110%  220/230 VAC10% 380VAC+10% 400/415 VAC £10%
Current 13 A/phase 12 A/phase 7 Afphase 6.5 A/phase
Voltage 35V

Current 70A

Load resistance 040Qt00.60Q

Load inductance OtolH

Air temperature 15 °Cto 35 °C at rated accuracy

Max relative humidity 80% to 31 °C decreasing linearly to 50% at 40 °C (non-condensing)
Cooling method Water, tap

Type, weight 19in rack mount, 74 kg (163 Ib)

Dimensions 483cmWx31.0cmHx57.2cmD(19inx12.2inx 22.5in)

TABLE 1-3 Model 643 magnet power supply specifications

Model 7700A Series Hall Measurement System



1.2.2 Model 7707A:
HMS with 7in
Electromagnet

1.2.2 Model 7707A:HMSwith 7in Electromagnet

FIGURE1-2 Typical Model 7707A HMS

1.2.2.1 Model EM7-HV Electromagnet (Variabe Gap)
Two sets of pole caps are provided standard with the EM7-HV (7 in) electromagnet.

Air gap Up to 178 mm (7 in) continuously variable
Coil resistance, nominal 1.0 Q percoil (0.5 Q total wired in parallel)
Standard pole cap diameter 76 mm (3in)

Optional pole cap diameter 51mm, 102 mm, 152 mm (2in,4in,6in)
Cooling water Tap water or closed cooling system
Water flow rate 11.4 L/min (3 gal/min)

Pressure drop 220 kPa (32 psi)

Water chiller cooling capacity 5 kWw (17,060 BTU/h)

Water inlet temperature 15°Ct0 25 °C(59 °Fto 77 °F)

Coil over temperature limit 70°C (158 °F)

Coil spacing, nominal 178 mm (7in)

Coil size-width, nominal 132mm (5.2in)

Coil size-diameter, nominal 445 mm (17.51in)

Current (maximum continuous operating) +50 A per coil

Voltage, nominal 50V

Continuous input power, nominal 5kvA

Lake Shore power supply (suggested) Model 665

TABLE 1-4 Model EM7-HV electromagnet (variable gap) specifications
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6 CHAPTER 1: Introduction

1.2.2.2 Model 665 Bipolar Magnet Power Supply

Wiring and frequency 3-phase and ground, 50-60 Hz

Rating 7.6 kVvA max

Voltage 208 +10% VAC 400 +6%-10% VAC

— 21 A/phase with 208/220 VAC ' 11 A/phase with 380/400 VAC

between phases between phases

Customer fuses 25 A, 500 VAC, time lag, each phase 16 A 500 VAC, time lag, each phase
[t

Voltage 50V

Current +100A

1(0.01% of reading + 0.01% of full scale range) under conditions of constant line

ARG L] voltage, load and temperature

Nominal load 0.50Q

Minimum load 0.25Q
LT |

Air temperature +10°Cto+30°C (50 °F to 86 °F)

Storage and shipping -10°Cto +50 °C (all remaining water must be removed)

Max relative humidity 55% +10% (non-condensing)
[z

Coolant Water, tap

Temperature +11°Cto+25°C

Flow rate 8 L/min (2.1 gpm)

Inlet pressure 300 kPa to 600 kPa (45 psig to 90 psig)

Pressure drop at rated flow 0.12 MPa (17 psi)

Connections Y in NPT female thread; /4 in NPT male to 10 mm (~3/g in) hose barb included

Freestanding rack cabinet with locking wheels
and 4 lifting eye bolts; 250 kg (550 Ib)

Dimensions (H x D x W) 135mx0.7mx0.6m(53.1inx27.6inx 23.6in)

Type, weight

TABLE 1-5 Model 665 bipolar magnet power supply specifications

1.2.3 Model 7712A:
HMS with 12 in
Electromagnet
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FIGURE 1-3 Typical Model 7712A
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1.2.4 Model 668 Bipolar
Magnet Power Supply

1.2.4 Model 668 Bipolar MagnetPowerSupply 7

Pole diameter 0.30m (12in)

Magnet pole face diameter 0.30m (12in) 0.15m(6in)
Sample module setup (typical) (73013 SCSM/Dewarfoven) (73013 SCSM/Dewar/oven)
Airgap 51 mm (2in) ' 51 mm (2in)
Maximum magnetic induction 1.47T(14.7 kG) ' 2.04T(20.4 kG)
Toaf,:e(zhi:n';zli: I:?rlegeneity over centered £0.05% +1.6%

Cooling water requirements Tap water or closed loop cooling system (optional chiller available)
Inlet temperature 27 °C (81 °F) max

Supply pressure 205 kPa to 700 kPa (30 to 100 psig) at rated flow

Flow rate 15t0 23 |/min (4 to 6 gal/min)

Water chiller cooling capacity 8.5 kW (29,000 BTU/h)

TABLE 1-6 Model EM12-HF electromagnet (fixed gap)

Wiring and frequency 3-phase and ground, 50-60 Hz

Rating 15.5 kVA max

Voltage 208 +10% VAC 400 +6%-10% VAC

— 39 A/phase with 208/220 VAC ' 19 A/phase with 400 VAC

between phases between phases

Customer fuses 25 A, 500 VAC, time lag, each phase 16 A 500 VAC, time lag, each phase
e

Voltage 65V

Current +135A

+(0.01% of reading + 0.01% of full scale range)

rren ili o .
ARG L] under conditions of constant line voltage, load, and temperature

Nominal load 0.50Q

Minimum load 035Q
[Embrent CondEens N

Air temperature +10°Cto +30 °C (50 °F to 86 °F)

Storage and shipping -10°Cto +50 °C (all remaining water must be removed)

Max relative humidity 55% +10% (non-condensing)
T

Coolant Water, tap

Temperature +15°Cto+25°C (59 °Fto 77 °F)

Flow rate 8 L/min (2.1 gpm)

Inlet pressure 300 kPa to 600 kPa (45 psig to 90 psig)

Pressure drop at rated flow 0.14 MPa (20 psi)

Connections Y in NPT female thread; /4 in NPT male to 10 mm (~3/g in) hose barb included

Freestanding rack cabinet with locking wheels and
4 lifting eye bolts; 250 kg (550 Ib)

Dimensions 135mx0.7mx0.6m(53.1inx27.6inx 23.6in)

Type, weight

TABLE 1-7 Model 668 bipolar magnet power supply specifications
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8 CHAPTER 1: Introduction

1.2.5 Hall System The 7700A system comes with a standard measurement configuration. The standard
Instrumentation instrument configuration of the 7700A system is listed here. Optional instruments for
the system are detailed in section 1.4.

m Lake Shore Model 776 Hall matrix card
Lake Shore Model 475 DSP gaussmeter
Keithley Model 6220 current source
Keithley Model 6485 picoammeter
Keithley 2182A nanovoltmeter

For complete specifications of these instruments, refer to the user manuals. Copies
of these manuals are included on the CD distributed with your Hall measurement

system.
1.3 Samp|e Sample modules are the physical interface between the sample and the measure-
Modules mentinstrumentation, and they locate and orient the sample in the electromagnet.

Differentinterchangable sample modules are available for 7700A Series Hall mea-
surement systems. The available sample modules and their key features are
described in section 1.3.1 through section 1.3.3.

1.3.1 Model 75013 m Plug-insample cards facilitate sample exchange and storage
Sample Card Sample m  Samplesizesto 60 mm x 60 mm with 4 to 6 contacts
m Triaxial inputs for sample resistances up to 100 GQ (1x1011 Q)
Module (SCSM) m  Room temperature (RT) operation with magnet poles at 25 mm (1 in) gap for
highest field
m Dewar provided for operation at 77 K (-196 °C) with the sample immersed

directlyin liquid nitrogen or at room temperature; nominal magnet pole gap is
56 mm (2.2 in)

m Temperature monitoring ability with the Model 750TC option

m The CE option sample module has one additional (8-pin) circular connector and
interlock pins

Model 7700A Series Hall Measurement System



1.3.1 Model 75013 Sample Card Sample Module (SCSM) 9

"

FIGURE 1-4 Model 75013 sample card sample module (left shows the standard, right shows the CE option)

12 mm square maximum on a 25 x 75 mm plug-in card (50 provided) or 60 mm square

SANIPES 28 maximum on an 82 x 93 mm plug-in card (10 provided)
Sample structure Hall bar or van der Pauw

Temperature Room temperature or 77 K (liquid nitrogen required for 77 K)
Number of contacts 4 or 6 on the sample, 4 additional unassigned contacts

TABLE 1-8 Model 75013 sample card specifications

Bl akeShore | www.lakeshore.com
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10 CHAPTER L. i
Not yet!

1.3.2 Model 75014A , J
Closed Cycle
Refrigerator Sample
Module (CCR) Option

&8/ akeShore| E
som

e

=1

CCRs provide a variable temperature environment by cooling helium exchange gas.
No liquid cryogens are required; therefore, ongoing operating costs are minimal. The
sample probe, rotation stage, and hose accessories are provided. The sample is sur-
rounded by helium gas at a pressure slightly above atmosphere, so samples can be
changed without breaking vacuum or warming up the CCR. Pump out of the vacuum
jacketto 100 Pa (0.1 Torr) is required before cooldown.

The Model 750TC option is required for the Model 75014A and must be ordered sepa-
rately. Continuous operation for more than one week or at temperatures greater than
room temperature requires a dedicated PS-EXT70 turbomolecular pump, which also
must be ordered separately. The CE option sample module has one additional (8-pin)
circularconnector and interlock.

&_akeShore] Eﬂ}
oo

I
F
s

|

FIGURE 1-5 Model 75014A sample card sample module (left shows the standard, right shows the CE option)

ARS Omniplex with 204SL closed cycle refrigerator and compressor,

Cryostat water cooled (3 L[0.8 gal] per min)
Sample geometry One 12 mm (0.47 in) diameter maximum; Hall bar or van der Pauw
Temperature range 15Kto 350K
Number of contacts 6 solder posts provided; 6 additional, unguarded feedthrough pins available
TABLE1-9 Model 75014A sample card specifications

Sample module Compressor
Weight 40kg (881b) 90 kg (2001b)
Dimensions (hx wx d) 900 mm x 360 mm x 360 mm 514 mm x432 mmx 508 mm

(36inx14inx14in) (20.25inx17inx 20in)

TABLE1-10 Weight and dimensions for the 75014A CCRSM and compressor

Model 7700A Series Hall Measurement System
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1.3.3 Model 75016 Oven Sample Module (OSM) Option 11
1.3.3 Model 75016 The Hall system oven sample module features a heating unit oven body, sample
Oven Sample Module insert, and sample chamber flush/fill unit. The oven body is rigidly mounted to the

electromagnet frame and positioned between the electromagnet pole faces. The
sample insert attaches through the top of the oven body via a turn locking mecha-
nism. The sample insert makes no contact with the oven body. Because the oven body
and sampleinsert form a vacuum-tight enclosure, the sample heating can be done
under an inert gas atmosphere—argon is recommended. The insert has a tempera-
ture sensor mounted near the sample location. Electrical contact to the sensoris
made through a connector at the top of the sample insert. The CE option sample mod-
ule has one additional (8-pin) circular connector and interlock.

(OSM) Option

BLakeShore ﬁ
,,,,,,,,,,,,,
75075

TG-120-SD
No 9747

Bl akeShore
Sample Mo
ol 75016

yyyyyy

TG-120-SD
Vo, 9747

®
*

@
@
®
@

(U
[l

FIGURE 1-6 Model 75016 sample card sample module (left shows the standard, rightshows the CE option)

The Model 750TC option and a mechanical fore vacuum pump (such as the Lake Shore
Model PS-E2M) are required and must be ordered separately.

Temperature range 300 Kto 800 K
Accuracy 0.4 Kto 3 Kover temperature range
Sample geometry 14 mm x 17 mm x 1 mm maximum; Hall bar or van der Pauw geometry

TABLE1-11 Model 75016 OSM specifications
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12 CHAPTER 1: Introduction

)

BLakeShore
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NOTE: Rotation stage faces
forward, but oven body
shown rotated 90°—the
straight vacuum jacket
pumpout port normally

8 points toward the front

FIGURE 1-7 Model 75016 OSM

14 Options Alist of options and systems to which they are applicable is given in TABLE 1-12. Sam-
ple module options are explained in section 1.3. Extended descriptions of the individ-
ual options are given in the following sections. Other measurement configuration
options might be available. Contact Lake Shore regarding your needs.

Applicable to models Description

Model 750QMSA all Quantitative mobility spectrum analysis software

Adds a Model 340 temperature controller and necessary cables
Model 750TC option 77XX to an existing Model 7700A system at time of purchase
or with a field upgrade kit
Adds a Model 370 AC resistance bridge for
AC current measurements

Model 77020 all

Model 77021* all Adds a Keithley 2400 source meter for contact formation option
*Contact formation option is not available with the CE option

TABLE 1-12 Options availble for the Model 7700A series systems

1.4.1 Model 750QMSA Our exclusive quantitative mobility spectrum analysis (QMSA®) software pairs with

Software variable field Hall measurements to characterize the mobility spectrum for individual
carrier species (electrons and holes) that comprise multilayer or multi-carrier materi-
als (e.g., heterostructures, quantum wells, multiply-doped materials).

Input parameters for the software analysis include Hall coefficient, resistivity, and
magnetic field. Output parametersinclude conductivity spectra as a function of
mobility, number of carriers (peaks in the mobility graph), density, mobility, and sign
of each carrier.

Model 7700A Series Hall Measurement System



1.4.2 Model 750TC
Temperature Controller
Option

1.4.3 Model 77020
AC Resistance Option

1.4.4 Model 77021
Contact Blasting
Option

1.5 System
Measurement
Performance

1.4.2 Model 750TCTemperature ControllerOption 13

The autotuning cryogenic temperature controlleris used to measure and control
either the closed cycle refrigerator or oven. Only one Model 750TC is necessary
whetheryou require one or both temperature options. The Model 750TCincludes a
Model 340 temperature controller, connectors, and accessories.

The AC current Hall option is used for the measurement of Hall effect and resistivity in
materials with high conductivity (metals) or low mobility (transparent oxides),
requiring the measurement of very low voltages. AC measurements are more sensi-
tive than DC measurements.

The AC Hall option, designed for precise, low noise AC resistance measurements on
van der Pauw samples with resistances as small as 10 uQ, incorporates a Lake Shore
Model 370 AC resistance bridge. The fully integrated Model 370 uses 4-lead AC mea-
surement for the best possible accuracy with the lowest possible excitation current.
AC coupling at each amplifier stage reduces offsets for higher gain and greater sensi-
tivity than DC techniques allow. Phase sensitive detection, an AC filtering technique
used in lock-in amplifiers, reclaims small measurement signals from environmental
noise.

The Model 77021 option adds a Keithley Model 2400 sourcemeter for contact forma-
tion. This option is not available with the CE-marked system.

The Model 776 matrix card isa 6 x 5 guarded triaxial matrix switch with 100V com-
pliance ability. The operational compliance voltage is determined by the Model 6220.
By changing the Model 6220 compliance voltage with the HMS configuration utility,
the maximum voltage in the system can be set between 7 Vto 100 V. The Model 776
provides complete automatic switching between van der Pauw configuration and
Hall bar configuration. The Model 776 also automatically removes the Model 6485
current meter for currents larger than 20 mA. The system is designed to measure 100
GQ resistances, at 100 V with 2% uncertainty.

The ability to make accurate Hall effect measurements is affected by many factors.
The ability to measure quantities of common interest, such as resistivity, carrier con-
centration or mobility, cannot be completely specified because some factors, such as
the sample thickness and the uncertainty of the thickness measurement, are user-
controlled. Detailed discussions of Hall effect measurements and error sources are
given in Appendix A to this manual.

Other than the accuracy of the magnetic flux density, B, Hall effect measurement
accuracy is essentially determined by a measured voltage divided by a sourced
current.

A computer model of the Hall effect measurement system developed at Lake Shore
has been used to determine the ranges within which the system can be used to make
accurate measurements. Instrument specifications were used along with the follow-
ing assumed measurement conditions:

Maximum power dissipation in the sample of 1 mW

295 K sample temperature

No current leakage to sample holder

25 Q resistance down each lead wire

Resistivity measurement voltage efficiencies (V_out/V_in) of 0.1 for van der Pauw
structures and 0.5 for Hall bar structures

Zero misalignment voltage in Hall voltage measurements (refer to Appendix A for
explanation)

| www.lakeshore.com
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1.5.1 Resistance
Measurements
Accuracy

m Hallscattering factor of 1.0 (refer to Appendix A for explanation)
m 1% magnetic flux density (B) uncertainty
m  1%samplethickness (t) uncertainty

The relative accuracy of resistance measurements plots as a function of sample resis-
tance. Current leakage to ground through cabling and instrumentation limits the
maximum measurable resistance. Voltmeter sensitivity and the maximum excitation
current limitthe minimum measurable resistance.

The ability to measure mobility to within an uncertainty of 5% plots as a function of
carrier density and sample resistance. Read these plots as showing an envelope
within which the mobility can be measured to the stated accuracy. The minimum
measurable carrier density is largely a function of the maximum voltage capability of
the instrumentation. The maximum measurable carrier density is roughly propor-
tional to the ratio B/t, so large magnetic flux density and thin samples can improve
measurement range. Current leakage to ground through the cabling and instrumen-
tation limits the maximum measurable resistance. Voltmeter sensitivity and the
maximum excitation current limits the minimum measurable resistance. These plots
are calculated assuming no Hall offset voltage. In practice, this can be very difficult to
achieve. For low mobility (4 < 10 cm2/(Vs)), this condition can be nearly impossible to
obtain. In this case, the offset voltage and temperature drift of this offset will limit the
mobility measurement. See Appendix A for more details.

The performance models have been checked at several points using standard resis-
tors measured in production Hall effect measurement systems. Unfortunately, stan-
dards for carrier concentration or mobility measurements do not exist. Uncertainties
in these quantities can be referenced to uncertainties in other basic measurements
and the sample geometry. Hall measurements have also been performed on wafers
purchased from suppliers and samples subjected to round-robbin testing at other
laboratories. The system measurement specifications resulted from a combination of
modeling and verification. Amore complete, but unverified, picture of measurement
configuration capabilities can be gained from the following sections.

Hall measurement
(5% accuracy or better)

m R min Hall bar Max carrier density [cm-3]

100GQ 0.4mQ 0.1mQ 3x1020
The maximum measureable carrier density is nearly identical for van der Pauw (vdP) and Hall bar sample geometries

Resistance range (2% accuracy or better)

TABLE 1-13 Measurement specifications for Hall effect measurement systems

FIGURE 1-8 represents sample resistance measurement accuracy. The measurement
conditions for this model include:

1 mW maximum power dissipation in the sample

100V maximum excitation or sample output voltage

100 mA maximum current

295 K sample temperature

No current leakage to sample holder

High resistance mode used for sample resistances > 100,000 Q
25 Q resistance down each lead wire

Model 7700A Series Hall Measurement System



resistance uncertainty [%]
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1.5.1 Resistance MeasurementsAccuracy 15

van der Pauw
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FIGURE 1-8 Resistance measurement uncertainty

FIGURE 1-9 represents the range within which mobility is measured to within an
uncertainty of 5% using the -HVWR-HS measurement configuration. The measure-
ment conditions for this model include:

1 mW maximum power dissipation in the sample

100V maximum excitation or sample output voltage

100 mA maximum current

295 K sample temperature

No current leakage to sample holder

High resistance mode used for sample resistances > 100,000 Q

25 Qresistance down each lead wire

Assumed sample resistivity measurement voltage efficiencies (V_out/V_in) of 0.1
forvan der Pauw or 0.5 for Hall bar structures

Zero Hall offset voltage

Hall factor of 1

Magnetic flux density (B) and sample thickness (t) uncertainties of 1% each

The maximum carrier density is roughly proportional to the ratio B/t, so large magnetic
flux density and thin samples can improve the measurement range.

B akeShore | www.lakeshore.com
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carrierdensity [cm?3]
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FIGURE 1-9 Range within which mobility is measured to within an uncertainty of 5% using the -HVWWR-
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1.6 Safety

1.6 Safety 17

Observe these general safety precautions during all phases of instrument operation,
service, and repair. Failure to comply with these precautions or with specific warn-
ings elsewhere in this manual violates safety standards of design, manufacture, and
intended instrument use. Lake Shore Cryotronics, Inc. assumes no liability for the
user’s failure to comply with these requirements.

Lake Shore equipment protects the operator and surrounding area from electric
shock or burn, mechanical hazards, excessive temperature, and spread of fire from
the instrument. Environmental conditions outside of the conditions below may pose
a hazard to the operator and surrounding area.

m Indooruse

m Altitude to 2000 m

m Temperature for safe operation: 5 °Cto 40 °C

m  Maximum relative humidity: 80% for temperature up to 31 °C decreasing
linearly to 50% at 40 °C

m  Powersupply voltage fluctuations not to exceed +10% of the nominal voltage

m  Overvoltage category

m Pollution degree 2

Ground Equipment

To minimize shock hazard, connect the instrument console chassis to an electrical
ground. Most Lake Shore equipment comes with a three-conductor AC power cable.
Plug the power cable into an approved 3-contact electrical outlet or use a 3-contact
adapter with the grounding wire (green) firmly connected to an electrical ground
(safety ground) at the power outlet. The power jack and mating plug of the power
cable meet Underwriters Laboratories (UL) and International Electrotechnical Com-
mission (IEC) safety standards.

Ventilation
The instrument has ventilation holesin its side covers. Do not block these holes when
the instrumentis operating.

Do Not Operate in an Explosive Atmosphere

Do not operate the equipment in the presence of flammable gases or fumes. Opera-
tion of any electrical equipmentin such an environment constitutes a definite safety
hazard.

Prevent Cooling Water Condensation

Do not operate the power supply when cooling water temperature is lower than the
dew point for local atmospheric condition. Condensation on cooling components
inside the power supply can cause severe damage to the power supply.

Do Not Touch Hot Surfaces

Oven option outer tube can be hot during operation. Do not touch the tube surface
when the option control temperature senser is reading above 100 °C. (Refer to oven
section for more information)

B akeShore | www.lakeshore.com
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AWARNING

1.6.1 Handling Liquid
Helium and Liquid
Nitrogen

Keep Away from Live Circuits

Operating personnel must not remove equipment and instrument covers. Refer com-
ponent replacement and internal adjustments to qualified maintenance personnel.
Do not replace components with power cable connected. To avoid injuries, always
disconnect power and discharge circuits before touching them.

Do Not Substitute Parts or Modify Instrument

Do not install substitute parts or perform any unauthorized modification to the
instrument. Return the instrument to an authorized Lake Shore Cryotronics, Inc. rep-
resentative for service and repair to ensure that safety features are maintained.

Cleaning
Do not submerge instrument. Clean only with a damp cloth and mild detergent. Exte-
rioronly.

Ground Measurement Module

Before making any measurement and installing the light tight box to the measure-
ment module, connect all six signal cables to the corresponding connectors on the
measurement module connector box. Then connect the safety gound connector
(8-pins) to the connector box. The measurements will not work properly without the
safety ground cable connected.

Do not disconnect any cable during measurments. Because an electrical shock hazard can
exist if the center pinis exposed.

Use Light Tight Box or Temperature Option Hardware

Always install the light tight box or install the measurement module into the temper-
ature option before making any measurements. High voltage can present at the sam-
ple area during the measurments.

Safe Electrical Practice

Always stop measurement before disconnecting any cables or remove the light tight
box from the measurement module. Remove the light tight box from the measure-
ment module before disconnecting any measurement cables. Remove the safety
ground cable before removing the measurement cables.

Only connect one measurement module at a time. One may have multiple measurement
modules for his sytem. To prevent incorrect measurement and possible damage to the
module, only one measurement module should be connected to the cables from the
instrument console. Always remove all the cables from one module before connection
cables to another module.

Helium and nitrogen are colorless, odorless, and tasteless gases. When properly
cooled, the gases liquify. Liquid helium (LHe) and liquid nitrogen (LN,) are used with
the Model 7700A. Although not explosive, there are certain safety considerations for
handling LHe and LN,.

Operate all cryogenic containers (Dewars) in accordance with manufacturerinstruc-
tions. Safety instructions are normally posted on the side of each Dewar. Keep cryo-
genic Dewars in a well-ventilated place, protected from the weather, and away from
heat sources. FIGURE 1-10 shows a typical cryogenic Dewar.

Transfer LHe and LN, and operate storage Dewar controls in accordance with manu-
facturer/supplierinstructions. During transfer, follow all safety precautions written
on the storage Dewar and recommended by the manufacturer.

Model 7700A Series Hall Measurement System
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Liquid helium and liquid nitrogen are potential asphyxiants and can cause rapid suffoca-
tion without warning. Store and use in an adequately ventilated area. DO NOT vent the
containerin confined spaces. DO NOT enter confined spaces where gas may be present
unless the areais well-ventilated. Ifinhaled, remove the person to fresh air. If they are not
breathing, give artificial respiration. If their breathing is labored, give oxygen. Get medi-
cal attention.

Liquid helium and liquid nitrogen can cause severe frostbite to exposed body parts.

DO NOT touch frosted pipes or valves. For frostbite, consult a physician immediately. Ifa
physicianis unavailable, warm the affected parts with water that is near

body temperature.

Two essential safety aspects of handling LHe are adequate ventilation and eye and
skin protection. Although helium and nitrogen gases are non-toxic, they are danger-
ous because they replace airin a normal breathing atmosphere. Liquid helium is an
even greater threat because a small amount of liquid evaporates to create a large
amount of gas. Store and operate cryogenic Dewars in open, well-ventilated areas.

When transferring LHe and LN,, protect eyes and skin from accidental contact with
liquid or the cold gas issuing from it. Protect eyes with full face shield or chemical
splash goggles; safety glasses (even with side shields) are inadequate. Always wear
special cryogenic gloves (Tempshield Cryo-Gloves® or equivalent) when handling
anything thatis, or may have been, in contact with the liquid or cold gas, or with cold
pipes or equipment. Wear long sleeve shirts and cuffless trousers long enough to pre-
vent liquid from entering shoes.

VA N T
FIGURE 1-10 Cryogenic storage Dewar

1.6.1.1 Recommended First Aid for LHe and LN, Exposure

Post an appropriate material safety data sheet (MSDS) obtained from the manufac-
turer/distributor at every site that stores and uses LHe and LN,. The MSDS specifies
symptoms of overexposure and first aid.

If a person exhibits symptoms of asphyxia such as headache, drowsiness, dizziness,
excitation, excessive salivation, vomiting, or unconsciousness, remove to fresh air. If
breathing is difficult, give oxygen. If breathing stops, give artificial respiration. Call a
physician immediately.
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1.6.2 Electrostatic
Discharge

1.6.3 Identification of
Electrostatic Discharge
Sensitive Components

1.6.4 Handling
Electrostatic Discharge
Sensitive Components

If exposure to cryogenic liquids or cold gases occurs, restore tissue to normal body
temperature (98.6°F) by bathing it in warm water not exceeding 105 °F (40 °C).

Do notrubthefrozen part, either before or after rewarming. Protect the injured tissue
from further damage and infection and call a physician immediately. Flush exposed
eyes thoroughly with warm water for at least 15 min. In case of massive exposure,
remove clothing while showering with warm water. The patient should not drink
alcohol or smoke. Keep warm and rest. Call a physician immediately.

Electrostatic discharge (ESD) may damage electronic parts, assemblies, and equip-
ment. ESD is a transfer of electrostatic charge between bodies at different electro-
static potentials caused by direct contact orinduced by an electrostatic field. The
low-energy source that most commonly destroys electrostatic discharge sensitive
devices is the human body, which generates and retains static electricity. Simply
walking across a carpet in low humidity may generate up to 35,000 V of

static electricity.

Current technology trends toward greater complexity, increased packaging density,
and thinner dielectrics between active elements, which result in electronic devices
with even more ESD sensitivity. Some electronic parts are more ESD sensitve than
others. ESD levels of only a few hundred volts may damage electronic components
such as semiconductors, thick and thin film resistors, and piezoelectric crystals dur-
ing testing, handling, repair, or assembly. Discharge voltages below 4000 V cannot be
seen, felt, or heard.

The following are various industry symbols used to label components as
ESD sensitive.

T® LB

FIGURE 1-11 Symbols indicating ESD sensitivity

Observe all precautions necessary to prevent damage to ESDS components before
attempting installation. Bring the device and everything that contacts it to ground
potential by providing a conductive surface and discharge paths. As a minimum,
observe these precautions:

m De-energize ordisconnect all power and signal sources and loads used with unit

m Place unitonagrounded conductive work surface

m Technicianshould be grounded through a conductive wrist strap (or other device)
using 1 M series resistor to protect operator

m  Groundanytools, such as soldering equipment, that will contact unit. Contact
with operator's hands provides a sufficient ground for tools that are otherwise
electrically isolated.

m Place ESD sensitive devices and assemblies removed from a unit on a conductive
work surface orin a conductive container. An operator inserting or removing a
device or assembly from a container must maintain contact with a conductive
portion of the container. Use only plastic bags approved for storage of
ESD material.

Do not handle ESD sensitive devices unnecessarily or remove them from the packages
until they are actually used or tested.
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1.7 Equipment
Safety Symbols

Direct current (power line) Iﬁl Equipment protected throughout
by double insulation or reinforces

. . insulation (equivalent to Class Il of
Alternating current (power line) IEC 536—see Annex H)

Alternating or direct current (power line) CAUTION: High voltages: danger of

electric shock; background color:

Three-phase alternating current (power line) yellow; symbol and outline: black

Earth (ground) terminal A\ CAUTION or WARNING: See
included documentation;

Protective conductor terminal background color: yellow;

symbol and outline: black

Frame or chassis terminal

@ CAUTION: Hot surface
On (supply)

O-¥®@w+ 3 2 |l

Off (supply)

FIGURE1-12 Safety symbols
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EdChapter 2: Pre-Installation

2.1 General

2.2 Site
Requirements

2.2.1 Space

This chapter covers preparations to be completed before arrival of the system, as well
as other safety and environmental considerations. You are responsible for site
preparation and installation of the Model 7700A series Hall measurement system
(HMS). If you purchased the installation and training option, you are responsible for
ensuring that all requirements are fulfilled as described in section 2.2 through the
end of this chapter. You are also responsible for ensuring final electrical and cooling
water connections found in section 3.2 through section 3.8 are complete before the
installation can be scheduled.

Plan thesite layout before the system arrives. Use this chapterto guide you in making
your decisions concerning physical location, environment, cryogenic storage and
access, power, ventilation, safety, and local building, electrical, and safety codes. The
measurements in FIGURE 2-1 and FIGURE 2-2 show physical dimensions of the Hall
system which will guide you in choosing the installation site. After initial screening,
evaluate proposed sites according to space, location, power, and structural integrity.

The physical space should be adequate for system installation, operation, potential
expansion, service,and storage of supplies. Space and layout requirements depend on
the system selected. A ceiling height of 2.4 m (8 ft) is sufficient to allow for operation
of the system.

Compressor :
1m ......
1(3 ft) Computer
1m (3ft)
I: Electromagnet :I - Keyboard
Instrument
console
5m (16.4 ft)

FIGURE 2-1 Suggested Model 7704A HMS floor plan
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2.2.2 Location

AWARNING

2.2.3 Power

2.2.4 Structural
Integrity

2.3 System Power
and Ground
Requirements

Compressori

(1.5 ft) Computer

>
Magnet I: Elect ; 1m (3 ft)
power ectromagne - __Ke board
supply -

Instrument
console
6m (19.7)

FIGURE 2-2 Suggested Model 7707A HMS floor plan

The location should be convenient for equipment and supply delivery, and it should
be close to related work areas for efficient operation. Place the electromagnetin an
area free of major vibration from motors, pumps, forklifts, etc., as these things can
interfere with measurements. Place the electromagnet as far away as possible from
equipment sensitive to stray DC magnetic fields.

Ensure that no one with a pacemaker, magnetic implant, or neurostimulator comes near
the electromagnet. The electromagnet is unshielded and produces a magnetic field that
can disrupt medical implants. Failure to comply could result in injury or death.

The electromagnets are unshielded and produce a magnetic field that can erase magnetic
media, damage watches and affect other instruments.

Adequate power should be available for system requirements (TABLE 2-1), potential
expansion, and wiring for maximum efficiency and economy of operation.

The Hall system requires a level floor strong enough to support anticipated loads and
free from extraneous vibrations or magnetic fields. Vibrations transmitted to
consoles may degrade system performance.

The AC power source connected to the Model 7700A system must be frequency and
voltage regulated and isolated from sources that may generate electromagnetic
interference (EMI). Ground fault interrupter (GFI) and transient surge protection
circuitry at the AC source are also strongly recommended. In areas where AC voltage
is variable, consider a constant voltage transformer. If power outages are a problem,
consider an uninterruptable power supply (UPS).

See TABLE 2-1fora list of system electrical connections. The system includes a plug to
mate with the socket on the back of the power supply. You will need to provide an
input power cable to the power supply. The instrument console is designed for single-
phase 3-wire AC power. The power strip in the instrument console has a 3-conductor
power input connector which grounds equipment in the instrument console when
plugged into a 3-wire receptacle. Do not use 2-wire (without ground) AC power. If the
plug does not mate with available sockets, remove the plug and attach a plug of the
correct type with equal or better rating.

The computer and monitor can be placed on top of the instrument console. First place
the instrument console top surface on top to provide more room for the keyboard and
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2.4 CoolingWaterRequirements 25

mouse. The power cords can be plugged inside the instrument console on models
with spare internal outlets, or plugged into nearby wall outlets. Alternately, place the
computer and monitor on an adjacent table or work surface within limits of the 3 m
(10 ft) IEEE-488 cable.

Ground instrument panels and cabinets. The safety ground provides a true ground
path for electrical circuitry and, in the event of internal electrical faults such as
shorts, it carries the entire fault current to ground to protect users from electrical
shock. If the earth ground connection isimpaired, render the system inoperative and
secure it against any unintended operation. The ground connection is likely impaired
if the equipment exhibits any of these conditions:

m Showsvisible damage

m Failsto perform theintended measurement

m Hasbeensubjected to prolonged storage under unfavorable conditions
m Hasbeensubjected to severe transport stresses

Do not use an apparatus exhibiting one of these conditions until qualified service
personnel verifies its safety. Electromagnetic interference (EMI) is both a natural and
man-made phenomena which may, either directly or indirectly, degrade electronic
system performance. Natural EMI includes thunderstorms, solar disturbances,
cosmic rays, etc. Man-made EMI includes fixed and mobile transmitters, high voltage
power lines, power tools and appliances, florescent lights, and other equipment
containing motors, heaters, etc. Protect the AC source from EMI. Consider transient
surge protectors for lightning protection.

An electromagnet requires cooling water and as such, there are some requirements
thatyou will need to supply for this. The requirements are listed here with
explanations following.

m Access to clean cooling water
m A means for controlling the water temperature and flow rate (recirculating chiller)
m Onesupplyline and one return line for water

You will need access to clean cooling water that is clean enough to avoid plugging
cooling channels with sediment or deposits such as lime. Cooling with deionized
water is not recommended as it can cause erosion of the copper windings.

You will also need a means for controlling the water temperature and flow rate. The
electromagnet is provided with a flow switch that will prohibit operation of the
power supply if the water flow rate falls below the specification in TABLE 2-1. Control
of the water temperature is important when the tap water is cold enough to cause
water condensation on the surface of the electromagnet poles, which are made of
expensive and easily corroded soft iron. Lack of cooling water temperature control
can also cause sample temperature drift when using the Model 75013 sample card
sample module without the Dewar or temperature control. Cooling water
requirements and input power requirement for the power are summarized in TABLE
2-1and TABLE 2-2.
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Arecirculating system can be used to help with each of these conditions (water
cleanliness, flow rate and temperature control). Arecirculating system is also helpful
if you are concerned with the expense incurred with water usage. Recirculating
chillers are available from Lake Shore or other sources.

Finally, you will need to provide one supply line and one return line for the cooling
water. Garden hose fittings are provided with the system, along with hose barb
adapters for connection to the 16 mm (5/8 in) ID tubing. The optional 75014A CCR
sample holder module requires additional cooling water for the compressor. Check
appropriate manuals to verify water requirements in Table 2-4 and follow any
plumbing instructions. The plastic tubing is provided with Swagelok® fittings for
connection to the compressor. Any fittings required on the inlet or outlet ends must
be provided by the customer.

Model 7704A Model 7707A Model 7712A
3.8 L/min (1 gal/m) 11.4 L/min (3 gal/m) .
Electromagner cooling at2.4to 4.4 Bar (35 psi to 65 psi)* at 2.4 to 4.4 Bar (35 psi to 65 psi)* atlzstt;);;::gg Sit'(c)oe;l%ﬂ/;;i))*
water requirements and 15 °Cto0 25 °C(59 °F to 77 °F), and 15 °Cto0 25 °C (59 °F to 77 °F), and 15 °C to 27 °C (59 °F to 80 °F)
pressure drop = 0.7 Bar (10 psi) pressure drop = 2.2 Bar (32 psi)
6 L/min (1.5 gal/m) 8 L/min (2 gal/m) 8 L/min (2 gal/m)
Magnet power supply at2.4to 4.4 Bar (35 psi to 65 psi) at2.4-4.4Bar(35-65psi) at2.4-4.4 Bar (35 psito 65 psi)
cooling water needs and 15 °Cto 25 °C(59 °Fto 77 °F) ¥, and 15-25°C(59-77°F)*% and 15 °Cto 25 °C(59 °Fto 75 °F) %,
pressure drop = 1 Bar (15 psi) pressure drop = 1.2 Bar (17 psi) pressure drop = 1.4 Bar (20 psi)
3-phase with ground (4-wire) 3-phase with ground (4-wire) 3-phase with ground (4-wire)
Magnet power supply Voltages: 400V +6% -10%, Voltages: 400V +6% -10%, Voltages: 400V +6% -10%,
electrical requirements 380V 10%,220V 10%,0r 208V +10%, 380V 10%,220V 10%, or 208V +10%, 380V 10%,220V 10%, or 208V +10%,
50 Hz to 60 Hz 50 Hz to 60 Hz 50 Hz to 60 Hz
Power consumption is <4.5 kVA. T Power consumption is <7.6 kVA. T Power consumption is<15.5 kVA.

Electrical requirements: set for 120, 220, 230, or 240 VAC; 1 phase; 50 Hz or 60 Hz; 6 Ato 13 A; 1.3 kW maximum

Cord: 3.8 m (12.5 ft), or 2.5 m (8.1 ft) for CE option system rated to 15 A; 3-prong U.S. standard male plug or CEE 7/7 plug for
CE option system

*The electromagnet is equipped with a flow switch that inhibits the power supply output if the water flow falls below this specification.

* If the cooling water is too cold, it can cause condensation and severe damage to the power supply.

1 The customer is responsible for the power cabling between the facility power and the electrical box on the back of the power supply.

Instrument console
electrical requirements

TABLE 2-1 Cooling water and power requirements

Compressor for 75014A CCR sample module (optional)

Room ambient temperature 10°Cto 38 °C(50 °Fto 100 °F)

Water inlet temperature 4°Ct027°C(40°Fto 80 °F)

Water outlet temperature, max 41°C (105 °F)

Waterinlet pressure 240 kPa to 700 kPa (35 psig to 100 psig)

Water flow, min 2.7 L/min (0.7 gal/m)

Pressure drop at minimum flow 85 kPa (12 psi)

Water supply connections Plastic tubing (3/8 in OD x 40 ft long) provided, Swagelok® fittings
Water chiller cooling capacity 3.3 kW (11,000 BTU/h)

P Setfora) 208 to 230 VAC, 60 Hz, or b) 220, 230, 240 VAC, 50 Hz; 1 phase;

15At012.5A;3 kW
Power cable 3.8m(12.5ft), rated to 30 A

NEMA L6-30P (2-pole, 3 wire, 30 A, 250 VAC) plug;

Power plug no plug provided for EU countries

TABLE 2-2 Compressor cooling water and power requirements for Model 75014A CCRSM option
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The Model 7700A series Hall systems may have additional requirements that are not

Requirements prqvided with the system. Check to make sure these are available when the system
arrives.
Liquid nitrogen, see section 4.1 for quantities
75013 SCSM (standard) Vacuum pump for occasional evacuation of the Dewar to a pressure of 100 Pa (0.1 Torr) or lower. Rarely required.
See full discussion in Chapter 4. Optional valve operator also required for pumpout.
Helium gas source (99.99% or better) with delivery pressure of 600 kPa to 800 kPa (85 psig to 115 psig).
75014A CCRSM (optional) Vacuum pump to evacuate the vacuum space to a pressure of 100 Pa (0.1 Torr) or lower. Intermittant operation is possible.

75016 OSM (optional)

2.6 Environmental
Requirements

2.6.1 Ventilation

See full discussion in section 4.2. Vacuum hose 3 m (10 ft) long is provided with NW 25 fittings (NW 16 on older units).
Argon gas source (99.99% or better) with delivery pressure of 600 kPa to 800 kPa (85 psig to 115 psig).

Vacuum pump with a base pressure of 0.1 Pa (7x10-4 Torr) or lower. Continuous, oil-free vacuum pumping is required during
oven operation. See full discussion in section 4.3. Vacuum hose 1.8 m (6 ft) long is provided with a NW 25 fitting for
connection to the pump.

TABLE 2-3 Other gas and vacuum requirements

To meet and maintain specifications, operate the system at an ambient temperature
range of 18 °Cto 28 °C (64.4 °F to 82.4 °F). Operate it within the range of 15 °Cto
35°C (59 °Fto 95 °F) with less accuracy. The system is intended for [aboratory use.
Although no specific humidity or altitude specifications exist, relative humidity of
20%to 80% (no condensation) and altitudes from sea level to 2.4 km (8,000 ft) are
generally acceptable.

The system is designed to be used in a laboratory environment; therefore, safety
testing is done to laboratory standards. For the CE mark, normal use is defined as:
indoor use, altitude to 2000 m, temperature between 5 °C and 40 °C, maximum
relative humidity of 80% at 31 °C, and air quality pollution degree 2 (nonconductive
pollution of the sort where occasionally a temporary conductivity caused by
condensation must be expected).

Place the Hall system in a well ventilated area to avoid the risk of asphyxiation from
liquid cryogens. Oxygen content monitor/alarms should be installed near the work
site to warn against low oxygen levels if liquid cryogens are used. The air-conditioning
system should filter dust and other particulates to reasonable levels. Consult an air-
conditioning expert about special filtering if salt air, corrosive gases, or other air
pollutants exist.

Failure to remove large quantities of vaporized cryogen from the working area can result
in a loss of consciousness or death. Vaporizing cryogen displaces oxygen in its vicinity,
presenting an asphyxiation hazard. There is a risk of oxygen deficiency if the oxygen level
falls below 19.5%.
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ZChapter 3: Installation and Setup

3.1 General

3.2 Unpacking and
Inspecting

The 7700A Hall effect system was electrically and mechanically inspected and
operationally tested prior to shipment. This chapter covers installation and
connection of the electromagnet, power supply, and instrument console. Chapter 4
covers sample module setup. Chapter 5 covers system operation. Study Chapters 4
and 5 before attempting to run the system.

If the customer has paid for final installation and training, the system must be in its
final location with all electrical and cooling water connections complete before
arrival of the service engineer (section 3.2 through the end of section 3.8).

Set the pallets on a level surface. Inspect shipping containers for external damage.
Make all claims for damage (apparent or concealed) or partial loss of shipmentin
writing to Lake Shore within five days from receipt of goods. If damage or loss is
apparent, notify shipping agent immediately.

Carton Shockwatch® indicators aid in judging the condition of received goods
(FIGURE 3-1). AShockwatch®sticker is also on the pallet under the units. Please
accept shipment even if the Shockwatch®is red. Note it on the bill of lading and
inspect fordamage immediately.

WARNING
|

FIGURE 3-1 Shockwatch indicator

Open the crate containing the instrument console first. Cut off the strapping, lift off
the lid, and locate the packing listincluded with the system. Use the packing list to
check receipt of all components, cables, accessories, and manuals as the system is
unpacked. Inspect for damage. Inventory all components supplied before discarding
any shipping materials.

Remove the box from the top of the instrument console. Use four people to lift the
instrument console from the pallet. Do not lift the console at the top; always lift from
the bottom.

Note how the console was supported on the pallet for future reference. Foam blocks

between the instruments support their weight during shipment; if you need to
transport the unit, leave them in place.
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3.3 Model 7704A
HMS Hardware
Installation

3.3.1 Model EM4-HVA
Installation

The second pallet contains the electromagnet. For the Model 7700Awitha 7 in
electromagnet, a third pallet contains the magnet power supply. Verify receipt of all
manuals. If any manuals are missing, contact Lake Shore immediately. Be sure to fill
out and send instrument warranty cards.

If there isinstrument freight damage, file claims promptly with the carrier and
insurance company, and refer to section forreturn procedures. Advise Lake Shore
immediately of missing parts. Lake Shore cannot be responsible for any missing parts
unless notified within 60 days of shipment. The standard Lake Shore Cryotronics, Inc.
warranty appears in the front matter (immediately behind the title page) of this
manual.

This section provides the procedures forinstalling the electromagnet and the magnet
power supply for the Model 7704A HMS. Refer to installation instructionsin

Chapter 2 of the EM4-HVA user’s manual for clarification and additional information
for the electromagnet installation. Refer to the Model 643 user manual if you need
further information for the magnet power supply installation.

The Model EM4-HVA electromagnet ships with a stand attached. Move the stand and
the electromagnet to its final location. Electrical and coolant connections require
rear access.

Verify that the bolted joints did not loosen during shipment. Adjust the screw feet to
level the top of the stand.

The Model EM4-HVA normally ships with one set of pole caps with 4 in diameter pole
faces. Pole caps necked down to smaller diameter pole faces can produce higher
magnetic fields, but with smaller regions of uniform field. If more than one set of pole
caps was purchased, use the set with the largest diameter pole faces for initial
operation. Leave pole caps backed out for sample module installation (Chapter 4).

Treat the electromagnet pole caps carefully; they are easily damaged. Refer to section
3.3, Pole Caps, in the electromagnet manual. Deep dents or scratches on pole caps can
impair magnetic field homogeneity. Wipe pole caps clean with a soft, clean, lint-free cloth
lightly oiled with high quality light oil, if it is not nickel plated. The bare iron pole caps are
soft and rust easily if not protected from moisture with nickel plating or a coat of oil.

3.3.1.1 Model EM4-HVA Cooling Water Connections

The electromagnet is configured at Lake Shore with 20 mm (3/8 in) ID tubing and
splitters to properly route the water flow through the electromagnet coils so that
thereis asingle inlet and outlet connection to connect to the cooling water system
(FIGURE 2-7). Alsoincluded on the outlet of the electromagnet is a water safety flow
switch. The routing of water through the coils should not be altered and the flow
switch should be used.

You are responsible for providing the necessary lengths of tubing and connections to your
cooling water system.

You will need to attach the waterinlet and outlet hoses. See FIGURE 3-2 foran
illustration of these connections.

Model 7700A Series Hall Measurement System



3.3.2 Model643Installation 31

J -
|

Waterin

Waterout ™ Water ougt

Waterin

FIGURE 3-2 Water connections for a 4 in magnet

3.3.1.2 Model EM4-HVA Electrical Connections

EM4-HVA magnet current leads are connected in series.

Red cableto
o/ positive terminal
/< onpowersupply

1

FIGURE 3-3 EM4-HVA electromagnet power connections
(insulating boots are removed for clarification)

3.3.2 Model 643 The Model 7704A HMS uses the Model 643 magnet power supply to supply power to
Installation its 4 in electromagnet. This section describes the cooling water connections and the
electrical wiring necessary to complete the Model 643 installation.
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Refer to the Model 643 electromagnet power supply manual, Chapter 3, to complete
the connection of 3-phase power to the Model 643. This should be completed by a
qualified electrician adhering to all local codes and standards, prior to the arrival of a
Lake Shore representative for installation and training.

3.3.2.1 Model 643 Cooling Water Connections

Supply and return water supply lines are required to cool the magnet power supply.
The water connections for the Model 643 are hose barb fittings. Hoses and clamps
shown are not provided.

Too cold a supply can cause condensation and severe damage to the power supply. Refer
to section 4.2 to avoid water condensation.

# Water out
£ - Waterin

FIGURE 3-4 Water connections on the Model 643

3.3.2.2 Model 643 Electrical Connections

1. Locatetheelectromagnet currentleads on the electromagnet. Uncoil the leads
and using the bolts and nuts located on the Model 643 output lugs, connect the
positive (red) lead to the positive output and the negative (black) lead to the
negative output (FIGURE 3-5). Asafety coveris provided to be installed over the
power supply output lugs if desired; refer to the Model 643 manual for additional
information.

The positive and negative power supply output terminals connected to the magnet
current leads must be wired properly to maintain the correct magnet field direction.

2. Locatethefaultindicatorcable connected to the flow and thermal switches on
the electromagnet coils. Connect the green terminal block to the top flow switch
location on the Model 643 rear panel (FIGURE 3-5).

Positive’
current lead

Negative
current lead gy

FIGURE 3-5 Model 643 electromagnet connections; safety cover
removed to show detail
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3.4 Model 7707A
HMS Hardware
Installation

3.4.1 Model EM7-HV
Installation

3.3.3 ConnectingtheCoolingWater 33

The Model 7704A HMS can be connected to the cooling water in series, with the
electromagnet and power supply sharing a single inlet and outlet flow path from the
cooling water system. Ablock diagram of this setup is shown in FIGURE 3-6. The
water flow path should go first to the electromagnet and then to the power supply.
Additional hose couplings (not included) may be needed to complete the series flow
path. The power supply water flow solenoid is not used in series configuration.

1. Locatethe10 mm (3/8in)inlettubingonthe electromagnetand connectittothe
supply of your facility’s water system (FIGURE 3-6).

2. Locatethe 10 mm (3/8 in) outlet tubing on the electromagnet and connect it to
theinlettothe Model 643 power supply (FIGURE 3-4). The water flow solenoid is
connected at the factory; remove the connection from the solenoid to the power
supplyinlet.

3. Locatethe 10 mm (3/8 in) outlet tubing of the power supply and connectit to the
return of your facility’s water system (FIGURE 3-6).

The cooling water temperature must be above the dew point (the temperature at which
condensation will occur) to avoid damage to the Model 643 power supply. Refer to the
Model 643 manual section 2.4.4 for additional information.

EM4-HVA electromagnet

(rear)
—— Flow switch connection
Model 643
(rear)
Out In Water flow solenoid

Cooling water PP B (not used)
system with I

water filter, Water safety

flow meter, flow switch

shutoff valve,

and pressure

gauge «

FIGURE 3-6 Electromagnet and power supply series cooling water configuration

This section provides the procedures forinstalling the electromagnet and the magnet
supply for the Model 7707A HMS. Refer to installation instructions in Chapter 2 of
the EM7-HV user’s manual for clarification and additional information for the
electromagnet installation. Refer to the Model 665 users manual if you need further
information for the magnet power supply installation.

The Model EM7-HV electromagnet ships with a pedestal stand under the magnet
frame. Move the electromagnet assembly to its final location. Electrical and coolant
connections require rear access.

Verify bolted joints did not loosen during shipment. The top saddle plate should be
level and the entire electromagnet assembly should be solid. If local code requires it,
bolt the pedestal stand to the floor.
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The Model EM7-HV ships with two sets of pole caps with 3 inand 6 in diameter pole
faces. Pole caps necked down to smaller diameter pole faces can produce higher
magnetic fields, but with a smaller region of uniform field. The EM7-HV
electromagnet normally ships with the 3 in pole face caps installed. Use these for
initial operation unless the larger pole faces are required immediately. Instructions
for changing the pole caps are given in the user's manual for EM4-HVA and EM7-HV
series electromagnets.

The pole caps are heavy and easily dented. Handle them with care. Leave the pole caps
backed out for sample module installation (Chapter 4).

3.4.1.1 Model EM7-HV Cooling Water Connections

The Model EM7-HV comes shipped with the magnet coolant hoses already attached.
You will need to attach the facility water inlet and outlet hoses to the garden hose
3/4 in type connections. See FIGURE 3-8 foranillustration of these connections.

FIGURE 3-8 3/4 in type connection
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3.4.1.2 Model EM7-HV Electrical Connections
See FIGURE 3-9 foran illustration of the electrical connections.

1 &

FIGURE 3-9 Left: Electrical connections for 7 in magnet; Right: Thermal switch connection

Per the site preparation instructions (section 2.2), the user is responsible for
providing the hookup from the electrical box at the back of the power supply to the
electrical service.

3.4.2.1 Model 665 Cooling Water Connections
The water connections forthe the Model 665 uses standard 3/8 in hose barb fittings.
Hoses and clamps shown are not provided.

FIGURE 3-10 Hose barb fittings with customer hoses
(not provided) on the Model 665 power supply

3.4.2.2 Model 665 Electrical Connections
Model 665 wiring is shown in FIGURE 3-11 and described in the following bulleted
list.

Threaded terminals MB:
Recommanded torqus
0.8ta 1mkg

FIGURE 3-11 Left: Model 665 front panel connections; Right: Model 665 rear panel connections
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m 1:Remote input 100% —connects to the analog output BNC on the rear panel of
the Model 475 gaussmeter.

The positive and negative power supply output terminals connected to the magnet
current leads must be wired properly to maintain the correct magnet field direction.

m  2:Powersupply output; positive (U)— the wire marked in red goes to the positive
terminal of the electromagnet.

m  3:Powersupply output; common (0)—the wire marked in black goes to the nega-
tive terminal of the electromagnet.

m  4:Interlock—thisis the power supply inhibit connector. It is connected to a sin-
gle water flow and two thermal cutoff switches in series, any of which can inhibit
the output of the powersupply. Afault can also be caused by detection of internal
condensation

3.4.3 Connecting the The Model 7707A HMS needs to be connected to the cooling water in parallel, with
Cooling Water in the electromagnet and power supply each getting independentinlet and outlet
Parallel cooling lines. Ablock diagram of this setup is shown in FIGURE 3-12. Two

connections are required from the cooling water system; the required splitters are
notincluded.

1. Locatethe 10 mm (3/8in)inlet and outlet barb connections on the
electromagnet (FIGURE 3-7) and connect them to your facility’s water supply.

2. Locatethe 10 mm (3/8in) inlet and outlet barb connections on the rear panel of
the power supply (FIGURE 3-10) and connect them to your facility’s water supply.

3. Optional: if the electromagnet water pressure drop is too great to allow flow to the
magnet, install a flow proportioning valve in the magnet power supply branch as
shown in FIGURE 3-12 to balance the two flow paths.

EM7 electromagnet

(rear)
Splitters
Cooling water (notincluded)
system with R
water filter, ! Water safety flow switch
flow meter,
shutoffvalve,
and pressure  [¢
gauge T
Model 665
®Optiona| ez
proportioning
valve Out In
(not included) T T

FIGURE 3-12 Electromagnet and power supply parallel cooling water configuration
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This section provides the procedures forinstalling the electromagnet and the magnet
power supply for the Model 7712A HMS. Refer to installation instructions in Chapter
2 of the EM7-HV user’s manual for clarification and additional information for the
electromagnet installation. Refer to the Model 668 users manual if you need further
information for the magnet power supply installation.

Refer to installation instructions in the User’s Manual for EM12 Series
Electromagnets for clarification and additional information if any of the following
instructions are unclear.

The Model EM12 electromagnet ships with a stand under the magnet frame (refer to
User’s Manual). Move the electromagnet assembly to its final location. Electrical and
coolant connections require rear access.

Verify that the bolted joints did not loosen during shipment. The top saddle plate
should be level and the entire electromagnet assembly should be solid. Bolt the
magnet stand to the floor.

The Model EM12 normally ships with one or two sets of pole caps with customer
specified pole face diameters. Pole caps necked down to smaller diameter pole faces
can produce higher magnetic fields, but with smaller region of uniform field. The
EM12 electromagnet normally ships with pole caps installed as specified by the
customer. Use these for initial operation. Instructions for changing the pole caps are
given in the User's Manual for EM12 Series Electromagnets.

The pole caps are heavy and easily dented. Handle with care! Leave pole caps backed out
for sample module installation (Chapter 4).

3.5.1.1 Model EM12 Cooling Water Connections

The Model EM12 comes shipped with the certain hoses already attached. You will
need to attach the waterinlet and outlet hoses. See FIGURE 3-7 for a reference as to
how these are attached.

3.5.1.2 Model EM12 Electrical Connections
See FIGURE 3-9forareference asto where these are connected.

The Model 668 installation is similarto that of the Model 665. Refer to the Model 668
user’s manual if additional information is needed.

3.5.2.1 Model 668 Cooling Water Connections

The water connections for the Model 668 uses standard 3/8 in hose barb fittings.
Hoses and clamps shown are not provided. See FIGURE 3-10 for areference as to how
these are attached.

3.5.2.2 Model 668 Electrical Connections

Per the site preparation instructions (Section 2.2), the user is responsible for
providing the hookup from the electrical box at back of the power supply to the
electrical service.
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3.6 Instrument The instrument console is on casters and moves easily on flat surfaces. If a table top
Console was provided, setit ontop of the instrument console. Position the instrument console
Installation for easy rearaccess until installation is complete.

The instrument console contains the Model 475 gaussmeter, the Model 2182A volt
meter, the Model 6220 current source, and the Model 6485 current meter. If you
ordered the 4 in magnet, the instrument console will also contain the Model 643
power supply. The instrument console is fully assembled, wired and tested at

Lake Shore before shipment. There are up to 8 connections from the instrument
console to the sample module. This section will describe these connections. Awiring
diagram is provided in FIGURE 3-13.

Componentsofthe Model 7704A,7707A,or 7712A systems connect schematically as
shown in FIGURE 3-13. The differences between the systems are the electromagnet
size (4,7,0r 12 inch diameter poles) and power supply location (in the instrument
console or separate unit).

The Model 776 matrix card isa 6 x 5 guarded triax matrix switch with 100 V
compliance ability. The operational compliance voltage is determined by the

Model 6220 current source. By changing the Model 6220 compliance voltage with
the HMS configuration utility, the maximum voltage in the system can be setto 7V
DCor100V DC.The Model 776 provides complete automatic switching between van
der Pauw configuration and Hall bar configuration. The Model 776 also automatically
removes the Model 6485 current meter for currents larger than 20 mA. The system is
designed to measure 100 GQ resistances, at 100 V with 2% uncertainty.

OUT 1+ 112-776 2182A
volt meter

OUT 1-

475 DSP

gaussmeter -ﬂ_

SOURCE 1+ 673-305 o

6220
8| current source

S~ SOURCE 1- [673-011

| METER 673-011 6485
current meter

!
s
|
| s
-

900-£/8
900-£/8
900-€/8
900-£/8
900-€/8

RN
—
-
—c
—0
—3

Sample Connections

m Triaxial connector (3-lug) B: BNC plug to single banana plug (106-058)
= Coaxial connector (BNC) G: Guarded mode

= Screw terminals or banana S:Shield of | meter to center pin of source 1-

FIGURE 3-13 Model 7700A HMS wiring diagram
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The computer connections are defined as follows (FIGURE 3-14). The monitor (not
shown) also requiresinput and power connections.

Do not install any third-party software on this computer. Installing other software may
cause conflicts with the operation of the 7700A series HMS system and can have
unintended consequences. Lake Shore assumes no responsibility for damage to the
system as the result of unauthorized software installation.

Because of the volatility of the computer market, the computer shown here is a typical
representative. Your actual computer may vary in form, but the functions will remain.

FIGURE 3-14 Computer rear panel connections

Monitor: this connector goes to the computer monitor.

Mouse: this connector goes to the computer mouse.

Keyboard: this connector goes to the computer keyboard.

Ethernet: thisis the Ethernet connector for your network.

USB connector: this is the USB to IEEE dongle. This connection allows
communication with all the instruments.

Power: this power cord runs inside the instrument console and plugs into the
distribution strip. (Also run the monitor power connector to this same
distribution strip.)

7. Voltage selection switch: if your computerincludes this switch, make sure it
matches your local power requirements.

uhwn R

o

While Ethernet is provided with the computer, Lake Shore assumes no responsibility for
making the computer communicate with your network.
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3.8 Gaussmeter Use the following procedure to mount the gaussmeter probe holder. It is best to

loosely install the assembly first without a probe in the holder, then once the
PI“Obe"HOJdeI“ assembly is close to a usable position, place a probe in the holder and make the final
Installation adjustments.

1. Placethe gaussmeter probe holder assembly at the end of the extruded frame
located between the magnet coils. Use the 5/32in hex wrench to mount the
holderto the extrusion, as shown in FIGURE 3-15. This screw also provides side to
side adjustment of the holder assembly.

2. Usethe3/16in hex wrench to adjust the height and rotation of the post.

3. Usethe3/1ein hexwrenchto adjustthe clear plastic probe holder attached to the
post. This screw provides up and down adjustment of the probe holder.

Exercise care when handling the gaussmeter probe; its tip is very fragile. Stressing the
probe tip may alter its calibration. Any excess force can easily break the sensor. Broken
sensors are not reparable.

4. Carefully place the gaussmeter probe into the holder. Turn the top screw to hold
itin position. Do not over tighten.

Always secure the gaussmeter probe by the body; securing the tip can cause
irreparable damage.

5. Doany final adjustments to the probe holder assembly to ensure the probe is in
the proper position between the Hall sample module and the magnet pole pieces.
Rotate the probe so the flat side is parallel with the pole faces and secure it.

To make room for the gaussmeter probe, the gap to the right of the sample enclosure
(when viewed from the front of the electromagnet), needs to be about 3 mm to4 mm
(about Y/zin) larger than the gap to the left.

3.8.1 Gaussmeter The orientation of the gaussmeter probe is critical to field control. If you are unsure of
Probe Orientation correct orientation, use this procedure.

1. Withthe magnet power supply off and local regulation set to zero, place the
gaussmeter probe in the electromagnet noting the orientation of the Lake Shore
snowflake symbol.

2. Turnthe power supply oninlocal mode. Manually set a positive current of a few
amps corresponding to approximately 500 Oe.

3. Readthe gaussmeterdisplay in the Hall software to ensure the field reading is
positive. If the field reading is negative, reverse the orientation of the probe.

4. When done, reduce currentto zero and turn off the power supply.
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An electrically erasable programmable read only memory (EEPROM) is included in
each probe. The EEPROM stores specific information that the gaussmeter requires for
operation. The information includes serial number, probe sensitivity, and field
compensation data.

The probe must be connected to the rear of the gaussmeter before applying power. Probe
memory may be erased if connected with power on.

When the instrument is powered up, the probe memory is downloaded to the
gaussmeter. This is how the built-in gaussmeter knows which ranges are available
and which error correction to apply.

1. Turnthe power off
2. Remove the existing probe.
3. Pluginthe new probe.

When power is restored, the characteristics of the new probe are downloaded to
memory. Normal operation may continue after the new probe offset is nulled using
the zero probe operation. Ifthe instrumentis powered up with no probe attached, the
Hall software will report an error message.

Although every attempt has been made to make the probes as sturdy as possible, they
are still fragile. While taking measurements, be careful not to place pressure on the
probe tip.

Care must be exercised when handling the probe. The tip of the probe is very fragile.
Stressing the Hall sensor can alter its calibration. Any excess force can easily break the
sensor. Broken Hall sensors are not repairable.

When probes are installed on the gaussmeter but are not in use, the protective tubes
provided with many probes should be placed overthe probe handle and stem in order
to protect the tip. The cardboard and foam container that Lake Shore probes are
shipped in should be retained for probe storage when the gaussmeter is not in use.
For further details on accessories and probes, refer to the Magnetics catalog.

Inthe DC mode of operation, the orientation of the probe affects the polarity reading.
On a transverse probe, the Lake Shore name printed on the handle indicates the side
for positive (+) flux entry.

For best results, the instrument and probe should warm up for at least 5 min before
zeroing the probe, and at least 30 min for rated accuracy. The probe and the zero gauss
chamber should be at the same temperature.

If the exact direction of the magnetic field is unknown, the proper magnitude is
determined by turning on Max Hold and slowly adjusting the probe. As the probe
turns and the measured field rises and falls, its maximum value is held on the display.
Make note of the probe orientation at the maximum reading to identify the field
orientation.

The user must consider all the possible contributors to the accuracy of the reading.
Both the probe and gaussmeter have accuracy specifications that may impact the
actual reading. The probe should be zeroed before making critical measurements.
The zero probe function is used to null (cancel) the zero offset of the probe or small
magnetic fields. Itis normally used in conjunction with the zero gauss chamber, but
may also be used with an open probe (registering Earth’s local magnetic field).
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42 CHAPTER 3:Installation and Setup

For best results, the instrument and probe should warm up for at least 5 min before
zeroing the probe and at least 30 min for rated accuracy. The probe and the zero gauss
chamber should be at the same temperature.

3.8.5.1 Probe Orientation

Probe readings are dependent on the angle of the sensor (Hall sensor) in relation to
the magnetic field. Maximum output occurs when the flux vector is perpendicular to
the plane of the sensor. This is the condition that exists during calibration at

Lake Shore. The greater the deviation from orthogonality (field perpindicular to the
plane of the sensor), the larger the error of the reading. For example, a 5° variance on
any one axis causes a 0.4% error, a 10° misalignmentinduces a 1.5% error, etc.

In the DC mode of operation, the orientation of the probe affects the polarity reading

of the gaussmeter. On a transverse probe, the Lake Shore name printed on the handle
indicates the side for positive (+) flux entry (FIGURE 3-16).

Lake Shore logo
towards north pole
N /
e :
N > N\
'—),W e
A% Transverse probe orientation

\ S for positive (+) measurement

— NEXSSSRR Y
e m— p

—

Axial probe orientation for
positive (+) measurement

FIGURE 3-16 Probe orientation for positive measurement

Use care to ensure the zero gauss chamber does not become magnetized. Using a
magnetized chamber to zero a probe can lead to erroneous field readings. It is a good
practice to periodically degauss the chamber. A bulk tape degausser (Verity VS250, Data
Devices PF211, or equivalent) may be used.

The Model 450 gaussmeter does not read the temperature compensation table stored in
the gaussmeter probe.

Tolerance of instrument, probe, and magnet must be considered for making critical
measurements. The accuracy of the gaussmeter reading is better than £0.20% of
reading and +0.05% of range. Absolute accuracy readings for the gaussmeter and
probe is a difficult specification to give, because all the variables of the measurement
are difficult to reproduce. For example, a 1° errorin alignment to the magnetic field
causes a 0.015%reading error. Finally, the best probes have an accuracy of +0.15%.
Thisimplies that the absolute accuracy measurement of a magnetic field is not going
toreliably be better than £0.15% under the best of circumstances, and more likely to
be 0.20% 10 0.25%.
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29.3%
+B
13.4% 45°
6.0%
34%  20°
(o]
1.5% 1%50
0.4% 5o
0% 0°

Error Deviation from
perpendicular (o)

Effect of angular variations on
percentage of reading error where
percenterror=(1-cos a) 100

FIGURE 3-17 Effect of angle on measurements

This section describes how to install the Model 750TC option.

The Model 750TC option adds a Model 340 temperature controller to a Model 7700A
HMS. To add this option:

1.

2.

Remove a blank panel (or panels) to create a 3.5 in high space in the instrument
console.

Attach the rack mounts to the 340 temperature controllerand mountin the rack
(refer to the Model 340 User’s Manual for more detailed information on
mounting the rack).

Connectthe powercord and IEEE-488 communications cable.

Cable connections to specific sample modules are covered in Chapter 4.

For the CE option system, the mounting base plate should already be installed on the
magnet to support the measurement hardware. A ground cable should be attached
between the instrument console and the tap hole located at the rear surface of this
plate to complete the safety ground connection.
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EdChapter 4: Basic Operation

4.1 General This chapter describes the majority of daily operation. Chapter 5 covers more
advanced operation. Itis assumed that the system has been installed and set up as
described in Chapter 3.

4.2 Avoiding If the temperature of the cooling water is too cool relative to the air temperature and

Water humidity, condensation can occur. Condensation inside the power supply can cause
. severe damage. To avoid condensation, the power supply operator must remain

Condensation cognizant of the ambient air temperature, cooling water temperature, and the

relative humidity. Lake Shore defines the limits of these conditions as follows:
ambient temperature =18 °C to 28 °C (64 to 82 °F), cooling water temperature =
15°Cto 24 °C(59to 75 °F),and humidity = 20% to 80% (non-condensing). Knowing
the actual state of these conditions, the operator can calculate the dew point, or
temperature at which condensation will occur. TABLE 4-1 and TABLE 4-2 are included
to aid in dew point calculation.

The Model 665 and Model 668 power supplies are equipped with a moisture sensor. This
sensor will trigger an external fault that will inhibit the output of the power supply. This
fault can also be triggered by the absence of cooling water flow in the magnet.

% Relative Humidity

°C 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10
32 32 31 31 29 28 27 26 24 23 22 20 18 17 15 12 9 6 2 0

29 29 28 27 27 26 24 23 22 21 19 18 16 14 12 10 7 3 0 —
27 27 26 25 24 23 22 21 19 18 17 15 13 12 10 7 4 2 0 —
24 24 23 22 21 20 19 18 17 16 14 13 11 9 7 5 2 0 — —
21 21 20 19 18 17 16 15 14 13 12 10 8 7 4 3 0 — — —
18 18 17 17 16 15 14 13 12 10 7 6 4 2 0 — — — —
16 16 14 14 13 12 11 10 9 7 6 3 2 0 — — — — —

TABLE 4-1 Dew point calculation (in degrees Celsius)
% Relative Humidity

°F 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10
90 90 88 87 85 83 81 79 76 74 71 68 65 52 59 54 49 43 36 32
85 85 83 81 80 78 76 74 72 69 67 64 61 58 54 50 45 38 32 —
80 80 78 77 75 73 71 69 67 65 62 59 56 53 50 45 40 35 32 —
75 75 73 72 70 68 66 64 62 60 58 55 52 49 45 41 36 32 — —
70 70 68 67 65 63 61 59 57 55 53 50 47 44 40 37 32 — — —
65 65 63 62 60 59 57 55 53 50 48 45 42 40 36 32 — — — —
60 60 58 57 55 53 52 50 48 45 43 41 38 35 32 — — — — —

TABLE 4-2 Dew point calculation (in degrees Fahrenheit)

For example, determine the actual air temperature and relative humidity. Find the
closest air temperature in the left-hand column and the closest relative humidity
across the top. If the airtemperature is 24 °C (75 °F) and the relative humidity is 35%,
the intersection of the two shows a dew point of 7 °C (45 °F). Therefore, for the given
conditions, the cooling water must remain above 7 °C (45 °F) to prevent
condensation.
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46 CHAPTER 4: Basic Operation

4.3 Model 75013:
Sample Card
Sample Module
(SCSM)

The Lake Shore Model 75013 SCSM ships with all 7700A series Hall measurement
systems. FIGURE 4-1 shows the standard sample module with components labeled,
but without the hardware necessary to mount to a specific electromagnet. The
standard unit has one 10-pin connector and one 4-pin connector for temperature
measurement and control. For the CE option system, the sample module has an
additional 8-pin connector with the connecting cable. TABLE 4-3 provides the CE
safety wiring description.

High voltage can be present at sample terminals. Always install the light-tight box onto
the measurement insert before making measurements, and stop measurements before
removing the module.

For the CE option system, an interlock switch is installed in the header of the sample
module so that the unit will not operate until the sample enclosure is properly installed,
and all the cables are connected.

Instrument console 8-pin cable 8-pin connector Sample module
. X #24 AWG cable AandG Interlock switch
Model 6620 interlock terminal -
Cable shield F Case
Console ground #16 AWG wire B Case
C Case
D Case
E Case
N/A N/A H Not used

Note: Pins B, C, D, and E are connected t othe same wire

TABLE 4-3 CE safety wiring description
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i

Junction box

Clamping | ™.
knob 818
Header 2 2
block o
Sample
enclosure

bulkhead
connector

Module
rod

Sample card

FIGURE 4-1 Model 75013 SCSM. Left: Side view; Right: Front view

Header
block

F '39|
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PT-103 & ."’" Heater

Channel A P cartridge

loop 1 control | @1/8in
P 50Q,1A

Platinum i ! control loop 1
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Channel B

(optional)

FIGURE 4-2 Temperature monitoring and control
instrumentation in the 75013 SCSM
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4.3.1 Sample Mounting
forthe Model 75013
SCSM

This section provides step-by-step instructions for mounting a sample for
measurement in the Model 75013 SCSM. Contact to the sample is made with either
soldered wires or needle probes, depending on the sample card in use.

Each sample card has 20 gold-plated contact fingers. The contact fingers on the front
side connect to sample contact pads 1-6 and auxiliary contact pads 7-8. The contact
fingers on the back side connect to auxiliary contact pads 9-10 and to the driven
shields for signal lines 1-6. Routing the driven shields onto the card minimizes
leakage currents, allowing more accurate measurements on very high resistance
samples.

Standard sample mounting cards have solder pads where wires from the sample are
connected to the card. Soldered contacts are the most reliable, but take more time
and effort to make. Samples can be pre-mounted and stored for rapid insertion and
measurementin the Model 75013 SCSM.

The prober sample card has tungsten needle probes to contact the sample. Samples
contactable with the needle probes can be rapidly mounted and demounted. The
contact size and metallurgy can have a significantimpact on measurement accuracy.
Sample preparation and contacting is the user's responsibility. See Appendix A: Hall
Measurement for general Hall effect measurement theory and a discussion of Hall
sample geometries. See Appendix B: Electrical Contacts to Semiconductors for
references to literature on contact formation. The procedures beginning in

section 4.3.1.1 assume that the sample is directly contactable or that contact
metallization is already present.

The auxiliary contacts are available for a temperature sensor, heater, light source,
sample bias, additional sample contacts, or other use. The auxiliary contacts are not
guarded and their use might not be directly supported by the hardware or software
supplied.

Plated Sample mounting Sample
contact fingers area indicator Contact mounting area

Bottom

Polarizing slot

FIGURE 4-3 671-201 sample card for nominally 1 cm x 1 cm samples. Left: Back; Right: Front

Sample mounting materials and tools list
m Sample mounting card (provided by Lake Shore)

m Lead wire (provided by Lake Shore)

m Solderingiron with fine pointed tip

m Indium (provided by Lake Shore), silver paste, conductive epoxy, or other contact-
ing material

m  Glass microscope slide

m  Magnifyinglens

m  Tweezers

m Cotton swabs

m  Adhesive such as EImer's® rubber cement (also known as art gum, commonly

available at stationary or art supply stores); grease such as silicone vacuum
grease may also be used

Sample cards are reusable. Do not use permanent adhesive if sample is to be removed
from sample card.
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4.3.1.1 Sample Preparation

Much of sample preparation depends on the sample material and type. Develop
specific procedures applicable to your samples. These steps are some general
guidelines:

1. Selectasample card (large or small with solder contacts, or prober sample card).

2. Verify the samplefitsin the sample mounting space.Samples can be cut to size by
many methods (scratch and break, diamond sawing, etching), depending on the
sample material and form (such as bulk crystal, wafer, thin film).

3. Cleanthesample.

4. Patternthe sample oridentify contact regions. Refer to Appendix A: Hall Effect
Measurement Theory and Practice to determine where to attach leads to sample.
Patterning by photolithography or grit blasting might be possible, but are outside
the scope of this document.

5. Preparethe contactregions onthe sample. Some materials require etching of the
surface. Other materials require alloying with a suitable contact metal followed
by annealing. Refer to Appendix B: Electrical Contacts to Semiconductors.

4.3.1.2 Mounting the Sample to the Standard Sample Card

Standard sample cards have solder pads where wires from the sample are connected
to the card. Soldered contacts are the most reliable, but take more time and effort to
make. Samples can be pre-mounted and stored for rapid insertion and measurement
inthe Model 75013. Pre-mounted samples are included in the box of sample
mounting cards provided with each Model 75013. Use these as examples.

4.3.1.2.1 Attaching Leads to a Sample

Attach wire leads to your samples with solder, silver paste, conductive epoxy, wire
bonding, spot welding, or other means. Only indium solder lead attachment is
covered here. Lead wire (75 pm diameter silver-plated copper) is provided by
Lake Shore. Recommended lead wire is 50 um to 100 um diameter copper, silver-
plated copper, or gold wire. This procedure assumes the sample is directly
contactable or that contact metallization is already present.

Applying high temperature during soldering can damage some samples.

Limit the amount of solder on the sample. Place solder on the contact points in small
amounts only.

1. Heatsolderingiron. Indium meltsat 156.6 °C (313.9 °F), so it does not require a
very hotiron.

2. Cutindiumorothersuitable solder metal and place it on the glass slide.

3. Usingasolderingiron, melt solder metal onto the tip of the soldering iron and
place a small amount of solder on each contact point on the sample. Refer to
Appendix A: Hall Effect Measurement Theory and Practice for contact point loca-
tions.

4. Cutthe multi-stranded lead wire to the proper length. Length is determined by

the distance between the sample, where the lead attachment is made, and the

contact on the sample mounting card. Allow enough wire for strain relieving
bends.

Unravel the cut lead wire into single strands of wire.

6. Usingtweezers, place one end of the lead wire at the proper sample contact

point. Hold the wire in place with tweezers.

Solder the wire to the sample contact point.

8. Repeatforall leads to sample contact points.

v

N
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4.3.1.2.2 Mounting a Sample on a Sample Card

Be careful not to damage the sample surface. Scratches can alter measurement
readings, especially with thin film samples. Lightweight samples often can be lifted
by a contact wire, avoiding contact with the sample.

Always use tweezers or gloved hands to handle the sample. Oil from your skin can alter
measurements on high resistance samples and can alter chemically reactive sample
materials.

1. Selectasample mounting card. Do not touch the gold plated contact fingers at
the top of the card. Fingerprints might create electrically conductive paths that
can change measurement readings on high resistance samples.

2. Using awire, stick, or small brush, place a small amount of adhesive in the center
of the sample mounting area on the front side of the card. Hold the card up to a
light to see the sample mounting area indicator on the back side. The “X” marks
the center of the sample mounting area (as well as the tail of the positive mag-
netic field vector oriented up through the sample).

3. Usingtweezers, place the sample in the center of the sample mounting area on
the adhesive.

4. Using a cotton swab, press down gently on the sample. Continue pressing down
gently for a few seconds and then release. Allow the adhesive to dry if necessary.

4.3.1.2.3 Soldering Leads to Sample Card Contacts

To complete the mounting procedure, solder the other end of the lead (the end not
soldered to the sample) to a contact on the sample mounting card. See FIGURE 4-4 or
4-11 for sample mounting card contacts.

1. Usingtweezers, bend the lead wire to allow some strain relief. Hold lead wire in
place on sample mounting card contact.

2. Solderthe lead wire to the sample card contact.
3. Clipthe excess lead wire. See FIGURE 4-4.
4. Repeatforall leadsto sample mounting card contacts.
5. Write the sample name in the sample ID space on the frontside of the card.
Clipped
lead
wire &1 :3

V o

SE—

|D Sample ID
space—yo SiB i

FIGURE 4-4 Sample card with mounted
van der Pauw sample and leads
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4.3.1.2.4 Sample Removal

To remove a sample mounted to a sample card with rubber cement, gently push the
side of the sample with a wooden stick or other soft object to shear it from the
adhesive.

Prying the sample up with tweezers or a razor blade can damage the sample. Pushing on
the sample with any hard, sharp object can also cause damage.

Remove lead wires from the sample with tweezers and a soldering iron. To reuse a
card, remove any adhesive left on the card and remove all leads. Remove adhesive
gently to avoid scratching the card. Remove typical “permanent” inks from the card
with isopropyl alcohol or acetone.

4.3.1.3 Mounting a Sample to the Prober Sample Card

The prober sample card has tungsten needle probes to contact the sample. Samples
contactable with the needle probes can be rapidly mounted and demounted. A prober
sample card with a 50 mm (2 in) diameter sample wafer (but only two probers
making contact to the sample) is shown in FIGURE 4-5.

~ Topview

Side view
(only one prober shown)

FIGURE 4-5 Prober sample card
Use this procedure to mount samples.

1. Move the probe tips out of the sample mounting region. The probe tips can be
picked up and swung out of the way using your fingers or tweezers.

2. Placethesampleinthe centerofthe probercard. Hold the card up toa light to see
the sample mounting area indicator on the back side. The “X” marks the center of
the sample mounting area (as well as the tail of the positive magnetic field vector
oriented up through the sample).

3. Pickuponeprobetipatatimeand placeitonthe desired contactlocation on the
sample. Some samples might have metallized contact pads.
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Ohmic contact can be made by direct contact to some semiconducting samples, typically
those with higher electrical conductivity. Ohmic contacts can sometimes be formed by
running current through the contacts, typically a current significantly higher than the
measurement current. Be careful, excessive currents could damage sensitive samples!

The force required to move the prober arms can be changed by tightening or
loosening the nylon screws and nuts. The force of the prober on the sample can be
adjusted by swinging the probe tip over the edge of the card and then bending the
probe needle up or down as required.

Nothing (sample, arms, or probers) should extend beyond the edges of the prober
card or they might contact the inside of the sample enclosure.

Heavy samples might require additional support. Asmall amount of temporary
adhesive such as rubber cement could be used. The two nylon screw heads at the
bottom of the prober sample card can be used as rests for 75 mm (3 in) diameter
wafers. Similar rests could be added as needed.

Accurate van der Pauw measurements require the probes to be as neara sample edge
as possible. Some compromise might be necessary if the edge of the sample is not
uniform. Symmetrically placed probes on a symmetrical sample generally improve
measurement accuracy by minimizing misalignment voltages. For further discussion
of this subject, see Appendix A: Hall Effect Measurement Theory and Practice.

4.3.1.4 Using Auxiliary Contacts

The auxiliary contacts shown as numbers 9 and 10 in FIGURE 4-6, are available fora
temperature sensor, heater, light source, sample bias, additional sample contacts, or
other use. The auxiliary contacts are not guarded and their use might not be directly
supported by the hardware or software supplied.

The four auxiliary contacts, numbered 7-10 on the sample card, are connected to the
10-pin bulkhead connectoron the junction box (FIGURE 4-1). Wiring assignments are
given in TABLE 4-4.
B-1 Sample card pad #1
B-2
B-3
B-4
B-5
B-6
B-7 Sample card pad #10; “Sensor”: temperature
sensor (Channel B), V-

Sample card pad #2
Sample card pad #3 55
Sample card pad #4

Sample card pad #5, I+ for Hall bars

o v A W N R

Sample card pad #6, |- for Hall bars

Sample card pad #9; “Sensor”: temperature
sensor (Channel B), V+

Sample card pad #8; “Sensor”: temperature
sensor (Channel B), I-

Sample card pad #7; “Sensor”: temperature
sensor (Channel B), I+ 8

Heater, 50, 1 A, in header block (Loop 1), I+
Heater, 50, 1A, in header block (Loop 1), I-
“Control” temperature sensor (Channel A), V-

“Control” temperature sensor (Channel A), V+

“Control” temperature sensor (Channel A)
)

|_
, 1+

Rl m T o m O

“Control” temperature sensor (Channel A
B-8 unused

TABLE 4-4 Sample connection wiring for the 75013 SCSM
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4.3.1.5 Mounting a Temperature Sensor to a Sample Card

Atemperature sensor can be mounted to a sample card and electrically connected
using the auxiliary contacts shown in FIGURE 4-6 and numbered 9 and 10. Either a 2-
wire ora 4-wire temperature sensor can be connected.

The 75013 SCSM is provided with one sample card (P/N 671-201, FIGURE 4-3) with a
Lake Shore Model PT-103 platinum resistance temperature sensor mounted on the
backsside, directly underneath the sample mounting area.

This procedure describes how to mounta PT-103 sensor on a sample card. You can use
this procedure as a guideline for mounting a temperature sensor to a sample card.

1. Verify that the sample card is clean and free of defects. Hold the card by its edges.
Do not touch the gold plated contact fingers.

2. Apply asmallamount of rubber cement to one side of the PT-103 platinum resis-
tor; then center the resistor body over the X located on the back side of a sample
card asshown in FIGURE 4-6.

3. Soldertheleadsto the contact pads numbered 9 and 10.

4. Trim off any excess lead wire. The resistor might need to be held in place with a
weight or tape while the rubber cement dries.

5. Cuttwo lengths of 30 AWG Teflon® insulated wire (Lake Shore type HD-30, or
equivalent) 20 mm (3/2 in) long. Use a thermal stripper to remove 3 mm (Y8 in) of
insulation from each end. Cut it longer if you are mounting the sensor on a larger
sample card.

6. Solderoneend of oneinsulated wire to contact pad numbered 9. Solder one end
of the other wire to contact pad 10.

7. Pushthefree ends of the insulated wires through the two holes numbered 9 and
10in FIGURE 4-6. Solder the other ends of the insulated wires to contact pads 7
and 8 on the front side of the card.

8. Ifrosin flux was used, clean the contacts of flux residue using isopropyl alcohol
scrubbed with a short bristle brush. Rinse with de-ionized (DI) water and blow
dry with nitrogen gas.

Wire, #30 AWG,
° ° TFE insulated
| (Lake Shore HD-30)

Sample card
(PN 671-201)
back side shown

Platinum resistance
temperature sensor
(Lake Shore PT-103)

Lake Shore
671-201

o

FIGURE 4-6 Mounting a platinum temperature sensoron
asample card
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43.2 Operation of the This section explains the operation of the Model 75013 SCSM, to include inserting
Model 75013 SCSM and removing a sample card, room temperature operation, and operation with liquid
nitrogen.

4.3.2.1 Sample Card Insertion

The Hall voltage is proportional to the cosine of the angle between the magnetic field
vector and the normal to the sample plane (which is equivalent to the sine of the
angle between the magnetic field vector and sample plane) as shown in FIGURE 4-7.
The measurement error introduced in quantities proportional to the Hall voltage
(such as carrier concentration, mobility) is tabulated in TABLE 4-5. Holding the
sample card parallel to the magnet pole faces (perpendicular to the magnetic field) to
within 3 mm (/8 in) over the 65 mm (2.6 in) exposed length of a small sample card,
gives a measurement error of only 0.1%, adequate for many measurements.

1 2 3 4 5 6 8 10
cos B=sino 0.99988 & 0.99953 0.99893 0.99810 = 0.99704 0.99573 0.99240  0.98809
error (%) 0.012 0.047 0.107 0.190 0.296 0.427 0.760 1191

TABLE 4-5 Measurement error contributed by a small sample card tilted with respect to the magnetic
field. Refer to parameter descriptions. The length, L, was taken as 65 mm.

Location of
straight edge lH

foralignment

o Sample card,
small,1x1cm(671-201)
shown with 1 x 1 cm sample

\
wp\e nof™?
Sa

X le—

FIGURE 4-7 Geometry of a sample card tilted relative to the magnetic field

AWARNI NG High voltage can be present at sample terminals. The sample enclosure should be
properly installed and all the cables connected before making a measurement.
For the CE option system, an interlock switch is installed in the header of the sample

module so that the unit will not operate until the sample enclosure is properly installed
and all the cables are connected.

1. Swingthe sample enclosure end of the sample module out of the electromagnet
and lockitin place at either the 45° or horizontal positions.
2. Remove the sample enclosure.
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3. Grasp the sample card by the edges, being careful not to touch the gold-plated
contact fingers.

4. Orientthe sample card so the mounted sample faces the same direction as the
front of the sample module junction box.

5. Alignthe contact fingers with the card edge connector on the bottom end of the
sample module. Check thatthe alignmentkeyin the card edge connectorlines up
with the slotin the sample card.

6. Firmly push the sample card straightinto the connector.

Wiggling the card should be avoided as it canloosen or damage the polarization key in the
card edge connector.

7. Checkthatthe sample card protrudes straight out of the connector by holding a
straight edge against the side of the header block.

4.3.2.2 Room Temperature Operation

This procedure assumes that you have inserted the sample card into the sample
module. The 6 triaxial cables on the sample module have a protective sleeve and a
short section of spiral cable wrap and a tie down clamp near the sample end.

1. Locate the tie down clamp nearthe sample end. Bolt it to the right rear bolt hole
on top of the saddles. This positions the cables close to the sample well where
they will be attached to the sample module.

2. Ifyou have the CE option system, connect the 8-pin connector cable to the sam-
ple module.

3. Insertthe sample enclosure into the module and tighten the two thumb screws.

4. Releasethe T-Lock handle and rotate the sample module rod back to vertical. The
index plunger should lock the sample enclosure in place between the magnet
poles.

5. Checkthe location and orientation of the gaussmeter Hall probe.

6. Runthe Hall system software (Chapter 5) to perform the experiment.

4.3.2.3 Liquid Nitrogen Temperature Operation
Liquid nitrogen sample module operation (77 K) is similar to room temperature
operation.

High voltage can be present at sample terminals. Always install the measurement insert
into the light tight box before making measurements, and stop measurements before
removing the module.

For the CE option system, an interlock switch is installed in the header of the sample
module so that the unit will not operate until the sample enclosure is properly installed
and all the cables are connected. Do not manually exercise the interlock switch pins. It
can be easily contaminated with foreign material that can impair its free movements.

The safety interlock switch may prevent measurements from starting, if moisture is
present on its surface when the module is cooled with liquid nitrogen. Before installing
the sample enclosure, dry any moisture on the measurement components with a clean
tissue or air gun.

This procedure assumes that the sample module is not in the Dewar. If the sample

module isin the Dewar already, first remove the sample enclosure from the Dewar

before rotating to a horizontal position. To do this, hold the sample module rod with

your hand, unscrew the clamping knob, lift the sample module rod up until the

sample enclosure is out of the Dewar, and tighten the clamping knob until the sample

module rod is secured in place.

1. Returnthe sample module to vertical with the sample enclosure above the mag-
net gap.

2. Loosen the clamping knob and lower the module rod until the alignment key
slides into place. The sample enclosure is now inside the Dewar.
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3. Rotate the funnel to the front of the magnet stand.

4. Place the Styrofoam™ cover over the top of the Dewar.

5. Place the rubbertransfer hose through the hole in the Dewar cover.

6. Pourliquid nitrogen into the funnel to fill the Dewar. Wait until the liquid stops
boiling vigorously and the level stabilizes.

7. Checkthe location and orientation of the gaussmeter Hall probe.

8. Runthe Hall system software to perform the experiment (Chapter 5).

9. Refill the Dewar with liquid nitrogen during the experiment as necessary.

Initial cool down Time 5 min to 10 min
(warm Dewar and sample holder) LN, consumption 2L
Subsequent cool downs Time 5min
(cold Dewar, warm sample holder) LN, consumption 1L

Hold time after filling with LN, At 77 K: 30 min to 60 min, depending on sample size

In Dewar S5hto8h
Time to warm sample holder from Out of Dewarin 296 K room air 50 min to 80 min
77Kto 290K Out of Dewar with 1000 W

. 10 min to 20 min
hot air gun

TABLE 4-6 Dewar specifications for the Model 75013 SCSM

4.3.2.4 Sample Card Removal

1. Swingthe sample enclosure end of the sample module out of the electromagnet
and lockitin place at either the 45° or horizontal positions.

2. Remove the sample enclosure.

3. Grasp the sample card by the edges being careful not to touch the gold-plated
contact fingers.

4. Firmly pull the sample card straight out of the connector. Wiggling the card
should be avoided as it can loosen or damage the polarization key in the card
edge connector.

4.4 Model 75014A: The Model 75014A closed cycle refrigerator sample module (CCRSM) features and

I I specifications are given in Chapter 1. Stable operation at a range of temperatures is
Closed Cycle ; . : . :

fri made possible by balancing the cooling power provided by a closed cycle refrigerator
Re rlgerator (CCR) against two heater circuits powered by a temperature controller. An assembly
Sample Module overview isshown in FIGURE 4-9. The Model 75014A consists of these components:
(CCRSM) Option

m  Omniplexcryostat (see FIGURE 4-10 and TABLE 4-7) modified specifically for this
application, including added:

m Rotation stage
m  Flush-fill unit
m  Mounting base plate

Sample insert (FIGURE 4-9)

Compressor for the CCR

Helium gas lines for the CCR

Power booster for a Model 340 loop 2 heater output

Also required for operation of the Model 75014A CCRSM, but not provided:
m  Model 750TC option

m  Vacuum pump

m Helium gas bottle, regulator with 100 psi output

Optional additional equipment:
m  Waterchiller for the CCR compressor
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CCR
compressor

4.4 Model 75014A: Closed Cycle Refrigerator Sample Module (CCRSM) Option

expander

Control loop 1

CCR

He gas lines

Chiller
(optional)

Loop 1 control
sensor (Si diode)
and heater (49 Q)

Vacuum
pump

X

o

[
MM,
VYWV

Control loop 2

Booster

L,
|
|
|
|
|
|
|

Model 340
temperature
controller

:‘\OmniPIex

i vacuum shroud

:/ Loop 2 sample sensor

™~ (Cernox™) and heater (78 Q)
|

FIGURE 4-8 Model 75014A CCRSM operational schematic (the electromagnet and measurement systems are not shown)
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CCRexpander
Sample
insert
Rotation
stage Ie®
Flush/fill hn
unit
==
OmniPlex © BiLakeShoe ©
cryostat
vacuum H["]["]
shroud
|
o
OmniPlex
cryostat tail\
—

FIGURE 4-9 Model 75014A CCRSM assembly overview (view from the front of the magnet):
this is a schematic only; your product may vary slightly

The standard Model 75014A has one 10-pin connector and one 4-pin connector for
temperature measurement and control.

The CE sample module has an additional 8-pin connector, and along with the
connecting cable, it provides the necessary CE safety requirements. Also, an interlock
switch isinstalled in the quarter turn bayonet of the sample module so that the unit
will not operate until the sample enclosure is properly installed and all the cables are
connected.
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4.4 Model 75014A: Closed Cycle Refrigerator Sample Module (CCRSM) Option

DE204SL expander
(OP6) (0P 5) _ /_
Return: Sample well
green access port
N NW 50 (OP 1)
(0P9) —
N
)
DE204SL
Expander
87.6cm
Sample area (34.51in)
access port
Upper | 67.8 cm
radiation (26.71in)
Top view of cryostat shield
-
20.3cm (8.00in) 0.D. —= -—
(3)1/4in-28 UNF x 0.25 in deep ;I 63.3cm
tapped holes eq spaced on / (24.92in)
18.4 cm (7.25 in) dia. B.C. for 7/ l\AI 7
mounting cryostat 25.4cm B N
(10.00in) 0.D. \ [
20.3cm
(8.00in) O.D, Temperature sensor \
(channel A)
loop 1 heater (orP11)
|
34.3cm
[ (13.50in)
|
2.5cm (1.00in) ID sample well
Sample
Loop 2 heater ! center
Bottom view of cryostat | 5 cm (2.0Q in)
2.1cm (0.81in)

i
f 4 L 3.8cm(1.50in) O.D.

FIGURE 4-10 Omniplex cryostat for Model 75014A CCRSM (view from front of electromagnet Newer units have the expander rotated 90°
from the orientation shown, so the connection ports face towards the rear)
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oP-*

Omniplex cryostat

Sample well access port, NW 50 flange, 25.4 mm (1.0 in) clear bore

Vacuum shroud pumpout port, NW 25 flange

Return helium gas connection to compressor (green)

Supply helium gas connection from compressor (red)

Expander power, 4-pin circular connector, from compressor (blue)

Sample well relief valve, 28 kPa (4 psig) cracking pressure

Sample well exchange gas inlet, Swagelok® for 6.35 mm (1/4 in) OD tube

Loop 2 heater (78 Q), 2-pin circular connector (red)

Vacuum shroud relief valve, 28 kPa (4 psig) cracking pressure

Loop 1 temperature sensor and heater (49 Q), 10-pin circular connector (red), see Table 4-12

Tail vacuum shroud

*The locations of the connections listed here are shown in FIGURE 4-19

TABLE 4-7 Omniplex cryostat connection point and interface designations

441 Connecting the The helium exchange gas sample environment requires a source of helium gas
Sample Chamber Flush- (standard grade) with delivery pressure of 600 kPa to 800 kPa (85 to 115 psig). The

Fill Unit

customer supplies the helium gas source. A urethane hose 3 m (10 ft) long and 1/8 in
ID connects to the flush-fill unit. The other end fits a 1/8 in barb fitting. Use a 1/8 in

barb fitting with 1/8 in and 1/4 in NPTM fittings or a quick disconnect to connect to
the helium gas source.

Front

Right side

O

) Short hose

Helium gas outlet
7-14 kPa (1-2 psig)

Helium gas supply

with He gas. Repeat as necessary.

After closing sample chamber, push button

to evacuate chamber, wait for pressure to
reach a minimum, then release button to fill

Sample chamber flush/fill 600-800 kPa (85-115 psig) :|

® @l akeShore @]

«:

T

it

I

Long hose \

sl

FIGURE 4-11 Sample chamber flush fill unit

1. Attachoneendofthe 60 cm (24 in) piece of urethane tubing by pushing onto the
helium gas outlet hose barb on the side of the flush-fill unit.

2. Install the other end of the urethane hose in the 1/4 in ID Swagelok fitting on the
sample well manifold.
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10.
11.
12.

13.

14.

4.4.2 Sample Mountingwiththe Model 75014ACCRSM 61

Remove the 0.75 psig relief valve on the sample well manifold and replace with a
reliefvalve, 4 psig, 1/4 in NPTM (P/N 602-611). Use Teflon® tape to seal the
threads.

Insert the connector end of the long urethane supply hose into the supply inlet
portin the side of the flush-fill unit.

Chain a high pressure helium gas cylinder within reach of the supply hose. The
pressure regulator must be capable of supplying helium gas at a regulated gauge
pressure of 600 kPa to 800 kPa (85 to 115 psi).

Connect the free end of the flush-fill supply hose to the pressure regulator on the
helium cylinder. A 1/8 in NPTM hose barb (P/N 672-274) is supplied along with a
1/8 in NPTF to 1/4 in NPTM adapter bushing (P/N 209-045). You can also use
quick connect fittings.

Verify that the sample well plugisin place.

Set the helium cylinder regulator pressure in the proper 600 kPa to 800 kPa

(85 to 115 psi) range and open any valves to supply helium to the flush-fill unit.
Listen for any leaks or hoses popping off. Check for slow leaks by closing the main
helium supply tank valve and watching the regulator supply pressure gauge. The
pressure should not drop more than 1000 kPa (145 psi) within 10 min and is
more typically one tenth this leak-down rate.

Correct any leakage problems and open the main supply valve.

Stretch a balloon over the relief valve on the sample well manifold.

Push the valve button on the front of the flush-fill unit and check that the pres-
sure drops to about -25 mm Hg (-80 kPa).

Release the valve button. The sample well should fill with helium gas until the
pressure gauge is pegged. If the balloon fills with gas, the sample well pressure
regulator sticking out from the bottom of the flush-fill box is set too high. Other-
wise, use this regulator to increase the sample well pressure until the balloon just
begins to fill, then back off about 1/4 turn.

Briefly press the valve button and try to achieve a sample well pressure of

-5 mm Hg (-15 kPa). If this pressure can be achieved and the sample well does not
refill and pressurize with helium gas, then the sample well regulatoris not set
high enough. Adjust the regulator setting until a stable pressure of -5 mm Hg is
not possible after releasing the valve button, but the balloon does not fill.

14.The flush-fill unit is now ready for loading of the sample insert.

Mount samples by following the Model 75013 SCSM sample mounting instructions
given in section 4.4.2 with the following exceptions:

1.

2.

The sample mounting portion of the Model 75014A sample insertis permanently
attached, not removable like the sample card used in the Model 75013 SCSM.
The sample mountsin the center of a sapphire mounting plate centered between
solder posts. Glue the sapphire mounting plate to the G-10 plate with rubber
cement. Normally, it should not be removed. The solder posts around the sap-
phire mounting plate are not numbered, but are laid out in the same pattern and
orientation as the numbered triaxial bulkhead connectors on the sample Insert
junction box (FIGURE 4-1 and FIGURE 4-9). The figure on the cover of the junction
box shows connections to two common sample geometries (van der Pauw square
and 1-3-3-1 Hall bar).

There is no sample identification space on the Model 75014A sample insert sam-
ple mounting plate. If desired, attach a removable note to the sample insert junc-
tion box with the sample identification and other relevant information.
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443 Operation of the This section provides instructions for the Omniplex top loading exchange gas
Model 75014A CCRSM cryostat. This module is designed for more sophisticated temperature control.

g WARNI NG High voltage can be present at sample terminals. Always install the measurement insert
into the refrigerator before making measurements, and stop measurements before
removing the module.

For the CE option system, an interlock switch is installed in the quarter turn bayonet so
that the unit will not operate until the sample enclosure is properly installed and all the
cables are connected.

4.4.3.1Sample Insert Insertion
Use the procedure below in loading the sample insert to avoid contamination or
condensation from air.

1. Cleanthe sampleinsertofanydustordirt accumulated on its surface. Verify that
the sampleinsert is completely dry.

2. Readythesampleinsert,remove the sample well plug, and carefully insert the
sample insertinto the module.

3. Twistthe sample insertjunction boxin the rotation stage to fully engage the
bayonet lock.

4. Pressthe valve button on the flush/fill unit two or three times. This removes any
air from the sample well and backfills it with helium gas. Any air in the sample
well freezes if the temperature is below about 65 K.

5. Settherotation stage to 0°so the sampleis perpendicularto the applied mag-
netic field.

4.4.3.2 Sample Insert Cable Connections

1. Thefourorsixtriaxial sample cables should already have a protective sleeve plus
ashort section of spiral cable wrap and a tie down clamp near the sample end.
Connect the triaxial sample cables to the sample module.

2. Boltthetie down clamp into the right rear bolt hole on top of the saddles. This
strain relieves the cables, but positions them close to the sample well where they
will be attached to the sampleinsert.

3. Connectthe 10-pincable to the sample module.

4. Ifyou have the CE option system, connect the 8-pin connector cable to the sam-
ple module.

4.4.3.3Vacuum Pump Out Procedure

The customer must supply a vacuum pump to evacuate the sample moduleto a
pressure of 100 Pa (0.1 Torr) or lower prior to initial operation. Vacuum pressure
gauging must be provided or added to the Omniplex. The Omniplex can be removed
and taken to a vacuum pumping station for pumpout.

Pumpout of the vacuum jacket may be required only every few months if the
Omniplexis kept cold and the lowest possible temperatures are not required.
Pumpout of the vacuum space can be performed during operation of the closed cycle
refrigerator (CCR) ifa turbo, turbomolecular, cryo, diffusion or other very low ultimate
pressure (10-5 Pa [10-7 Torr]) dry vacuum pump is used. Pumping during operation
might be necessary for long term (several days) operation to the lowest possible
temperatures or for repeated ramping from low to high temperature limits.
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Follow this procedure for the initial pumpout. This procedure assumes that you are
starting from atmospheric pressure.

1. The Omniplex should be at room temperature forinitial vacuum pumpout.

2. Connectthevacuum line to the vacuum valve on the Omniplex vacuum pumpout
port (OP 2), but do not open the vacuum valve yet. The vacuum valve is either a
plug valve or a diaphragm valve. Use one of these corresponding procedures to
prepare the valve:

m  Plugvalve: seal-off the plug valve Cryolab™ Model SV9-084-5W1 on the
NW 25 flange. Remove the retainer ring from inside the vacuum valve body.
Push the Cryolab™ valve operator onto the seal-off valve body and tighten in
place with a 30.2 mm (13/16 in) wrench kept in the Omniplex tool box. The
vacuum hose provided is 13 mm (¥2in) ID with NW 16 flange connections.
Connect the vacuum hose between the valve operator and the vacuum
pump.

m  Diaphragm valve: the diaphragm valve has a large black knob and NW 25
flanges. The vacuum hose provided is 25 mm (1 in) ID with NW 25 flange
connections. Connect the vacuum hose between the valve operator and the
vacuum pump.

3. Openthevacuum valve using one of these corresponding procedures:

m  Plug valve: push the Cryolab™ valve handle in, and turn it clockwise to screw
into the plug. Pull out on the handle to remove the valve plug.

m  Diaphragm valve: turn the large black knob counterclockwise all the way to
fully open the valve.

4. Startthevacuum pump,and pump outthe Omniplex vacuum space to a pressure
less than 1.3 Pa (10 mTorror 10 pm). If you are using a mechanical vacuum pump
which can backstream oil, pump the minimum time necessary to achieve this
pressure. Dry pumps can be run longer and the vacuum will be cleaner if the sys-
tem is pumped for a day or overnight.

5. Close the vacuum valve using one of these corresponding procedures:

m  Plugvalve: push in the Cryolab™ valve operator handle to insert the valve
plug. Rotate the handle counterclockwise to unscrew the handle from the
plug. Pull the handle back out. Turn off the vacuum pump and vent the
vacuum hose. If desired, remove the valve operator from the valve and
replace the retainer ring and dust cap.

m  Diaphragm valve: turn the large black knob clockwise all the way to fully close
the valve. Turn off the vacuum pump and vent the vacuum hose. If desired,
remove the vacuum hose.

6. Monitor the pressure on the vacuum gauge. The pressure should rise slowly and
level off at a pressure less than about 13 Pa (or 0.1 Torror 100 pm). If the pressure
rises rapidly above this pressure level, a leak or contamination may exist. Test the
system for leaks to isolate the cause of the problem, and repair it. If everything
appears normal, proceed to the next step.

Dry vacuum pumping can continue until no longer desired, but if you are using a
mechanical oil pump, stop pumping before starting the CCR compressor.

4.4.3.4Vacuum Cleanup Procedure
Follow this procedure for vacuum cleanup. This procedure assumes that you are
starting with the sample module already under vacuum.

1. The Omniplex can be atany temperature for vacuum cleanup, buta dry vacuum
pump with low base pressure is required if the Omniplex CCR is operating.

2. Connectthe vacuum hose between the vacuum pump and the vacuum valve on
the Omniplex (OP 2).
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Start the vacuum pump and pump out the vacuum line to a pressure less than
1.3 Pa (10 mTorr [10 pm]).
Open the vacuum valve using one of these corresponding procedures:

m  Plugvalve: push the Cryolab™ valve handlein and turn clockwise to screw into
the plug. Pull out on the handle to remove the valve plug.

m  Diaphragmvalve: turn the large black knob counterclockwise all the way to
fully open the valve.

Pump out the Omniplex vacuum space to a pressure less than 1.3 Pa (10 mTorr
[10 pm]). If you are using a mechanical vacuum pump which can backstream oil,
pump the minimum time necessary to achieve this pressure. Dry pumps can be
run longer and the vacuum will be cleaner if the system is pumped for a day or
overnight.

Close the vacuum valve using one of these corresponding procedures:

m  Plugvalve: push in the Cryolab™ valve operator handle to insert the valve
plug. Rotate the handle counterclockwise to unscrew the handle from the
plug. Pull the handle back out. Turn off the vacuum pump and vent the
vacuum hose. If desired, remove the valve operator from the valve and
replace the retainer ring and dust cap.

m  Diaphragm valve: turn the large black knob clockwise all the way to fully close
the valve. Turn off the vacuum pump and vent the vacuum hose. If desired,
remove the vacuum hose.

Monitor the pressure on the vacuum gauge. The pressure should rise slowly and
level off at a pressure less than about 13 Pa (0.1 Torr [100 pm]). If the pressure
rises rapidly above this pressure level, a leak or contamination may exist. Test the
system for leaks to isolate the cause of the problem, and repair it. If everything
appears normal, proceed to the next step.

Dry vacuum pumping can continue until no longer desired, but if using a mechanical
pump stop pumping before starting the CCR compressor.

4.4.3.5 Cool Down

To begin the cool down, simply start the compressor. During cooldown, check for
condensation on the outside of the Omniplex tail. Condensation indicates that the
vacuum is not good enough and the vacuum pumpout must be repeated. The
cooldown to 15 K should take about 1 hto 2 h.

4.4.3.6 Sample Insert Removal
Use the procedure below to remove a cold sample insert (FIGURE 4-9) from the
Model 75014A CCRSM.

1.

Unplug the triaxial BNC cables from the sample insert junction box. If desired,
leave 10-pin circular connectorin place to monitorthe temperature.

Twist the sample insert junction box in the rotation stage to release the bayonet
lock.

Remove the sample insert quickly from the Omniplex sample well.

Insert the sample well plug and make sure it seals tightly.

Press the flush-fill valve button two or three times to remove the gas (possibly
contaminated with air) from the sample well.

Wait until the sampleinsertis dry before removing or mounting samples. If
desired, you can blow dry it with a hot air gun, but do not overheatit.
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The Model 75016 oven sample module (Model 75016 OSM) features and
specifications are given in Chapter 1. Stable operation at a range of temperatures is
made possible by balancing the cooling power provided by the ambient environment
against two heater circuits powered by a temperature controller. An assembly
overview is shown in FIGURE 4-13.

The outer surface of the oven module around the sample aea can be very hot during
opertion. Do not touch the oven outer surface during operation above 400 K.

The Model 75016 OSM consists of the following components:

Oven body (FIGURE 4-14 and TABLE 4-8)

Rotation stage
Flush-fill unit

Mounting base plate
Sample insert (FIGURE 4-13)
Power booster for a Model 340 loop 2 heater output

Also required for operation of the Model 75016 CCRSM, but notincluded in the
option:
Model 750TC option (only need one Model 750TC for both the CCR and OSM)

Vacuum pump

Reliefvalve ?

Sampleinsert
junction box

| 2-pin cable

.

Y 10-pincable (B)

]
]
Flush
fill
unit
Gas =H
supply -
|
|1
|1
|1
|1
|1
|1
|1
Vacuum
pump

Loop 2 sample
heater (50 Q)
and sensor
(platinum RTD)

:
| :j

Sample well
— omP
4-pin cable (C)

ITh

K

Booster

Model 340
temperature
controller

Loop 1 control

|
|
|
|
|
é\/ ‘:\heater (23 Q)
|
|
|

J~"and sensor

: (type K thermocouple)

Com o — Oven body

FIGURE 4-12 Model 75016 OSM operational schematic (the electromagnet and measurement systems are not shown)
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FIGURE 4-13 Model 75016 OSM assembly overview (view from front of electrmagnet)

Model 7700A Series Hall Measurement System

BLakeShore

NOTE: Rotation stage faces forward,
but oven body shown rotated 90° —
the straight vacuum jacket pumpout
port normally points toward the front.
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Opening 30 mm (1.18 in)

12.7 mm 0B-1
(0.50in)
0B-2
237 mm
0B-3 (9.35in)
25.4mm
| 4 (1.0in)
dl |
"U. 9.7 mm
op.s/ | 38mm (0.38in) 622 mm
(1.5in) 7903'4 (24.5in)
mm
(3.12in)
383 mm
(15.06in)
°
=1
2o
23
55
[ =2
=0
F
50.8 mm =0
102 mm (2.00in) S5
(4.0in) <o
(heated g
length) 50.8 mm
(2.00in)
50.3mm
33mm (1.98in)
(1.30in) ref.
@35 mm 2.3mm
(1.3751in) (0.090in)

FIGURE 4-14 Oven body for the Model 75016 OSM

The standard sample module has one 10-pin connector and one 4-pin connector for
temperature measurement and control.

For the CE option system, the sample module has an additional 8-pin connector and
along with the connecting cable it provides the necessary CE safety requirements.
Also,aninterlock switchisinstalled in the quarter turn bayonet of the sample module
so that the unit will not operate until the sample enclosure is properly installed and
all the cables are connected.
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4.5.1 Connecting the
Sample Chamber Flush-
Fill Unit

4.5.2 Sample Mounting
with the Model 75016
OSM

4.5.3 Operation of the
Model 75016 OSM

AWARNING

(o]: Bid Oven Body
Sample well access port, NW 50 flange, 19.1 mm (0.75 in) clear bore

Sample well exchange gas inlet, Swagelok® for 6.35 mm (1/4 in) OD tube
Vacuum pumpout port, 9.52 mm (3/gin) OD tube
5 Loop 1 temperature sensor and heater (23 Q), 4-pin circular connector (red)
*The locations of the connections listed here are shown in FIGURE 4-14.

B
1
2 Sample well relief valve, 28 kPa (4 psig) cracking pressure
3
4

TABLE 4-8 Model 75016 OSM oven body connection point and interface designations

Refer to section 4.5.1 to connect the sample chamber flush-fill unit properly.

Mount samples by following the Model 75013 SCSM prober sample card sample
mounting instructions given in section 4.3.1.3 with the following exceptions:

1. Thesample mounting portion of the Model 75016 sample insertis permanently
attached, not removable like the prober sample card used in the Model 75013
SCSM.

2. Thesample mountsin the center of a sapphire mounting plate that is centered
between solder posts. The solder posts around the sapphire mounting plate are
not numbered, but are laid outin the same pattern and orientation as the num-
bered triaxial bulkhead connectors on the sample insert junction box (FIGURE 4-
12).The figure on the cover of the junction box shows connections to two com-
mon sample geometries (van der Pauw square and 1-3-3-1 Hall bar).

There is no sample identification space on the Model 75016 sample insert sample
mounting plate. If desired, attach a removable note to the sample insert junction box
with the sampleidentification and other relevant information.

This section provides instructions for using the Model 75016 top loading oven.

High voltage can be present at sample terminals. Always install the measurementinsert
into the oven before making measurements, and stop measurements before removing
the module.

For the CE option system, an interlock switch is installed in the quarter turn bayonet so
that the unit will not operate until the sample enclosure is properly installed and all the
cables are connected.

4.5.3.1 Sample Insert Insertion

Use the procedure below in loading the sample insert to avoid contamination or
condensation from air.

1. Cleanthe sampleinserttoremove any dust ordirt accumulated on its surface.
Verify that the sample insertis dry.

2. Readythe sample module, remove the sample well plug, and carefully insert the
sampleinsert.

3. Twistthe sampleinsertjunction boxin the rotation stage to fully engage the bay-
onet lock.

4. Pressthevalve button on the flush-fill unit two or three times. This removes any
air from the sample well and backfills it with argon gas.

5. Settherotation stage to 0° so the sample is perpendicular to the applied mag-
netic field.
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4.5.3.2 Sample Insert Cable Connections

1. Thefourorsixtriaxial sample cables should already have a protective sleeve plus
ashort section of spiral cable wrap and a tie down clamp near the sample end.
Connect the triaxial sample cable to the sample module.

2. Boltthetie down clamp into the right rear bolt hole on top of the saddles. This
strain relieves the cables, but positions them close to the sample well where they
will be attached to the sampleinsert.

3. Connectthe 10-pin cable tothe sample insert.

4. Forthe CE option system, connect the 8-pin connector cable to the sample mod-
ule.

4.5.3.3 Vacuum Pump Out Procedure

The customer must supply a vacuum pump to evacuate the sample moduleto a
pressure of 0.1 Pa (7x10-4 Torr) or lower prior to initial operation. Vacuum pressure
gauging must be provided or added to the oven. The oven must be pumped
continuously during operation.

1. Theovenshould be at room temperature forinitial vacuum pumpout.

2. Connectthevacuum line to the oven vacuum pumpout port (OB-4).

3. Theotherend of the vacuum line has an NW 25 flange attached. Connect the
flanged end to a vacuum pump.

4. Startthevacuum pump and pump out the oven vacuum space to a pressure less
than 1 Pa (7x10-3 Torr). If you are using a mechanical vacuum pump which can
backstream oil, a trap must be used. Dry pumps can be run longer and the vac-
uum will be cleaner.

4.5.3.4 Sample Insert Removal
Use this procedure to remove a sample insert from the Model 75016 OSM.

1. Waituntil the sample insert temperature is below 350 K before removing it.

2. Unplug the triaxial BNC cables from the sample insert junction box. If desired,
leave the 10-pin circular connector in place to monitortemperature.

3. Twistthe sampleinsertjunction boxin the rotation stage to release the bayonet
lock.

4. Remove the sample insert from the oven sample well.

Insert the sample well plug and verify that it seals tightly.

6. Pressthe flush-fill valve button two or three times to remove the gas (possibly
contaminated with air) from the sample well.

v

The configuration utility shipped with the system allows for you to change hardware
configurations that do not normally need changed. This section describes the use of
the configurator to set up the temperature control parameters. The configurator can
be run from the HMS start menu under the program section of the system start menu.
All the temperature measurement option setups are similar.

There are many parameters of the system that determine stability of the temperature
control. This section allows you to change the default parameters. This section also
allows you to change some default settings of the temperature controller.

FIGURE 4-15 shows the first page of the temperature options. The most useful entry
on this screenis the curve number of the sample sensor. For most experiments, the
sample sensoris connected to the Binput of the Model 340. Itis the temperature
sensor mounted closest to the sample and is the control sensor for the loop 2 heater.

FIGURE 4-16 shows the second page of the controller setup. On this page, the A

channel sensorisdefined and the control setup and control limits for both heaters are
determined. Also on this page is a check box to determine the state of the heaters
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when the software exits. To turn the heaters off every time the software exits, select
the box. If the box is not selected, the heaters will be left on as the software exits.

)—_f Lake Shore Hall Measurement System Configuration - Page 6 (Tempe il

File Help
v Use with LS 340 Temperature Controller. LS 340 must he setto IEEE address 14,

—L3 340 Front Panel Display ltems

MNumber of ltems: |2 VI

Sarmple Module: ||:|DW Cryostat LI

r Sample sensor monitar only

(Mo Temperature control) Ma. Ch. ltem
— Sample Sensaor Setups 1 |a LI Temp K LI
Channal: IB vl I 2 IEI ﬂ|Temp K j
Sensor Type: ICeme j

Curve Mo lzz—

v Use Filter (default On)
Enter wvalue from £ to

Paints: |1D G4. Defaultis 10.

Wlindiowe |1 Enterwalue from 1 to
10. Defaultis 1 [*2].
Cantral Loop Displays: IElDth 'l
Heat Displ
Thermal EMF Compensation: On - ey
& Power 1 Current

™ Log Status Data To "temperaturecontrollerlog bt File.

(Do not check. This option is for diagnostic purposes anly.)
< Back Dlext > Cancel

FIGURE 4-15 Temperature options

)-_" ake Shore Hall Measurement System Configuration - Page 7 (Tempel il
File  Help
—Loop 1 Control Setup——————— —Loop 1 Input Setup————— —Loop 2 Control Setup
Setpoint Unit: ITemp K vl Channel: IA vl Setpoint Unit: ITemp K vl
- IUze filtered readings for control Sensor I—_, - IUse filtered readings for control
(clefault Off) () Type: Cemex h [default Off) (%)
Heater
Fesistance: ISD [ohm] Curve No.: I:21
—Control Limits——————————— — Use Filter (default On) ~ — Contral Limits
Setpoint . Setpaint
Lifnit 400 (K] Faints: |1 0 Lirnit 400 (K]

e Pos. . Enterwvalue fram 2 to B4, tax Fos. .
Slope: ID [*] Defaultis 10. Slope: ID [*]
Max. Meg. . Window: |1 Max. Neg. .
Slope: ID [%] Slope: ID [%]

Enterwalue from 1 to 10,

e 1 0[] v Defaultis 1 [%].
Current;

Max. Heater I l Thermall EMF
S0.00W] = on = v Power Booster

Fange: Compensation:

(*) This setting works with the LS 340 Master

V¥ Shutdown heater atthe end of the software. : :
firmware wersion 01.03.06 ar newer only.

< Back Cancel

FIGURE 4-16 Controller setup
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The HMS software is designed to provide a stable temperature environment for the
samples using various temperature options and the Lake Shore Model 340
temperature controller. The software has default parameters to determine control
and settle criteria. This section describes how the software defines the settle criteria.
The next section shows how the users can change the parameters of the control and
settle criteria.

Every standard Lake Shore temperature option for the HMS systems has two sensors
and two heaters. The first heater, called the loop 1 heater, is always the higher power
heater and uses one of the two sensors, called loop 1 control sensor, to control the
temperature. The loop 1 control sensoris mounted near the loop 1 heater.

The second sensor, called the sample sensor, and heater, called the loop 2 heater, is
mounted near the sample. This smaller heater is used to precisely control the
temperature of the sample.

FIGURE 4-17 shows sample sensor temperature during a temperature change.
Initially the set point of both loop 1 and loop 2 is changed from the initial
temperature to the final set point at a constant rate. This is shown as time t1 to time
t2inthefigure.Adesignated wait time is observed (shownast2 tot3in FIGURE 4-17).
At this time the temperature drift, time derivative of the sample sensor temperature,
is calculated along with the difference between the sample sensor temperature and
thefinal set point. When the driftis less than a specified amount (attime t4 in FIGURE
4-17) and when the difference is less than the temperature band (at time t5in
FIGURE 4-17) the temperature is considered to have settled and a measurement can
be obtained.

A Wait
time . .
-— /Waltfortemperature drift
Temperature g
band~,_ ... . i T
o DA
3 .
5 Setpoint
9 \ Temperature settle
= happens here
K,
Sample
temperature
t t ts tots >
Time

FIGURE 4-17 Sample sensor temperature during a temperature change

As we have seen from the previous section there are 4 parameters that determine the
settle criteria:

m  Ramp rate: the rate, in degree/min, that the setpoint changes from the initial set-
point to the final setpoint.

m Settle wait time: the time, in minutes, to wait after the final setpoint is reached.
This value can be zero.

m  Settle temperature drift: the drift rate, in degree/min. The drift of the temperature
must be less than this value for settle to be met. If this value is large (10°/min),
then this criteria is essentially not used.
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m  Settle temperature band: when settle criteria is met, the temperature will be within
the settle band and the drift will be less than the settle temperature drift. If the
temperature band is large (10°) then this criteria is essentially not used.

In addition, there are parameters for the temperature controller. These parameters
define how control of the temperature is obtained. These include:

m Loop 1PID (gain, reset,and rate) values

Loop 2 PID (gain, reset, and rate) values

Loop 1 heater range

The difference between the loop 1 setpoint and loop 2 setpoint.

The setting of the needle valve to determine the flow through the cryostat.

These parameters depend on temperature. They are maintained by the configuration
utility in structures called domains. Adomain is defined with a beginning
temperature and an end temperature. In addition, different parameters can be
defined for ascending (heating) directions and descending (cooling) directions.
FIGURE 4-18 shows the domain tables in the configuration utility.

)—_f Lake Shore Hall Measurement System Configuration - Page 8 ( il

File  Domain  Help

Temperature Domains

No. | Direction Temp. Tn_amp. Ramp Rate |Loop1 Loop 1 |Loop 1 |Loop 1 |Loop 1 Setp |Loop
Low [K] High [K] | [K/min] Heater P | D Dffset [K] Heate
1|Ascending 1] z 100 5.0 ] 100 200 1] 0{Cn
2|Ascending 2 | 100 5.0 ] 100 200 ] 0{Cn
3|Ascending G 12 100 5.0 W] 100 10a 1] 0{On
4| Ascending 12 al 100 5.0 ] 300 200 1] 0{Cn
5|Ascending 50 76 50 50.0 [ 300 200 1] 0{Cn
6| Ascending 76 300 20 50.0 Pw] 300 200 1] 0{Cn
?|Ascending 300 1000 10 50.0 [ 300 200 ] 0{Cn
8| Descending 0 2 1 5.0 W] 100 200 0 0]On
4| Descending 2 b 2 5.0 [ 100 200 0 0] On
10| Descending G 12 5 5.0 W] 100 10a 1] 0{On
11| Descending 12 al 2 5.0 ] 300 200 1] 0{Cn
12| Descending 50 120 2 50.0 [ 300 200 1] 0{Cn
13| Descending 120 1000 z 50.0 [w] 300 200 1] 0{COn
<] | 2

Total number of Domains: I 13 <Back

Cancel |

FIGURE 4-18 Domain tables in the configuration utility
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To modify a domain click on the domain, the window in FIGURE 4-19 will open.

A& Edit Temperature Domain No. 5 il
— Temperature Range [K]—————————
Loy High Famp Rate [K/minute]: |ED
I5|J 7 —Settle criteria.
Wait Ti inutes]:
Bliaiia ait Time [minutes] 0
Temperature Drift 01
—Loop 1 control parameters [K/minute]:
=% 300 Temperature Band [K]: 05
I 200 v Enable Seftle Time Out
D- . Feriod [minutes]: 100
Heater Fange: 50.0 [w] vl

Setpoint Offset: |u —LHe transter control parameters —————————
—Meedle Valve Postion—————————

—Loop 2 control parameters—————————— During ramp: 0
F: 200 After ramp: 0
I 100
' — sample Space Evacuation Yake
(D5 0 During ramp:  Open & Close
At . .
Heater: & On & Off L ® Ofen (9 ey

[0]:4 Cancel |

FIGURE 4-19 Domain edit window
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EdChapter 5: Software Operation

5.1 General

5.2 Starting the
Software

AWARNING

The software for the Hall Measurement System (HMS) allows for completely auto-
matic operation of the measurements. It is possible to take a wide variety of measure-
ments using a wide variety of materials. The possible measurementsinclude IV
curves, variable field, and variable temperature measurements. The software pro-
vides the interface to define setup files and sample definitions, and it records results
in a results file. These give the user flexibility in defining measurements and the abil-
ity to rerun a setup with different samples, or different setups with the same sample.
The HMS software icon is shown in FIGURE 5-1.

FIGURE 5-1 HMS
software icon

The USB KeyLok dongle must be installed in one of the computer USB ports for the soft-
ware to work properly. An invalid software key error will be logged in the system log area
if the dongle is not present.

When you click on the icon, the software starts and this warning appears:

Lake Shore Hall Measurement S

Caution: High voltage may be present at the sample contacts.

Use of the light tight box or temperature option hardware to
cover the sample contacts is required.

oK

FIGURE 5-2 Initial warning box

High voltages can be present at sample terminals. Always install the light-tight box onto
the measurementinsert before making measurements, and stop measurements before
removing the module. Use caution and read all the safety information in this manual.

Click OK to continue. The main HMS screen for the HMS software is shown in
FIGURE 5-3 with the major areas identified. Section 5.4.1 describes how to use the
main HMS screen.

For the Hall system with the CE option, there will be no current delivered to the sample
area, thus, the measurement data collected will be invalid if the safety hardware like the
light tight box is not used.
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Creation, recall, and saving buttons Automatic operation buttons Manual operation buttons

DENS Measurement] - Lake Shore Hall Measurement System =l=x|
Fiz Edt View |
New comt <«——Tool
Measurament] | Comments i | System Logs | bar
=M Sample Type . d LI
L9 Navigator:
3 Locammere & User comment area System
\ shows the lo
. garea .
Data currentsetup | =l o2
rid | |
8 N |
\\ 10
=
9
N :
AN g B
A : 5 5 Graphical
L ~display of -
3 5 data
6 : i
2
Etatus 0'::::::.:i[:::]::::::::[::::::::::::]::::]::::
ar v 0 1 2 3 4 5 6 7 s 9 10
\sm . [ zanmc) ¥/ CINGE
"current measurement step _ _ / .
Field reading Temperature reading
FIGURE 5-3 The main HMS screen with major areas identified
The normal operation is to either define a new sample and new setup to execute, or to
recall an existing setup to execute with a new or existing sample. Section 5.3 through
section 5.12 will describe the operation of the software.
5.3 The Samp|e Asample definition file holds basic sample identification information. You can store
File: Deﬁning sample dimensions, sample geometry, lot tracking, or other information to identify
X . the sample in the sample definition file.
Sample Physical
Parameters Each sample can have its own sample definition. For a van der Pauw sample the only

required information for the sample definition is the thickness. For Hall bar samples,
additional geometric values are required depending on the specific Hall bar geome-
try. Comments entered in the sample definition file are copied into the result file for
any measurement this sample is attached to. A Hall factor for the sample can be
entered in this file; the default value is 1. For a more complete discussion for the Hall
factor see Appendix A.
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te=01 cm

Lx=15%t

L iz the smaller of 1-2 or 2-3.

Ve

Tez

5.3.1 TheSampleFileScreen 77

The sample file screen is divided into components that help you to define your sam-
ple. This list describes each component of the sample file screen. FIGURE 5-4 shows
animage of the sample file screen.

C:Program Files\Hall Measurement System',Sample #5245 800 micron thicknes

—Sample Type

¥ wan der Pauw

' Hall Bar [1-2-21]
¢ Hall Bar [1-3-31]
¢ Hall Bar [1-3-1-1) @

M ounting side:

& Side A

—Hall Calculation parameters

Commerts:

Sample #5245 800 micran thick.
Thig will be bulk. material properties

Kl

Save Ag | Save

Hall Factor: 1
t= 0wl calculate k& |00.0 um
sheet values only. L 50 o
L is the smaller of 1-2 ar 2-3,
@
" Side B
MCheck ASTH™
. complia
;I —1 Use Depletion Layer Carection for [AlGabs —
¢ Gaks  AlGaks
Relative Permeability: 123
= Chromium Trap Level: 075 &Y
LI—I Chromiurm Trap Dengity: 1E+16 fen?
Gads Surface Barmier: 0e &Y
Cloze |

FIGURE 5-4 Sample definition screen

Sample type: select the sample geometry in this section. Refer to Appendix Afor a

definition of each type

Hall calculation parameters: enter the physical parameterin this section. Refer to
Appendix A for more information.

Check ASTM compliance:

m vander Pauw samples: the requirements are that the thickness is less than
1 mm and thelengthis greaterthan 15 x thickness. ASTM compliance check
ensures that the assumption of 2D current flow can be met (FIGURE 5-5)

m Hall barsamples: ASTM compliance check ensures that the error assuming a
1D current flow will be small (FIGURE 5-5)

Comments: these comments are also saved in the results file for the measure-
ments in which you select this sample file
Use depletion layer correction for AIGaAs

van der Pauw Geometry Check (ASTM F76-86

Hall Bar 1-2-2-1 Geometry Check (ASTM F76

te¢=01 cm Yes
lcocm<=L<=15cm Tes -
I at—l:u—m:at—
Ly=5*w |7 h1 a
w3 Ve @5 s
L-bj/25=2w |7 e
pr=01 cm Tes @ A
b=a+-0005cm | '

FIGURE 5-5 Left: ASTM compliance check window for a van der Pauw sample;

Right: ASTM compliance check window for a Hall bar sample
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5.3.2 Default Sample
Definition File

5.3.3 Defininga Sample
Definition File: An
Example

5.4 The Setup File:
Using the
Navigator to
Define and Control
Measurements

5.4.1 Using the
Navigator

The system defines a default sample definition that is used if no sample definition is
selected when the setup file is defined. The thickness in the default sample definition
is 0. This means that only sheet values of the conductivity and Hall coefficient will be
calculated. After a measurement is complete, the thickness can be entered and the
results recalculated. At that time the bulk values of the resistivity and Hall coefficient
displays.

Suppose you have ten different samples of a compound semiconductor, each with a
different thickness, from bulk material to thin film. You want to measure the mobility
of each of the samples to produce a plot of mobility versus thickness. You need to take
the measurementat 77 K.

To do this, you will measure the Hall coefficient and resistivity. The mobility is the
ratio of the Hall coefficient to the resistivity. To make sure there is no field depen-
dency in the material, measure at five different fields between 2000 G and 10000 G.
Since you will be doing the same experiment ten times, on ten different samples,
define one setup for the field profile and measurement, and ten sample definitions,
one foreach sample, each with a different thickness (refer to section 5.3.1. to define a
sample file). Each of the samples will be a van der Pauw configuration. FIGURE 5-4
shows the sample definition window for one of the samples. FIGURE 5-5 shows the
ASTM compliance check windows for this sample.

The software is designed to allow the user to define experiments that contain at least
one step. Astep is a description of all the setup parameters required to perform a
measurement. Forinstance, a step may be to perform an IV curve, or to perform a
variable temperature experiment. This information can be stored in a setup file for
later use.

For each sample, IV curves should be taken to confirm the quality of the contacts, and
resistivity and the Hall coefficient measured at 5 points between 2000 G and

10000 G. To easily create, modify, and store these steps an experiment navigator is
included in the software. It uses an Explorer® type interface.

Selecting New Setup on the menu creates the basic setup in FIGURE 5-6.

E--8 Sample Type
ST /i Cler Pl
%, Measurements
Fresentations

FIGURE 5-6 A basic
measurement
in the navigator
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Right-clicking on Measurements brings up the menu of measurements that can be
added to the setup (FIGURE 5-7). Measurements that are grayed out are not sup-
ported in this configuration of the system.

fdd Go Eo Temperature, , .

Add Go to Field. ..

Add Wait Time. ..

fdd Contact Formation, ..

add IV Curve Measurement, ..

#dd Yariable Field Measurement. ..

add variable Temperature Measurement, ..

FPaste Measurement

FIGURE 5-7 List of available measurements

Measurement types control the environment of the samples such as the temperature
(go to temperature) and the field (go to field). The user can define the measurements
performed on the sample, such as add IV curve, add variable field, or add variable
temperature. Measurements can be copied to the clipboard and pasted from the clip-
board into the navigator. FIGURE 5-8 shows the options which are found by right-
clicking any measurement step.

teasurement] | ‘ Comments ‘ |_

=88 Sample Type ;I
I

H wan der Pauw
& % Measurements
= ep 1: Go to Fiel

; Ingert Measurement EEER I ENENCR N Go to Temperature. .
2 St‘ep a1 Curwe Measy| FasmEeasUrment » o After this Measurement  *  Goto Feld. .

H =] Selups Walt Time. ..
| 58 Siep 3 Variable Field v ReMove MeasUrement Del Cortact Formaton...
.73 Setups Copy Measurement

I Curve Measurement...

Maorve Upward cirl+U Wariable Field Measurament. .

Mave Dowrmard Cirl+o Warlable Temperature Measurement..
| Shut down heater

o (#] Presentations

FIGURE 5-8 These menus are activated by right-clicking on any measurement step.

Input boxes with a yellow background are found throughout the software. These
boxes are called scaled input boxes. Every yellow box will have a gray label associated
with it that contains a unit. By use of numbers and letters, values can be easily and
naturally entered over a wide dynamic range. For instance, to enter a current of

1.5 pA, the input would be 1.5p. To enter 1.5 pA use 1.5u. The following lists the
acceptable multipliers.

a=10-18
f=10-15
p=10-12
A=10-10
n=10"9
u=10¢
m =103
=102
space=100
k=103
M =106
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5.4.3 How to Use the
Automatic Operation
Buttons

These designations are case sensitive; enter them exactly as indicated above. For
example, to entera maximum field of 25 kOe, type 25k; to enter 25 MOe, type 25M; to
enter 10 minutes, type 10m. Press tab after entering a value to advance to the next
field. The displayed base units automatically change to reflect the multiplier. Enter
only avalue with no multiplier and the units on the right side of this text box scale
appropriately.

The automatic operation buttons have three states. One iswhen a the systemiisidle
(FIGURE 5-9), anotheris during a measurement (FIGURE 5-10), the third isduring a
temperature or field ramp (FIGURE 5-11).

3 | > [}

Start Mext Step | Dwverride Sefp| | Panic Abort
FIGURE 5-9 State of the automatic operation buttons when
the system is idle

2 ] B> ]

Stop Mext Step | Cwerride Sefp|  Panic Abort
FIGURE 5-10 State of the automatic operation buttons
during a measurement

2 H b ]
Stop Mext Step | Owerride Setp|  Fanic Abart

FIGURE5-11 State of the automatic operation buttons
during a temperature or field amp

Inall three states clicking Panic Abort will stop all measurementsthatare in progress,
turn off all heaters if temperature control is present, and turn off the magnet power
supply output. Thisisintended to be used only if some major problem has occurred
and the measurement must be aborted immediately and loss of data is acceptable.

Ifthe systemisin theidle state, clicking Start will begin the current setup. If the setup
has not been saved, or there is unsaved data from a previous measurement, you will
be prompted to save the information.

Clicking Stop will halt the current measurement, and ramp the field to 0. All data col-
lected before Stop was clicked, is available for viewing and can be saved.

Clicking Next Step causes the current step in a setup to be aborted and the next step
in the list begins execution. This might be used if a wait time step is included in the
measurement, but you wish to skip over the wait.

Clicking Override Setp (Override setpoint) is available only during field or tempera-
ture ramps. Clicking this button will stop the ramp atits current value and declare
that the temperature (or field) has settled to its final value.
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For our samples, we will measure the IV curves at zero field and do a variable field
measurement. FIGURE 5-12 shows the navigator after adding these measurements.

=0 Sample Type

D Sample 14; van der Pauw
D Sample 24; van der PaLw
D Sample 1B: van der Pauw
D Sample 2B: wan der Pauw
=+ Measuements

=-{1 Step 1: Go to Field 0.0 [ G]

© L] Setups

ED Step 2 IV Curve Measurement
i ] Setups

E|{:| Step 3 Yanable Field Measurement

{7 Presentations

FIGURE 5-12 This measurement will measure IV curves at zero field
and do a variable field measurement

Clicking on the setup for each step will allow you to set the parameters for each indi-
vidual step.

When an experiment is executed the user selects a sample definition. The informa-
tion in the sample definition is used to calculate the results of the experiment. The
results are stored in a results file. The results file contains the sample definition file
(section 5.3), the setup file (section 5.4),and the measurement results. This allows
the user to recall a result file and re-run the experiment. Or the user can change the
physical parameters and recalculate the results of a measurement. The results file
also contains the system log file (section 5.6.2.3)

The raw text data for the measurement results is collected in the data grid on the left
portion of the main HMS screen. The raw text data contains the instrument readings,
contact connections, and the hardware error conditions (section 5.8.6 and section
5.8.7).To access all of the raw text data, use the horizontal scroll bar to navigate
across the data grid. The results are graphically displayed as a plot next to the data
grid on the main HMS screen, and the plot graphics can be exported as various types
of files (section 5.11.1). The text data grid can be saved as a text file (section 5.12).
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FIGURE 5-13 Example of the main HMS screen with results for a voltage tracking experiment

5.6 IV Curves: IV curves can be used to identify a bad contact on a sample. This experiment appliesa
. current to a pair of contacts and the voltage is read, usually across the same contacts.
CharaCtenzmg the If the contactis ohmic, the IV curves will be straight lines. The quality of contacts

Quallty of the depends on more than just ohmic behavior.

Contacts on the

Sample

5.6.1Creating a Setup Foravan der Pauw sample,a minimum of two contact pairs should be measured. Typ-
File for an IV Curve ically this could be R12,12 and R34,34. If both of these contact pairs are ohmic then

the sampleis acceptable. If one or both are non-ohmic then two additional pairs
(R23,23 and R41,41) should be measured. If there is only one non-ohmic contact, this
procedure uniquely identifies it. With the software, all four configurations (R12,12,
R23,23,R34,34 and R41,41) can be measured in a single measurement step.
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Inthe navigator, select IV curve measurement, go to field, and go to temperature. The
IV curve setup window to measure four contact pairs is shown in FIGURE 5-14. Exe-
cuting this single step will generate 4 individual IV curves. By using the go to field and
go to temperature steps, IV curves can be run at any temperature and field.

% IV Curve Measurement Setups @

Entercontacts
here ——
and click add

to add them to
the list

Clickthis—__5  Add Default Contacts > ‘

buttontoadd
all 4 contacts
currentlyin
the list

to measure
Contact Pairs Current Excitation of the
S — measurement
R1212 ; i
S il R23.23 Starting Current: | 1.0 | mA /
Enter contact numbers in R34,34 Ending Current: I1 0 | mé
the following order. R41.41 5000 o
I+, |-, W+, V- Current Step: I : |
B 2 S
Example: 1234 Dwelltime: [ |

1+=1,1-=2, V+=3, V-=4

Number of current points: I 1

Resistance Range
 Low " High [ >> 100kohm)

[

Select a contact from the list
and click here to remove the

contact from the list oK Cancel |

FIGURE 5-14 The IV curve setup window to measure 4 contact pairs: executing this single step will generate four individual IV curves.
By using the go to field and go to temperature steps, IV curves can be run at any temperature and field.

5.6.2 Running IV Curves
and Obtaining Results

Click on Start to begin the measurement. The data will be displayed in real time on
both the graphics display and the data grid. When one contact has finished and the
next contact begins, the system does not automatically switch displays. Click on any
tabin the data grid to display the data.

5.6.2.1The IV Curve Plot

Plots for the IV curve are made on the plotting chartin the main HMS screen.
FIGURE 5-15 shows the IV curve from one of the contacts on a boron doped silicon
sample. The contact was 12,12, the best fit straight line has a slope 0f 16.4 Q and an
intercept of 0.048 V. Since this is a two wire measurement, the 16 Q includes the
resistance of the wires from the matrix switch card to the samples. The correlation
coefficient of the fit is 0.998.
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-109.897, -0.057

Step 1: IV Curve Measurement

Sarple 184

W = 16.404 [ohm] * | + 48.188 [mv]

Rlz,132

Correlation = 0.998348

WVaoltage [V]

18 Joot ..
10 ot
L I

0.0 o EOUp USRI

Bl Bl Al i Rtk nliti il Rl

A0 el

Curr

et [mA)

FIGURE 5-15 An IV curve for a boron doped silicon sample

5.6.2.2 The Data Grid for the IV Curve
The main HMS screen includes a data grid that populates as you take a measurement.
FIGURE 5-16 shows the data grid from the IV experiment in FIGURE 5-14, with the
individual current settings, and voltage and field readings. The resistance values are
simply computed from V/I. By clicking on the tabs at the top of the data grid, any of the
four measured contacts displays.

R1212 | Rz3.23 | R34.34 | R41.41 |

Point | Cumrent Yoltage Resistance Field
1 -100.0 [mé) -1.602 [V] 15.015358 [ohm] 230.0 [mi]
2 -80.0 [mé) 1,242 V] 15.524893 [ohm] 220.0 [mi]
3 0.0 [mA]|  -971.875 [mi] 16.197912 [ohm] -1.97 [ 5G]
4 400 [mA)|  -635.594 [mi] 17.139861 [ohm] 230.0 [mi]
5 200[ma)|  -372.71 [mv] 18.635505 [ohm] 220.0 [mi]
] 0.0[4] -2.813 [uv] -60.0 [miE]
7 20.0 [ma]] 422 696 [my] 21.1:34806 [ohm] -1.3[G]
8 40.0 [ma]]  775.919 [my] 15.397976 [ohm] 1.22[1G6]
9 £0.0 [md)] 1.087 [v] 18.109773 [ohm] 220.0 [mi]
10 80.0 [mad)] 1.373 V] 17167808 [ohm] 220.0 [mi]
11 100.0 ] 1.645 [v] 16451508 [ohm] £0.0 [mi]

FIGURE 5-16 The data grid from the IV experiment in figure 5-14.
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5.6.2.3 The System Log File

The system also logs all events during a measurement, and stores them in the system
log file. The user has the option to overwrite the system log file foreach measurement
or to append each measurement onto the existing log file.

Starting Meazurement - Meazurement]

Step 1: IW Curve Meazurement
Start Time:  B/26/2002 3:27:30 P
Started meazuring Sample 14 B1212  BA26/2002 3:27-33 PM
Started measzuring Sample 14 R23.23  5/A26/2002 3:28:00 Pk
Started measzuring Sample 14: B34,.34  5/26/2002 3:28:27 PM
Started measuring Sample 14: B41.41  5/A26/2002 3:28:53 PM
Time Completed:  B/26/2002 3:29:17 P
Elapsed Time: 0:1:47

Total Elapzed Time: 0:1:47

FIGURE 5-17 System log file for the IV measurement: the start time
for each of the contacts is recorded in the system log file

Variable field experiments are used, for instance, to determine the field dependency
of magneto-transport properties. Defining the setup file for a variable field experi-
ment involves three main functions, defining the field profile, defining the method
and type of transport properties to measure, and defining the current excitation.

¥Yariable Field Measurement - Field Profile

r— Field Sweep Type

Field E:__I‘H bl aimunn Field: 100 48
Avg'd | = Linear Sweep og B 1.0 kG
("’J- A 9 with Field B everszal blem it
B- Field Step: 1.0 =
Direction

,f" % Pogitive to Negative
-~

Li 5 . o
=LY SHERE = Megative to Positive

Hysteresis

-~ Total Mumber of Field Points: I 20

Full Hysteresis

£ Custarm

[Cuztarn
with Field Fewverzal Mest > Cancel

FIGURE 5-18 Field profile screen
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5.7.1 Defining the Field The field profile starts with defining the field sweep type. For most semiconductor
Profile for Variable Field characterizations, linear sweep with field reversal is the preferred method. Linear

Experiments

sweeps are used for M(R) measurements, and hysteresis loops are used to measure
the anomalous Hall effect in ferromagnets and dilute magnetic semiconductors.

5.7.1.1Field Sweep Type

There are four field sweep types in the field profile. The field points defined by the
setup depend on the type of field sweep.

Model 7700A Hall Measurement System

Linear sweep with field reversal: for most semiconductor characterization, linear
sweep with field reversal is the preferred method. Real world measurement of
Hall voltage will always contain a contribution from the resistivity of the mate-
rial, rather than just the Hall voltage. Since the Hall voltage will change sign
when the magnetic field reverses, but the voltage from the resistivity will not
change sign, measurements at both positive field and negative field can separate
the effect. The field points for this field sweep type consist of the following:

a. maximum field (+A) to minimum field (+B) by a user-defined field step
b. minimum field (-B) to maximum field (—A) by the user-defined field step

Linear sweep: this sweep type would be used for magneto-resistance (M(R)) mea-
surements. For these experiments the resistivity, or more typically the four wire
resistance, would be measured as a function of field. Often in the case of four wire
resistance, the contacts are probes arranged in a linear geometry. No field aver-
aging is done in this case. The field points for this field sweep type consists of:
maximum field (+A) to minumum field (+B) by a user-defined field step.

Hysteresis: this sweep type is used to measure the anomalous Hall effect in ferro-
magnets, ferromagnetic semiconductors, and dilute magnetic semiconductors.
Typically in this case field averaging is done with the positive or negative field on
the increasing field sweep, and the negative or positive field on the decreasing
sweep. This is required because the magnetization of the sample, in addition to
the applied field, contributes to the Hall voltage. This method assumes that Mup
sweep(H) = -Mdown sweep(-H). For more discussion on the details of resistivity
and Hall measurements see Appendix A. The field points for this field sweep type
consist of two parts:

a. maximum field (+A) to negative maximum field (—A) by a user-defined field
step

b. negative maximum field (—A) to maximum field (+A) by the user defined field
step

Full hysteresis: a full hysteresis loop is the same as the hysterisis loop, except that
the field sweep starts from zero field; therefore, the field points for this field
sweep type consist of three parts:

a. zerofield to maximum field (+A) by a user-defined field step

b. maximum field (+A) to negative maximum field (—A) by the user-defined field
step

c. negative maximum field (—A) to maximum field (+A) by the user defined field
step
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5.7.1.2 Take Zero Field Resistivity: Do Not Return Field to Zero

This action only becomes available when performing a linear sweep with field rever-
sal. The normal operation of the software is to return the field to zero at the end of
each experiment. Ifthis is not desired, check the box on this page. Selecting this box is
particularly useful in profiles like go to temperature, do variable field experiment etc.
It saves sweeping the field to zero at the end of a step and sweeping to maximum field
after the temperature change. This list includes the consequences of not returning
the field to zero.

m Theuser hasto specify positive first/negative first for each of the variable field
measurements that can be sandwiched by Go to Temps, if he wants to alternate
fields.

m Theuserhasto check zero-field resistivity measurements when the field crosses
the zero check box on the field profile setup window. Otherwise, like before, it
takes Zero-field Resistivity at the beginning of the measurement ifitis a Hall &
Resistivity type of measurement, and goes back to zero field at the end of the
measurement step.

m  Mobility grids show ERROR before the field crosses zero at acquisition time, if the
Use Zero-field Resistivity to Calculate Mobility check box is selected.

m Until thefield crosses zero, the geometry averaged mobility graph shows nothing
atacquisitiontime. Once the field crosses zero, both field averaged and geometry
averaged mobility lines are shown, but the field averaged line is not correct.

m Theuserhastomanually click on Re-Calculate at the end of the entire measure-
ment to show valid mobility grids and graphs. The software cannot automatically
do this easily.

m Thisisonlyavailable when performing a linear sweep with field reversal.

On the second page of the variable field setup, FIGURE 5-19, the measurement type is
selected. Measurement can be Hall, resistivity, Hall and resistivity, and four-wire
resistance. To get mobility of the sample, both the resistivity and Hall coefficient must
be measured. The mobility is reported as the Hall coefficient divided by the resistivity.
Forsimple single carrier samples, this is the Hall coefficient at any field divided by the
zero field resistivity.

For multi-conduction samples both the resistivity and Hall coefficient depend on mag-
netic field, and mobility of the material is no longer a well defined term; what is defined is
the mobility of each carrier. The mobility of the material, as reported by the measure-
ment, can be calculated as either the field dependent Hall coefficient divided by the zero
field resistivity, or divided by the field dependent resistivity. To extract the mobility and
density of each carrier from this field dependent measurement requires QMSA software.
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5.7.2.1 Current Excitation

Current reversal is used to remove thermal voltages from the measurement. Just like
field reversal, reversing the sign of the current will reverse the sign of voltages that
depend linearly on the current, but will not change the sign of the thermal EMFs. Nor-
mally current reversal should always be used. Turning it off can decrease the mea-
surement time at the expense of accuracy of the measurement.

¥ariable Field Measurement - Measurement Setup

Sample 14 | Sample 24 | Sample 18 | Sample 26 |

— Measurements — Current Excitation
Current: 1 |mA
I~ Resistivity Duwell time: z E
[~ Hall [¥ Curent Reversal

"Hall"* calculates Hall Coefficient and
Carrier Dengity only.

To obtain Mabilty, use "Hall and — Geometry Selection for Hall/Fesistivity

Rezistivity' meazurement. :i i anld B
| Four ‘wine Fesistance il
" B only

I fdd > |
[~ Use Zero-field Resistivity to calculate Maobilib

Enter pin numbers in
the following order.

I+, -, W+ -
Ewample: 1234

Mumber of Trans-impedance I 12
l+=1, 1-=2, W+=3, V=4 measurements per fizld
< Bemove |

[+ Same settings for all Samples

< Back | Firugh Cancel

FIGURE 5-19 On the second page of the variable field setup the measurement type is selected:
Measurement can be Hall, resistivity, Hall and resistivity, and four-wire resistance. In addition the
current excitation and, for Hall and resistivity measurements, the geometries used in the measurement
can be selected.

Dwell time is the time the system pauses between changing a current and measuring
avoltage. This allows any transients in the system to die out before measuring the
voltage. The most common transient is the time to charge the capacitance of the
cable connecting the sample to the instrumentation. The equivalent capacitor of the
cableischarged through the two wire resistance of the sample. The proper dwell time
would be 5 to 6 RC time constants. Typically, for samples less than 10 MQ, this time
is<1s.

5.7.2.2 Geometry Selection

For both van der Pauw and Hall bar sample types there are two ways (called geometry
Aand geometry B) to do many of the measurements. For instance, on a van der Pauw

sample the Hall resistance can be measured as R13,24, i.e., the current through con-

tact 1 and 3 and the voltage measured between 2 and 4, or R24,13. Either one of the

geometries can be measured or both can be measured and the results averaged. This
geometric average removes any errors from non-symmetric samples.

Appendix A contains complete details of the measurement and calculations of resis-
tivity and Hall coefficient for all supported geometries.
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To define a measurement for a fixed (single) field Hall measurement, select linear
sweep with field reversal and set both the maximum and minimum field to the
desired fixed field value. As with any setup, this can be saved and recalled any number
of times to run the same measurement.

The resistivity vs. field for a boron doped silicon sample is shown in FIGURE 5-20. The
plot shows the zero field resistivity as a single point, the resistivity measured for posi-
tive field and negative field and the field averaged resistivity.

Silicon is not expected to have any field dependent resistance. The small effect seen in
FIGURE 5-20 (about 2 parts per 15,000) is the probability due to thermal effects from
self heating. This measurement took 9 minand 12 s.

0.030, 16,622 Step 1: Vanable Field Measurement
Saraple 14 Feictivity

Zero Field F ositive Fisld I egative Fisld Field averaged

15,6255

15,6250

156245

15 6240

15,6235

15,6220

Resistivity [rmohm o)

15,6225

156220

156215 Famrd-r4-imtmdmbrd=Frd-rFra-l-t-imtA=-baA-raA-Fd-imtmimtd=Frd-r A=k a4 == bdA=F A= d = o == % =|= F =

u] 1 2 3 4 5 G 7 g g 10
Magnetic Flux Density [kG]

FIGURE 5-20 The resistivity vs. field for a boron doped silicon sample

Part of the data grid for the resistivity measurement on SiB is shown in FIGURE 5-21.
This shows the measurementat 2000 G. The field averaged resistivity was

15.622 mQ/cm (as shown in the first column), the corresponding sheet resistivity was
295.311 mQ/sqr (as shown in the second column). The next columns give the resistiv-
ity and sheet resistivity at +2000 G and —2000 G.

Foravan der Pauw sample, there are two geometries that can be measured to get the
resistivity. Columns three and four in FIGURE 5-21 show the results from geometry A;
results from geometry B (columns one and two) can be seenin FIGURE 5-22. Columns
five and six in FIGURE 5-21 are the resistivity and sheet resistivity of geometry A. Col-
umns seven and eight show the two resistance measurements which are required to

get the resistivity. The solution to the van der Pauw equation is shown in column nine.
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. Step 1: Yariable Field Measurement - Sample 1A Resistivity

Set Field

Fiesistivity [Bawvg)

Sheet Resistivity [Bz

Fiesistivity [Gavg]

{Press ESC to Return)

Sheet Resistivity [Gavg

Fiesistivity &

Sheet Resistivity &

Resistance &1

Resistance 42

Factor &

Fiesistivity B

20[kG]

20[kG]

20[kG]

E5.2293 [mohm]

20[kG]

20[kG]

20[kG]

65.134286 [mohm]

2.0[KG]

15.628 [mohm cm]

295,427 [mohm/sqr]

1.E+0

20[kG]

20[kG]

20[kG]

20[kG]

20[kG]

20[kG]

20[kG]

15616 [mohm cr

20[kG]

15.622 [mohm crm]

295,317 [mohm/zqr]

2.0 [kG]

2.0 [kG]

2.0 [kG]

65227163 [mohm]

-2.0[kG]

2.0 [kG]

-2 0[kG]

65.12478 [mohn]

2.0 [kG]

15,627 [mohm cm]

295,401 [mohm/sar]

1.E+0

20 [KE)

2.0 [kG]

2.0 [kG]

2.0 [kG]

2.0 [kG]

-2 0[kG]

2.0 [kG]

15.617 [mohm crr

-2.0[kG]

15,622 [mohm cr]

295,305 [mohm/sqr]

12.00 [kG]

15,622 [mohm cm]

295,311 [mohm/sar]

40[kG]

FIGURE 5-21 Part of the data grid for the resistivity measurement on SiB
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FIGURE 5-22 shows measurement at 2000 G. For a van der Pauw sample, there are
two geometries that can be measured to get the resistivity. This shows geometry B
results, results from geometry Aarein FIGURE 5-21. The first two columns shown
here are the resistivity and sheet resistivity of geometry B. Two resistance measure-
ments are required to get the resistivity, these are shown in the next two columns.
Finally the solution to the van der Pauw equation is shown in the last column.

. Step 1: ¥ariable Field Measurement - Sample 1A Resistivity

Set Field

Reszistivity B

Sheet Resistivity B

Resistance B1

(Press ESC to Return)

Resistance B2

Factor B

20[kG]

20 [kG]

20[kG]

20[kG]

20 [kG]

2.0[kG]

20[kG]

20 [kG]

2.0[kG]

20[kG]

B5. 266732 [rmohm]

20 [kG]

2.0[kG]

20[kG]

£5.000197 [rmahm]

20 [kG]

15616 [mohm cm)

295,208 [mohm/zqr]

1.E+0

2.0[kG]

2.0 [kG]

-2.0[kG]

2.0 [kG]

2.0 [kG]

-2.0[kG]

2.0 [kG]

2.0 [kG]

-2.0[kG]

2.0 [kG]

2.0 [kG]

B5. 265042 [rmohm]

-2.0[kG]

2.0 [kG]

2.0 [kG]

B5.012518 [mahm]

-2.0[kG]

15,617 [mohm cm)

295,209 [mohm/zqr]

1.E+0

2.0 [kG]

[2.00 [kG]

FIGURE 5-22 Part of the data grid for the resistivity measurement on SiB
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5.8.3 Instrument The actual instrument readings and contact connections are located in the data grid.

Readings Use the scroll bar at the bottom of the data grid to navigate to them. FIGURE 5-23 is
an example of the instrument readings and contact connections for a variable field
measurement. The first four columns show the connections, current source and volt-
meter. This is followed by the current setting, the voltage readings, the calculated V/I
and finally the field reading. Here you can see the current reversal and the thermal
voltagesin the system. Thisinformation can be invaluable for understanding and
diagnosing measurements that are not giving the expected results.

iw. Step 1: ¥Yariable Field Measurement - Sample 1A Resistivity (Press ESC to Return)

Set Field I+ |I- [%+]%- | Cumrent Yoltage W Field
20[G] 1] 2| 4] 3 A0.0 [ma] 3248 [mv]|  64.957952 [mohm) 2.0 [kG]
20[G] 1] 2| 4] 3 -B0.0 [ma) 3275 [m]|  B5.500648 [mohm] 2.0 [kG]
2.0 [kG] 2.0 [kG]
20[G] 2| 3] 1] 4 A0.0 [ma] 3285 [mv]|  BB.102284 [mohm) 2.0 [kG]
20[G] 2| 3] 1] 4 -B0.0 [ma) -3.258 [m]| 5166289 [mohm] 2.0 [kG]
2.0 [kG] 2.0 [kG]
2.0 [kG] 2.0 [kG]
20[G] 3 4 2] 1 A0.0 [ma] 3273 [mv]| 65455483 [mohm) 2.0 [kG]
20[G] 3 4 2] 1 -B0.0 [ma) -3.254 [m]|  BR.077981 [mohm] 2.0 [kG]
2.0 [kG] 2.0 [kG]
20[kG] 4] 1] 3| 2 A0.0 [ma] 3257 [mv]| 65133143 [mohm) 2.0 [kG]
20[kG] 4] 1] 3| 2 -B0.0 [ma) -3.243 [m]|  B4.867251 [mohm] 2.0 [kG]
2.0 [kG] 2.0 [kG]
2.0 [kG] 2.0 [kG]
2.0 [kG] 2.0 [kG]

20RG] 1) 2 4 3 50.0 [md] 3.248 [m])  B4.967336 [mohm) -1.993 [kG]
20RG] 1) 2 4 3 -50.0 [rd) 3274 [mv][  B5.486383 [mohm] -1.993 [kG]
-2.0 [kiG] -1.993 [kG]
20KG]) &) 3] 1] 4 50.0 [md] 3.256 [mV]) 651713525 [mohm) -1.993 [kG]
20KG]) &) 3] 1] 4 -50.0 [rd) 3257 ][ B5.136035 [mohm] -1.993 [kG]

-2.0 [kiG] -1.993 [kG]
-2.0 [kiG] -1.993 [kG]
20[kG] 3| 4] 21 50.0 [md] 3.273 [mV]) 65451302 [mohm) -2.001 [kG]
20[kG] 3| 4] 21 -50.0 [rd) 3253 [mv][  B5.058181 [mohm] -2.002 [kG]
-2.0 [kiG] -2.001 [kG]
20[kG]) 4 1) 3] 2 50.0 [md] 3.253 [m]) 65177654 [mohm) -2.0 kiG]
20[kG]) 4 1) 3] 2 -50.0 [rd) 3242 [mv][  64.847353 [mohim] -2.0 kiG]
-2.0 [kiG] -2.0 kiG]
-2.0 [kiG] -2.0 kiG]
-2.0 [kiG] -2.0 kiG]
[2.00 [kG] 2.0[kG]

FIGURE 5-23 Actual instruments readings and contact connections

Model 7700A Hall Measurement System



5.8.4 Plot for the Hall
Coefficient vs. Field

5.8.5 Data Grid for the
Hall Coefficient vs. Field

. Step 1: ¥ariable Field Measurement - Sample 1A Hall Coefficient

Set Field

Hall Coeff.[Bavg)

5.8.4 PlotfortheHall Coefficientvs.Field

93

FIGURE 5-24 is the Hall coefficient vs. field plot for a boron doped silicon sample. The

plot shows the Hall coefficient measured for positive field and negative field and the
field averaged Hall coefficient. Silicon is not expected to have any field dependent
Hall coefficient. This measurement of the sample took 9 min 12 s.

14825

1.1800

14775

11750

Hall Coefficient [crZ]

14725

1.1700

Step 1: Vanable Field Meazurement
Saraple 14 Hall Coefficient

P ositive Field

I
regative Fizsld

I
Figld averaged

e

Fmm

Amm

T-------r---H--

o e R ekl ok

________1._______
| R [,

G
Magnetic Flux Density [kG]

5

T

L A e ] sl

[u |

FIGURE 5-24 Hall coefficient vs. field for a boron doped silicon sample: the plot shows the hall coefficient
measured for positive field and negative field and the field averaged hall coefficient

Part of the data grid for the Hall coefficient measurement on SiB isshown in
FIGURE 5-25. This shows the measurement at 2000 G. The field averaged Hall coeffi-

cientwas 1.172 cm3/C, the corresponding sheet Hall coefficient was 22.13 cm2/C. The
next columns give the Hall coefficient and sheet Hall coefficient at +2000 G and
—2000 G.The next column shows the Hall resistance (Hall voltage/current). For a

van der Pauw sample, there are two geometries that can be measured to get the Hall
resistance. The next column is the Hall resistance geometry A, followed by the Hall
resistance for geometry B.

Sheet Hall Coeff. (B avg)

Hall Coeff.[Gava)

{Press ESC to Return)

Sheet Hall Coeff.[Gava]

Hall Resistance [Gawvg)

Hall Resistance &

Hall Resistance B

20[kG]

20[kG]

20[kG]

E10.612188 [wohm]

20[kG]

20[kG]

20[kG]

274 461072 [pohm]

20[kG]

11AE+0[cr C]

221 3B+ [erf ]

442.53663 [pohm]

-2.0[kG]

-2.0[kG]

-2.0[kG]

-282.523372 [pohim]

-2.0[kG]

-2.0[kG]

-2.0[kG]

-B02. 274685 [nohm]

-2.0[kG]

11AE+0[cr C]

221 3B+ [erf ]

-442 402323 [pohm]

12.01 [kG]

1A71E+0[cr C]

2. 213E A [erf ]

FIGURE 5-25 Part of the data grid for the Hall coefficient measurement on SiB
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5.8.6 Instrument
Readings for the Hall
Coefficient vs. Field

5.8.7 Hardware Error
Conditions

FIGURE 5-26 shows the actual instrument readings and contact connections for all
measurements. The first four columns show the connections, current source and volt-
meter. This is followed by the current setting, the voltage readings, the calculated V/I
and finally the field reading. Here you can see the current reversal and the thermal
voltagesin the system. Thisinformation can be invaluable for understanding and
diagnosing measurements that are not giving the expected results. Those entries
recorded in red indicate a hardware error condition (section 5.8.7)

iw. Step 1: ¥Yariable Field Measurement - Sample 1A Hall Coefficient (Press ESC to Ret

Set Field I+ |I- [%+]%- | Cumrent Yoltage W Field
20[kG] 4] 2| 1] 3 A0.0 [ma] 29833 V]| B9E.6E214 [pohm] 20070 [kGE]
20[kG] 4] 2| 1] 3 A00[maA)  -31.228 [pV]| 624562236 [pohm] 2.0 [kG]
2.0 [kG] 20070 [kGE]
20[kG] 3 1] 4] 2 A0.0 [ma] 1092 [pv]| 218395252 [pohm] 1.999 [kG]
20[kG] 3 1] 4] 2 A00[maA) 16526 [p]| 330526892 [pohm] 1.999 [kG]
2.0 [kG] 1.999 [kG]
2.0 [kG] 20 kiG]
20[kGE]) 4] 2] 1] 3 A0 [ma]| 12782 ]| -285.638824 [pohm) -2.0[k[E]
20[kGE]) 4] 2] 1] 3 -B0.0 [ma) 15477 [pV]|  -309.42112 [pohm] -1.999 [k[5]
2.0 [kE] -1.999 [k[5]
20[kG]) 3 1] 4] 2 A0 [ma]|  -32.891 [pW]| -BR7.815762 [pohm] -2.0[k[E]
20[kG]) 3 1] 4] 2 -B0.0 [ma) 27337 [uv]|  -B4B. 733608 [pohm] -1.999 [k[5]
2.0 [kE] -1.999 [k[5]
2.0 [kE] -1.999 [k[5]

[2.00 [k5] 1.999 [kG]

FIGURE 5-26 Actual instrument readings and contact connections for all measurements

On each measurement, the software monitors the hardware and measurement
results for certain errors. If an error condition exists, the corresponding data entry is
marked in red text. The condition for the erroris indicated in the data grid, next to the
instrument readings. You can scroll to the right to view them.

The hardware error conditions monitored are:

m  Realcompliance: this condition occurs when the current source goes into compli-
ance. The requested current could not be delivered.

m Range compliance: for certain hardware configurations the voltmeter is limited
tothe 10 Vrange—range compliance occurs when the measured voltage is above
oV

m Overrange: this condition occurs when the voltage exceeds the meter range
setting

m Consistency: this condition occurs when ASTM (F76-86(1996)) criteria are not
met. The ASTM criteria specifies certain relationships among the measured volt-
ages and resistances that should be met for a valid measurement. For instance,
foravan der Pauw Hall measurement the resistance of the two geometries
should agree to within 10% of each other. The software tests all relevant ASTM
criteria and marks the measurements that were not met. In FIGURE 5-26, the two
geometries are not with 10% of each other.
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5.9 Variable
Temperature
Measurements

5.9 VariableTemperature Measurements 95

The system supports three types of variable temperature measurements. These are:

Linear spacing: change from a start temperature to an end temperature with a
fixed step size. The temperature must settle at each point before taking a mea-
surement.

1/T spacing: change from a start temperature to an end temperature with steps
thatare equally spaced in 1/T. The temperature must settle at each point before a
measurement is taken. This is useful for determining an activation energy.

Quick survey mode: the temperature is changed at a constant rate. Measure-
ments are taken at fixed time intervals or fixed temperature intervals. The tem-
perature changes throughout the measurement, and no settle criteria is used.

These measurements are available if the system is configured for one of three vari-
able temperature options, a closed cycle refrigerator (CCR) for the electromagnet sys-

tems, a high temperature oven for the electromagnet system or the superconducting
magnet system.

FIGURE 5-27 shows the screen when a variable temperature measurement is

selected.
% variable Temperature Measurement - Temperature and Field Profile & il
— Temperature Profile —Field Profile
Starting Setpoint: Field at: e ‘G
Ending Setpoint; — I Field Reversal
_® irzer Soscing & Posifive first £ [Negative first
e S |1D.D ‘K [T Alternate Fields
Hiysteretic Field Sweep
— 1/T Spaci
/T Spacing Saturated nn G
Mumber of Temperature Im Fielidls it
Foints: '
—* Quick Sursey mode
Setpoint Ramp Rate Im
[k min]:
& Time Sampling
Sampling Period |1
[minutes]: h
—{" Temperature Sampling —————————————
Temperature Step: |1D.D ‘K
Total Murmber of I 20
Temperature Points: Mlext > Cancel

FIGURE 5-27 Variable temperature measurement with quick survey mode selected

Do not input temperatures higher than the sample module is designed for.
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5.9.1 Navigator If the Hall coefficient is to be measured as a function of temperature, then a magnetic
Sequences for the field value must be specified. As described in the variable field section, field reversal

Setup File

should be used to remove stray resistance from the Hall coefficient measurement.

There are several options for controlling the field. This bulleted list shows some exam-
ples. The sequences are made with the assumption that field reversal is selected.

Example 1:thisis an example of a navigator sequence for a variable temperature
setup file in which the selected field =f.

Go totemperaturetl

GotofieldO

Measure O field resistivity

Go tofield f

Measure Hall coefficient and resistivity

GotofieldO

Go totemperature t2

Example 2: thisis an example of a navigator sequence for a variable temperature
setup file in which alternate fields was selected.
Go totemperaturetl

Go tofield f

Measure Hall coefficient and resistivity
GotofieldO

Measure O field resistivity

Go tofield —f

Measure Hall coefficient and resistivity

Go totemperature t2

Measure Hall coefficient and resistivity
GotofieldO

Measure O field resistivity

Go tofield f

Measure Hall coefficient and resistivity

Example 3:thisis an example of a navigator sequence for a variable temperature
setup file in which a magnetic material is being measured. Hence, the the hyster-
etic field sweep is used and an additional saturation field (fs) is supplied.

Go totemperaturetl

Go tofield fs

Go tofield f

Measure Hall coefficient and resistivity

Go tofield —fs

Go tofield —f

Measure Hall coefficient and resistivity

The second screen of the variable temperature setup is identical to the second screen
invariable field setup FIGURE 5-19.
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5.10.1Voltage Tracking
Setup

5.10 Voltage Tracking Experiments: Measuring Low Mobility Samples 97

The voltage tracking experiment is used to measure a voltage as a function of time.
This is a very useful diagnostic tool to use when a Hall measurement gives non-
repeatable or un-expected results. The Model 7700A HMS voltage tracking mode
allows for the synchronous measurement of the Hall voltage while the magnetic field
is changing. The method allows you to apply a current to any two contacts on your
sample and connect the voltmeterto any two contactson yoursample. Also, if there is
atemperature option installed on the system, the magnetic field and temperature
can bevaried and the voltage is measured continuously and logged into the results
file. Temperature drifts are asynchronous with the field change, and they appearasa
slow drift on the voltage offset.

There are particular challenges to measuring low mobility materials that are used in
organic semiconductors, molecular electronics, organic LEDS and transparent oxides.
In these materials, the Hall offset voltage can be orders of magnitude larger than the
true Hall voltage. In addition, the temperature coefficient of the offset Hall voltage
can bessignificant. The variation in the offset voltage due to a one degree change of
the sample temperature, may change the offset voltage by an amount larger than the
change in Hall voltage with a 1 T change in field.

The setup screen from the HMS software for voltage tracking is shown in
FIGURE 5-28.The description for each section in the setup screen is given in the bul-
leted list.

Voltage Tracking Measurement Setup ; J

[ o [v Four-wire Yoltage Measurements
4213 Enter contact numbers in
the following order.
HallWoltages I+, 1-, W+, -
wdPod = 4213
vdPB = 3142 Example: 1234
HE1227:4 = 5634 J+=1, -=2, W+=3,-=4
HE1221:B = 5621
Field Profile Other HB = = 5624
Field at: 100 |G
|v Field Reversal Excitation Current: 1.0 e
{« Positive first "~ Megative first Resistance Range
(v " Hi
[ Hysteretic Field Sweep Lo el 5 ULDlal ]
| °
# of cpcles: 1
: 05 5
Dwell time at |ED | z Sample Interval: | |
each field:

FIGURE 5-28 Setup screen for voltage tracking

m Temperature: in the temperature section, you can selecta number of temperatures
forthe sample. If the section is unchecked, then the temperature of the systems
remains constant during the voltage tracking experiement. Select the start tem-
perature, end temperature, temperature step and wait time. Zero is a valid entry
for wait time. After the temperature has settled and the wait time has elapsed
the field profile will run.
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Field profile: select the desired field value. If field reversal is selected, the measure-
ments are made at both positive and negative field. Selecting hysteretic field
sweep means that when the field is changed, the field is first swept to the satura-
tion field of the same sign as the final field. The number of cycles is the number of
times the field goes from a plus to a minus value. The dwell time is the amount of
time at the field before resuming the sweep. This cycle can be repeated for up to
1000 cycles.

Measurement: the measurement is specified by the measurement configuration,
the current, the resistance range and the sample interval. In this measurement,
you can specify one four-wire resistance measurement. The currentis applied
and the voltage measured continuously. The result screen for a ZnO sample is
shown in FIGURE 5-29.

Time between measurements: use this section to input the time you would like in
between each measurement.

5.10.2 Voltage Tracking FIGURE 5-29 shows an example of a voltage tracking experiment on zinc oxide (ZnO).

Results The top plot shows the temperature of the sample. The second plot shows the mag-
netic field and the third plot shows the Hall voltage. The offset voltage is approxi-
mately 0.99575 V. The amplitude of the Hall voltage oscillation is approximately
0.001 V. The drift of the offset voltage is 0.0003 mV. FIGURE 5-30is a plot of the tem-
perature coefficient of the resistivity of ZnO. The change is approximately 0.2%/C.

K]

kG|

(V]

Model 7700A Hall Measurement System

Step 1: Voltage Tracking Measurement
V31,24

Temperature , Field . . \oltage

2090075 [ 31 H} W T : 2 A S
10 T3 ; '

099625 {---i-
0.99600 |

0.99575

0.00550 {--

099525 {

-0 2500 5000 7500 10000 12500
Time [s]

FIGURE 5-29 Voltage tracking experiment on ZnO
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5.11 AdvancedPlotting Features

Sheet Redstivity

Step 1: Variable Temperature Measurement

T

R A S

[ R

Ty B R (U R

T .

300

293

296 297

204 295
Temperature [K]

293

4750 --

[1bsswuyoy] Aansisad189us

4700 1--
75

FIGURE 5-30 Temperature coefficient of the resistivity of ZnO

Right clicking onthe plot window brings up the menu to customize the appearance of

the plots (FIGURE 5-31).

5.11 Advanced

Plotting Features

Step 1: Vanable Field Meazurement

Saraple 1 & Fesistivity

P nsitivie Fiald

Figld averaged

M egative Fizld

Taro Fisld

0 =
o m
c w o
2 0 5 2 [
n g m — .m c
L] [ o
= DEE g2a = !
i = 05 E @ g = ]
o> Eag P cov 2| op5
o MY o 2L, 05 (=
Cingcn S cga | ES%E
ZE ESBoon 2ol EGE Al O
L 5 30 m ¢ = g @O ¢ d 3 T
= T == s R O ==~ = Ui T
»
f f f i f f f f
P Uy PRy PR P PR
| | | | | | | | i
\ \ \ I \ \ \ \ V
h h h | h h h h -
1 1 1 1 1 1 1 1 1
| | | I | | | | _
h h h | h h h h -
[To] f=] '] o o] =] o] =] o]
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2 el el ™ ] ol el ] o
o o o ] ] o o ] ]
[To] 1 '] o] o] 1 '] o] o]
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[z wyou] Hiagsisay

10

M agnetic Flux Density [kGE]

FIGURE 5-31 The menu to customize the appearance of the plots
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5.11.1 Exporting the Avery useful feature here is the export dialog entry which brings up the dialog box in
Graphics FIGURE 5-32. From here the graphics can be saved in a variety of standard formats.

Step 1: Vanable Field Meazurement
Saraple 1 & Resistivity

Exporting Step 1: Yariable Field Measuremen ﬂ fr— 5
erage
} [ Export
1982595 1| & MetaFile ¢ BMP ¢ JPG " Test/ Data Orly
155250 f-
[ E=part Destination
E 196295 1 | & CipBoard
L 156240 - 3
E " File Browse | I
£ 186235 {- | Printer !
o ; i
@qs6230 - b
r F -~ Dbject Size !
158225 1- | (¥ NoSpecific Size © Milimeters € Inches © Points = | :"'_"".‘ 7
[ aNcEl | i
168220 1 Wi [joog |/ [e76 Units | P -
i 1000 E7E Help I :
156215 T+ L s oo o]
0 1 2 c! 4 5 & 7 g 2 10
M agnetic Flux Density [kS]
FIGURE 5-32 The export dialog box for the plots
(the graphics can be saved in a variety of standard formats)
5.12 Text Output The software supplies a variety of text output options. The first is to save all the

resultsin a text file. The sample parameters, the measurement parameters and the
calculated results are saved as an ASCII text file. Units are provided for all physical
parameters.

Additionally the information from the grid can be saved in a text file. Selecting this

function gives the user an option to select some or all the columns in the grid. This
text file can be imported into Excel® to reconstruct the data grid.
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Exporting Step 1: Yariable Field Measurement - Sample 1A Resistivity

Export Destination

i ClipBoard
il Browse | I

" Printer

Columns to export:

Deirniter
Resistivity [Bavg) {* Comma " Tab
Sheet Resistivity [Bavg)

Resistivity [Gawg)

Sheet Resiztivity [Gava)

Riesistivity &

Sheet Fesistivitg A

Resistance Al

Riesistance A2

Factor &

Resistivity B

Sheet Resistivity B

Resistance B1

Resistance B2

Factor B

I+,1- W+ - Current Valtage W/

Field

Temperature

Errors Ewpirt I Cancel |

FIGURE 5-33 The export grid (for resistivity) dialog box
(any or all columns from the grid can be exported to a delimited ASCII test file.
This file can be directly imported into Excel to reconstruct the grid).

This software is a true 32-bitimplementation using Visual Basic 6.0 for development.
It has been tested on Windows 2000 and XP and Vista, which are the only operating
systems it should be used with. When sold with a complete system we supply the
software on Dell computers, which is the recommended configuration. The software
only supports the National Instruments PCI IEEE card and National USB-GPIB-B IEEE.

From the configuration utility the default directory for data files can be set. The direc-
tory can be on the local machine oron any mapped network drive.

The software can be installed on other computers without IEEE cards and instru-
ments. From these computers, result can be viewed. Measurement setup and sample
definitions files can be created or modified. The only function not availableistoruna
measurement.

When the system is doing a measurement a second instance of the software can be
started, this second copy can view result files on completed experiments.
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Connection

6.4 Electrostatic
Discharge

6.1 General 103

EdChapter 6: Service

This chapter covers maintenance, troubleshooting and field service instructions.
Customer service of the product is limited to the information presented in this
chapter. Factory trained service personnel should be consulted if the instrument
requires repair. Instructions for contacting Lake Shore and arranging product service
arein section.

Each instrument and equipmentin the console is individually adjusted to meet the
specific location electrical requirement. The voltage requirement is listed on the label on
thereardoorof the console. If the system voltage has to be changed, each instrument and
equipmentin the console needs to be individually adjusted. Please follow each
instrument manual provided to change the voltages.

When the instrument or equipment is removed from the system for service, make a
note of its line voltage setting. When the item is returned, verify its line voltage
setting with the voltage on the note before incorporating it into the system.

When the system is moved to a new location, before connecting the input power cord,
verify that the system voltage setting is the same as the facility line voltage. When its
necessary, adjust each instrumentin the console to the correct voltage. Read each
instrument manual provided for detail on voltage adjustment.

All the instrument cases mounted in the electronic console are grounded to the
ground lead of the power distribution strip through its input power cable. When you
return the unit back to the console, and before turning on the power, verify that the
original three conductor powercableisin place.

There is a safety ground cable built into the circular 8-pin connector for connection to
the outer case of the measurement insert to the instrument console chassis. Low
impedance connections are maintained for safety purposes. This safety ground
connection should be reestablished and maintained if any service is performed on the
cable ormeasurementinsert.

Electrostatic Discharge (ESD) may damage electronic parts, assemblies, and equip-
ment. ESD is a transfer of electrostatic charge between bodies at different electro-
static potentials caused by direct contact orinduced by an electrostatic field. The
low-energy source that most commonly destroys Electrostatic Discharge sensitive
devices is the human body, which generates and retains static electricity. Simply
walking across a carpet in low humidity may generate up to 35,000 V of

static electricity.

Current technology trends toward greater complexity, increased packaging density,
and thinner dielectrics between active elements, which results in electronic devices
with even more ESD sensitivity. Some electronic parts are more ESD sensitve than
others. ESD levels of only a few hundred volts may damage electronic components
such as semiconductors, thick and thin film resistors, and piezoelectric crystals dur-
ing testing, handling, repair, or assembly. Discharge voltages below 4000 V cannot be
seen, felt, or heard.
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6.4.1 Identification of
Electrostatic Discharge
Sensitive Components

6.4.2 Handling
Electrostatic Discharge
Sensitive Components

6.5 Fuse
Replacement

6.6 Measurement
Insert Interlock
Switch Pin
Replacement for
the CE Option

The following are various industry symbols used to label components as
ESD sensitive.

CAUTION

o A

FIGURE 6-1 Symbols indicating ESD sensitivity

Observe all precautions necessary to prevent damage to ESDS components before
attempting installation. Bring the device and everything that contacts it to ground
potential by providing a conductive surface and discharge paths. Asa minimum,
observe these precautions:

m De-energize ordisconnect all power and signal sources and loads used with unit.

m Place unitonagrounded conductive work surface.

m Technicianshould be grounded through a conductive wrist strap (or other device)
using 1 M series resistor to protect operator.

m  Groundanytools, such as soldering equipment, that will contact unit. Contact
with operator's hands provides a sufficient ground for tools that are otherwise
electrically isolated.

m Place ESD sensitive devices and assemblies removed from a unit on a conductive
work surface orin a conductive container. An operator inserting or removing a
device or assembly from a container must maintain contact with a conductive
portion of the container. Use only plastic bags approved for storage of
ESD material.

m Donothandle ESD sensitive devices unnecessarily or remove them from the
packages until they are actually used or tested.

Fuses are installed in each instrument. When the fuse needs to be replaced, please
read the particularinstrument manual for instruction.

The Model 75013 safety interlock switch consists of two pogo pinsinthe header, and
a stainless steel block in the light tight box. The safety switch is enabled when the
light tight box is installed; thus, pins are electrically shorted across the block. The
safety switch must be enabled before measurement can start. The pogo pins should
be replaced when their tips become dull or they will have an unreliable connection to
the stainless steel block in the light tight box. Refer to FIGURE 6-2 for the location of
the pins.

Follow these steps to change the pins:

Hold one pin with small needle nose pliers.

Pull the pin straight out of its socket.

Repeat the steps 1 and 2 to remove the second pin.

Use gloved fingers pick up a new pin and slide it into its socket.

Use end of a wooden cotton swab against the tip of the pin and apply pressure
straight on against the pin until it seats itself in the socket.

Repeat the steps 4 and 5 to seat the second pin (FIGURE 6-2).

uhwnpeE

o

The pins can be easily damaged. Do not use pliers to handle or install new pins,and do not
manually exercise the pins. Side loading force can damage the pins. Dirt also can be wiped
into the cavity and preventit from moving freely. Do not reuse the old pins as the process
of pulling them out with pliers damages them.
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FIGURE 6-2 Measurement insert header with interlock pins

6.7 Pin-Outs

Connector Pin Use Wire resistance
B-1 1 Sample card pad #1 25
B-2 2 Sample card pad #2 25
B-3 3 Sample card pad #3 25
B-4 4 Sample card pad #4 25
B-5 5 Sample card pad #5, I+ for Hall bars 25
B-6 6 Sample card pad #6, |- for Hall bars 25

B-7 (10-pin) A Sample card pad #10; temperature sensor B, V— 8

B Sample card pad 9; temperature sensor B, V+ 8

C Sample card pad 8; temperature sensor B, |- 8

J Sample card pad 7; temperature sensor B, I+ 8

D Heater, 50 Q in header block loop 1, I+ 1

E Heater, 50 Q in header block loop 1, I- 1

G Control temperature sensor A, V- 8

H Control temperature sensor A, V+ 8

F Control temperature sensor A, I- 8

K Control temperature sensor A, I+ 8

B-8 (4-pin) Not used —
B-10 (8-pin; for A Safety interlock switch pin 1
CE option only) G Safety interlock switch pin 1
B Safety ground <1

C Safety ground <1

D Safety ground <1

E Safety ground <1

F Ground <1

H Not used —

TABLE 6-1 Wire connections for Model 75013 SCSM
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Connector Pin Use Wire resistance
B-1 1 Sample card pad #1 25
B-2 2 Sample card pad #2 25
B-3 3 Sample card pad #3 25
B-4 4 Sample card pad #4 55
B-5 5 Sample card pad #5, I+ for Hall bars 25
B-6 6 Sample card pad #6, |- for Hall bars 25

B-7 (10-pin) A Sample card pad #10; temperature sensor B, V— 8

B Sample card pad 9; temperature sensor B, V+ 8

C Sample card pad 8; temperature sensor B, |- 8

J Sample card pad 7; temperature sensor B, I+ 8

D Not used —

E Not used —

G Not used —

H Not used —

F Not used —

K Not used —

B-8 (4-pin) Not used —
B-10 (8-pin; for A Safety interlock switch terminal 1
CE option only) G Safety interlock switch terminal 1
B Safety ground <1

C Safety ground <1

D Safety ground <1

E Safety ground <1

F Ground <1

H Not used —

TABLE 6-2 Wire connections for Model 75014A CCRSM
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Connector Pin Use Wire resistance
B-1 1 Sample card pad #1 2.5
B-2 2 Sample card pad #2 2.5
B-3 3 Sample card pad #3 2.5
B-4 4 Sample card pad #4 2.5
B-5 5 Sample card pad #5, I+ for Hall bars 2.5
B-6 6 Sample card pad #6, |- for Hall bars 2.5
B-7 (10-pin) A Sample card pad #10; temperature sensor B, V— 8
B Sample card pad 9; temperature sensor B, V+ 8
C Sample card pad 8; temperature sensor B, |- 8
J Sample card pad 7; temperature sensor B, I+ 8
D Heater,50Q loop 2 I+ 1
E Heater, 50 Q loop 2, I- 1
G Not used —
H Not used —
F Not used —
K Not used —
B-8 (4-pin) Not used —
B-10 (8-pin; for A Safety interlock switch pin 1
CE option only) G Safety interlock switch pin 1
B Safety ground <1
C Safety ground <1
D Safety ground <1
E Safety ground <1
F Ground <1
H Not used —

TABLE 6-3 Wire connections for Model 75016 OSM
6.8 Wiring The wiring diagram for the Model 7700A Hall System is provided on the following two

Diagram pages.
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6.9 Technical
Inquiries

6.9.1 Contacting
Lake Shore

6.9.2 Return of
Equipment

6.9.3 RMA Valid Period

6.9.4 Shipping Charges

6.9.5 Restocking Fee

Refer to the following sections when contacting Lake Shore for application assistance
or product service.

The Lake Shore Systems Service department is staffed Monday through Friday
between the hours of 8:00 AM and 5:00 PM EST, excluding holidays and company
shutdown days.

Contact Lake Shore Systems Service through any of the means listed below. However,
the most direct and efficient means of contacting is to complete the online service
request form at http://www.lakeshore.com/sup/serf.html. Provide a detailed
description of the problem and the required contact information. You will receive a
response within 24 hours, or the next business day in the event of weekends or
holidays.

If you wish to contact Systems Service by mail or telephone, use the following:

Lake Shore Cryotronics, Inc.

575 McCorkle Blvd.

Westerville, Ohio 43082 USA

Phone: 614-891-2243 (select the option for service)
Fax:614-818-1608

e-mail: sysservice@lakeshore.com

The HMS is packaged to protect it during shipment. Please use reasonable care when
removing it from its protective packaging and inspect the HMS carefully for damage.
Ifit shows any sign of damage, please file a claim with the carrierimmediately. Do not
destroy the shipping container; it will be required by the carrier as evidence to
support claims. Call Lake Shore for return and repair instructions.

All equipment returns must be approved by a member of the Lake Shore Systems
Service department. The service engineer will use the information provided in the
service request form and will issue a Return Material Authorization (RMA). Once the
RMA has been approved, you will receive appropriate documents and instructions for
shipping the equipment to Lake Shore.

You will be given an RMA number. This number is necessary for all returned
equipment. It must be clearly indicated on both the shipping carton(s) and any
correspondence relating to the shipment.

The user should retain any shipping carton(s) in which equipmentis originally received, in
the event that any equipment needs to be returned.

RMAs are valid for 60 days from issuance; however, we suggest that equipment
needing repair be shipped to Lake Shore within 30 days after the RMA has been
issued. You will be contacted if we do not receive the equipment within 30 days after
the RMA s issued. The RMA will be cancelled if we do not receive the equipment after
60 days.

All shipments to Lake Shore are to be made prepaid by the customer. EQuipment
serviced under warranty will also be returned shipping prepaid by the customer.
Equipment serviced out-of-warranty will be returned FOB Lake Shore.

Lake Shore reserves the right to charge a restocking fee for items returned for
exchange or reimbursement.
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ZAAppendix A: Hall Measurements

A.1 General

A.2 Anomalous
Hall Effect

The model Hall effect system consists of a uniform slab of electrically conducting
material through which a uniform current density flows in the presence of a
perpendicular applied magnetic field. The Lorentz force deflects moving charge
carriers to one side of the sample and generates an electric field perpendicular to
both the current density and the applied magnetic field. The Hall coefficient is the
ratio of the perpendicular electric field to the product of current density and
magnetic field, while the resistivity is the ratio of the parallel electric field to the
current density

Experimental determination of a real material’s transport properties requires some
significant departures from the ideal model. To begin with, one cannot directly
measure the electrical field or current density inside a sample. Current density is
determined from the total excitation current and the sample’s geometry. Electric
fields are determined by measuring voltage differences between electrical contacts
on the sample surface.

Electrical contacts are made of conductive material, and usually have a higher
conductivity than the sample material itself. Electric current therefore tends to flow
through the contacts rather than the sample, distorting the current density and
electric field in the sample from the ideal. Excitation current flowing through the
contacts used to measure voltage differences reduces both current density in the
vicinity and the Hall field. If a contact extends across the sample in the same direction
as the Hall field, it can conduct current from one side of the sample to the other,
shorting out the Hall voltage and leading to an underestimate of the Hall coefficient.
Finally, if pairs of contacts used in a voltage measurement are not aligned properly
either perpendicular or parallel to the excitation current density, then the voltages
measured will not correctly determine the perpendicular or parallel component of
the electric field. To minimize these geometrical problems, one must take care with
the size and placement of electrical contacts to the sample.

There are also many intrinsic physical mechanisms that alter current density and
electric field behaviorin a real material. Most of these relate to the thermoelectric
behavior of the material in or out of a magnetic field. Some of these effects can be
minimized by controlling temperature in the sample’s vicinity to minimize thermal
gradients across it. In addition, most errors introduced by intrinsic physical
mechanisms can be canceled by reversing either the excitation current or the
magnetic field and averaging measurements.

In a Hall effect measurement, there are three Hall voltage (V) components,
1) Vy = (Ryl/t)Beos(ar) + (oRd/)Mcos(0) + (kI/f)M2sin2(0)sin(20)

where t = film thickness, and the angles o, 6 and ¢ are defined in figure A-1. The first
termin equation (1) is the ordinary Hall effect (OHE) and arises from the Lorentz force
acting on conduction electrons. The OHE depends on the z-component of the B field,
and produces an electric field perpendicularto B,and the current density. The second
term is the anomalous Hall effect (AHE) and arises due to spin dependent scattering
mechanisms. The AHE depends on the perpendicular component of M, and produces
an electric field perpendicularto M, and the current density. The last termin (1) is the
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112 Appendix A: Hall Effect Measurements

A.3 Hall Effect
Measurement
Theory

3,6

4-contact

planar Hall effect (PHE), or anisotropic magnetoresistance. The PHE is proportional to
the square of the planar component of M, and produces an electric field parallel and
perpendicular to the current. The third termin (1) is the component that is
perpendicular to the current. Note that all three terms in (1) are inversely
proportional to the film thicknesst.

Hall effect measurements commonly use two sample geometries: (1) long, narrow
Hall bar geometries and (2) nearly square or circular van der Pauw geometries. Each
has advantages and disadvantages. In both types of samples, a Hall voltage is
developed perpendicularto a current and an applied magnetic flux. The following is
anintroduction to the Hall effect and its use in materials characterization. Anumber
of other sources are available for further information12.3.4.Some common Hall bar
geometries are shown in FIGURE A-1.
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(2-2) 6-contact (3-1) 8-contact (2-2) 8-contact 8-contact
(thin film)

FIGURE A-1 Common Hall bar geometries. Sample thickness, t, of a thin film sample = diffusion depth or layer thickness. Contacts are black,
numbered according to the standard to mount in Lake Shore sample holders

A.3.1Hall Bar Geometry

The Hall voltage developed across an 8-contact Hall bar sample with contacts
numbered asin FIGURE A-1is:
RyBI

t
In this equation, V,, is the voltage measured between the opposing contacts
numbered 2 and 4, Ry is the Hall coefficient of the material, B is the applied magnetic
flux density, | is the current, and tis the thickness of the sample (in the direction
parallel to B). This section assumes Sl units. For a given material, increase the Hall
voltage by increasing Band | and by decreasing sample thickness.

Vi = Vy=

The relationship between the Hall coefficient and the type and density of charge
carriers can be complex, but useful insight can be developed by examining the limit
B—e, when:

Ru

I
a(p—n)
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A.3.2 Advantages and
Disadvantages of Hall
Bar Geometries

circle

113

In this equation, r is the Hall scattering factor, qis the fundamental electric charge, p
is the density of positive, and nthe density of negative charge carriers in the material.
For the case of a material with one dominant carrier, the Hall coefficient is inversely
proportional to the carrier density. The measurementimplication is that the greater
the density of dominant charge carriers, the smaller the Hall coefficient and the
smaller the Hall voltage which must be measured. The scattering factorr depends on
the scattering mechanismsin the material and typically lies between 1 and 2.15

Another quantity frequently of interest is the carrier mobility, defined as:

- Ryl
H = =2
o
In this equation, uy is the Hall mobility and p is the electrical resistivity at zero
magnetic flux density. The electrical resistivity can be measured by applying a current
between contacts 5 and 6 of the sample shown in FIGURE A-1, and measuring the
voltage between contacts 1 and 3, then using this formula:

_ Viwt

p(B) B

In this equation, wis the width andtis the thickness of the Hall bar, bis the distance
between contacts 1-3, and Bis the magnetic flux density at which the measurement
is taken.

The Hall bar is a good geometry for making resistance measurements since about half
of the voltage applied across the sample appears between the voltage measurement
contacts. For this reason, Hall bars of similar geometries are commonly used when
measuring magnetoresistance or Hall mobility on samples with low resistances.

Disadvantages of Hall bar geometries include the following: A minimum of six
contacts to make mobility measurements; accuracy of resistivity measurements is
sensitive to the geometry of the sample; Hall bar width and the distance between the
side contacts can be especially difficult to measure accurately. The accuracy can be
increased by making contact to the sides of the bar at the end of extended arms as
shown in Figure A-2. Creating such patterns can be difficult and can resultin fragile
samples.

@B (oriented out of the page)
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1 > ‘A—C _>‘ “—C
u
/'. T " " X m
4 a A I <3 -
N } 1 am x [m .
8
3 i -
clover leaf square rectangle Cross

FIGUREA-2 Common van der Pauw sample geometries. The cross appears as thin film pattern

and the others are bulk samples. Contacts are black.
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A.3.3Vander Pauw
Geometry

Somedisadvantages of Hall bar geometries can be avoided with van der Pauw sample
geometries (FIGURE A-2). Van der Pauw 5.6 showed how to calculate the resistivity,
carrier concentration, and mobility of an arbitrary, flat sample if the following
conditions are met:

The contacts are on the circumference of the sample

The contacts are sufficiently small

The sample is of uniform thickness

The sample is singly connected (contains noisolated holes)

The resistivity of a van der Pauw sample is given by the expression:

- _nt Vg, Vi
In(2)lz Iz

In this equation, V3 is defined as V,—V3and |, indicates the current enters the
sample through contact 1 and leaves through contact 2. Two voltage readings are
required with the van der Pauw sample, whereas the resistivity measurementon a
Hall bar requires only one. This same requirement applies to Hall coefficient
measurement as well, so equivalent measurements take twice as long with van der
Pauw samples.

The quantity Fis a transcendental function of the ratio R, and R, is defined as the
greater of these two:

Rr=Yasloss _Riea oo pol2Vie R
12Via Rozua Vazly ~ Rz

Fis found by solving the equation:

Rr—1_ _F ar cosh exp[In(2)/F]
Rr+1 In(2) 2

In this equation, F=1 when R=1, which occurs with symmetrical samples like circles
or squares when the contacts are equally spaced and symmetrical. The best
measurement accuracy is also obtained when R, =1.

Squares and circles are the most common van der Pauw geometries, but contact size
and placement can significantly effect measurement accuracy. A few simple cases
were treated by van der Pauw. Others have shown that for square samples with sides
of length aand square or triangular contacts of size & in the four corners, if /a< 0.1,
then the measurement erroris less than 10%5. The error is reduced by placing the
contacts on square samples at the midpoint of the sides rather than in the corners?.

The Greek cross shown in FIGURE A-2 has arms which serve to isolate the contacts
from the active region. When using the Greek cross sample geometry with a'w » 1.02,
less than 1% errorisintroduceds. A cloverleaf shaped structure like the one shown in
FIGURE A-2 is often used for a patternable thin film on a substrate. The active area in
the centeris connected by four pathways to four connection pads around its
perimeter. This shape makes the measurement much less sensitive to contact size,
allowing for larger contact areas.

The contact size affects voltage required to pass a current between two contacts.
Ideal point contacts would produce no error due to contact size, but require an
enormous voltage to force the current through the infinitesimal contact area. Even
with square contacts in the corners of a square sample with 8/a< 0.1, the ratio of the
output to inputvoltage Va3, V1, is on the order of 1/10. Van der Pauw sample
geometries are thus much less efficient at using the available excitation voltage than
Hall bars.
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Disadvantages of Van
der Pauw Samples

A.4 Sample
Geometries and
Measurements
Supported by
IDEAS Hall
Software

A.4.1 System of Units
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Advantages of van der Pauw samples: only four contacts are required. There is no
need to measure sample widths or distances between contacts. Simple geometries
can be used.

Disadvantages of van der Pauw samples: measurements take about twice as long.
Errors due to contact size and placement can be significant when using simple
geometries.

Mobility spectra: Hall effect measurements are usually performed at just one
magnetic flux density, although the polarity is reversed and the voltage readings are
averaged to remove some sources of error. The resulting single mobility calculated
from the measurements is a weighted average of the mobilities of all carriers present
inthe sample. Beck and Anderson? developed a technique for interpreting magnetic
flux-dependent Hall data which generates a mobility spectrum. The result is a plot of
the carrier concentration of conductivity as a function of the mobility. The number of
peaks appearing in a mobility spectrum indicates the number of distinct charge
carriers active in the material. This powerful technique has virtually eliminated the
need for destructive testing techniques such as differential profiling. An example
mobility spectrum analysis performed on a GaAs/AlGaAs five-quantum-well
heterostructure is shown in Figure 2-9 of their paper.

Atechnique combining mobility spectrum analysis and multi-carrier fitting was
developed by Brugger and Kosser20, yielding some improvement. The development of
quantitative mobility spectrum analysis by Antoszewski et al.2.11,12,13 has produced
even greater improvements in capability.

This section describes common sample geometries useful in the Lake Shore Hall
measurement system and formulas used to calculate resistivities, Hall coefficients,
carrier concentrations, and mobilities.

Hall effect and magnetoresistance measurements commonly use two systems of
units: the Sl system and the “laboratory” system. The laboratory system is a hybrid,
combining elements of the SI, emu, and esu unit systems. Table A-1 lists the most
common quantities, their symbols, their units in both systems, and the conversion
factor between them.
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A.4.2 Nomenclature

A.4.3Vander Pauw
Measurements

(o]TET1 14147 Symbol Sl =Factor x Laboratory
Capacitance C F 1 F
Carrier concentration c,n,p m-3 106 cm-3
Charge g,e C 1 C
Conductivity (volume) o (Qm)-1 102 (Qem)t
Current | A 1 A
Current density j A/m2 104 Afcm?
Electric field intensity E V/m 10-2 V/cm
Hall coefficient Ry m3/C 106 cm3/C
Magnetic induction B T(=Vs/m2?) 104 G
Mobility Uy m2/Vs 104 cm2/Vs
Electric potential v v 1 v
Resistivity P am 102 Qcm

TABLE A-1 Unit systems and conversions. To use this table, 1 S unit = (factor) x 1 laboratory unity.
Forexample,1 T=104G.

The equations below appear twice—once in Sl units, once in laboratory units. In all
cases, voltages are measured in volts, electric currents are measured in amperes, and
resistances are measured in ohms. All other measured quantities appear with their
respective unit in brackets. For example, the width of a sample in Sl units appears as
w[m]. The equations below indicate voltages and currents as follows:

A.4.2.1Voltage Nomenclature
Vi ki (2B) indicates a voltage difference V| —V, measured between terminals kand

I. Terminal i is connected to the excitation current source and terminal j is connected
to the current sink.

The superscript £ indicates the sign of the excitation current supplied by the current
source. The symbol +Bindicates the sign of the applied magnetic induction B,
measured in the direction shown on the drawings.

Example: V-5, 12(+B) indicates a voltage difference measured while a negative

currentwas supplied by a current source at terminal 5 and flowed to terminal 6, in
the presence of a positive applied magneticinduction.

A.4.2.2 Current Nomenclature
I tij(tB) indicates a current flowing from terminal i to terminal j of polarity given by

the superscript £ and with the indicated magnetic field polarity.

The van der Pauw structure is probably the most popular Hall measurement
geometry, primarily because it requires fewer geometrical measurements of the
sample.n 1958, van der Pauw?3 solved the general problem of the potential in a thin
conducting layer of arbitrary shape. His solution allowed Hall and resistivity
measurements to be made on any sample of uniform thickness, provided that the
sample was homogeneous and there were no holesinit. All thatis needed to calculate
sheetresistivity or carrier concentration is four point contacts on the edge of the
surface (or four line contacts on the periphery); an additional measurement of sample
thickness allows calculation of volume resistivity and carrier concentration. These
relaxed requirements on sample shape simplify fabrication and measurementin
comparison to Hall bar techniques.
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On the otherhand, the van der Pauw structure is more susceptible to errors caused by
the finite size of the contacts than the Hall bar. It is also impossible to accurately
measure magnetoresistance with the van der Pauw geometry, so both Hall effect and
magnetoresistance (i.e. the whole conductivity tensor) measurements must be done
with a Hall bar geometry.

FIGURE A-3 Measuring resistivity and Hall coefficient using a van der Pauw geometry

Inthe basic van der Pauw contact arrangement, the four contacts made to the sample
are numbered counterclockwise in ascending order when the sample is viewed from
above with the magnetic field perpendicular to the sample and pointing toward the
observer. The sample interior should contain no contacts or holes. The sample must
be homogeneous and of uniform thickness.

A.4.3.1Resistivity

Again, let V+;, indicate a voltage measured across terminals kand |, with k positive,
while a positive current flows into terminal i and out of terminalj. In a similar fashion,
let R+jj indicate a resistance R = Vg / I;;, with the voltage measured across
terminals k and |, while a positive current flows intoi and out ofj. First calculate the
two resistivities:

D4 = afatim em] | Vo as=Vip st Vs 14 =Vis 14 [Q-m Q- cm]
A In(2) =T+ 1=l '
and
o = nfgtm cm] | V¥as 00 = Vs 1+ Vi 03— Vs 23 [Q-mQ-cm]
B In(2) Py —lg+ 1ty =1y ’

Geometrical factors f5 and fg are functions of resistance ratios Q, and Qg,
respectively, given by:

Q, = (R+12,43 - R12,4j) _ (V+12 3~V 43)( I*o3— 153 )
A Rt 14— R 1 *1— 115 V*a3 14— Vo3 1
and
Q. = (R+34, a1~ Ra 2:) _ (V+34 1~V 21)( =l 3)
B R+41, 237 F\l41, 2 [*34 =13 V+41, 23~ V'41, 2

If either oris greater than one, then use the reciprocal instead. The relationship
between f and Qis expressed by this transcendental equation which can be solved

numerically:
9__1 = L 1 1‘ lﬂg
or1 i 2exp[ f }
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The two resistivities p, and pg should agree to within £10%. If they do not, then the
sample is too inhomogeneous, or anisotropic, or has some other problem. If they do
agree, the average resistivity is given by

Q — ( I:2;2,43 B Ri_z,asJ — (Vlhs _V15,43)£ |;3 - |£3 j
A + — + — + _ 1
R23,14 - R23,14 |12 - |12 V23,14 _V23,14

and

Q — ( R;A,zl B R;A,Zl) — (Vsz,zl _V3:1,21J£ IZl - ul j
B + — + - + - .
R41,23 - R41,23 |34 - |34 V41, 23 V41,23

Ifeither Q4 or Qg is greater than one, then use the reciprocal instead. The relationship
between fand Qis expressed by the transcendental equation

Q-1_ f 41 In2
Q1= In2® {ze’(p{ f }}

which can be solved numerically.The two resistivities p and pg should agree to
within £10%. If they do not, then the sample is too inhomogeneous, or anisotropic, or
has some other problem. If they do agree, the average resistivity is given by

przpB [@-m,Q-cm]

A.4.3.2 Magnetoresistivity
If desired, calculate the magnetoresistivity as
0,(B) = mfatlm, cm] V*ip 5(+B) = Vo1 43(+B) + Vg 11(+B) =Vops a1(+B) +
A In(2) [*15(+B) = 1-15(+B) + 1*53(+B)—1-55(+B)
V¥ o 45(=B)= V15 43(—B) + V3 41 (—B) V93 ;1 (—B)
[+15(=B)—I"1o(—B) + I*55(—B) = I-55(-B)

[Q-m Q- -cm]

and

pg(B) = gt oM Vg 51 (+B) —Vogg 21 (+B) + Vi 25(+B) — Vg 55(+B) |
In(2) [+34(+B) —1-34(+B) + 1741 (+B)—1-4,(+B)
Vs 01(—B)—Vogg 51(—B) + V¥ 53(-B)—V-yy 23(_8)[9 ‘m Q- cm]
[+34(—B)—1-34(—B) + [*4(—B) —1-4,(-B)
Calculate factors f, and fg the same way as at zero magnetic field, and the average
magnetoresistivity is:

This measurement does not give the true magnetoresistance, as defined in terms of
the material’s conductivity tensor. Van der Pauw’s calculation of resistivity is invalid
in the presence of a magnetic field, since the magnetic field alters the current density
vector field inside the sample. On the other hand, magnetoresistance measurements
areroutinely performed on van der Pauw samples anyway.

A.4.3.3 Hall Coefficient
Calculate two values of the Hall coefficient by the following:
_ im] Vg ap(+B)= Vg 4p(+B) + Vogy go(—B)—V¥g1 4p(—B), 5 1
HC — ’ [m™-C7]
B[T] [*31(+B)—1-3;(+B) + I-3,(-B)—1*3,(-B)
8 tlem] V*g pp(+B)=Vog p(+B) + Vg go(—B)—V*5 4o(—B)

= 10 [em®-CH
Blgauss] [*31(+B)=1-3;(+B) + -3 (-B)—1*3,(-B)

and

_ m] Vo 13(+B)=V-gp 13(+B) + Vg5 13(=B)=V* 4y 13(—5)[m3 ) C_l]
"o BIT] 1*45(+B)=145(+B) + I-4p(-B)—I*5(-B)
o8 _ticm] Vt o 13(+B)= Vg5 13(+B) + V-4 13(—B)—V* 45 13(—B)
Blgauss] [*40(+B)— 1-4p(+B) + I (—B)—1*4,(—B)

[cm3 . C‘l]
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These two should agree to within £10%. If they do not, then the sample is too
inhomogeneous, or anisotropic, or has some other problem. If they do, then the
average Hall coefficient can be calculated by

+ - -
Ruyay = RL2R¢)[m3.C tem® Cc.

A.4.3.4 Hall Mobility
The Hall mobility is given by

Uy = M[mz-\fl~s_l, cm’ Vs
av

where p,, isthe magnetoresistivity if it was measured, and the zero-field resistivity if
it was not.

Hall bars approximate the ideal geometry for measuring the Hall effect, in which a
constant current density flows along the long axis of a rectangular solid,
perpendicular to an applied external magnetic field.

A.4.4.1Six-contact 1-2-2-1 Hall Bar

Anideal six-contact 1-2-2-1 Hall bar geometry is symmetrical. Contact separations a
and bon eitherside of the sample are equal, with contacts located opposite one
another. Contact pairs are placed symmetrically about the midpoint of the sample’s
long axis.

FIGURE A-4 Six-contact 1-2-2-1 Hall bar geometry

This geometry allows two equivalent measurement sets to check for sample
homogeneity in both resistivity and Hall coefficient. However, the close location of
the Hall voltage contacts to the sample ends may cause the end contacts to short out
the Hall voltage, leading to an underestimate of the actual Hall coefficient. While the
1-2-2-1 Hall bar geometry is included in ASTM Standard F76, the contact numbering
given here differs from the standard.

A.4.4.1.1 Resistivity
To calculate resistivity at zero field, first calculate

_ V's523(B=0) -V u(B=0) WImMtM o

Pa :/+ |+SBG(_BO: o)\7|-56(BB:_O()) a[m]
- sy Melllemlig o)
and
o = G e m
Ty Memenl oy

These two resistivities should agree to within £10%. If they do not, then the sample is
too inhomogeneous, or anisotropic, or has some other problem. If they do, then the
average resistivity is given by

pa\,:E’%PB[Q~m,Q-cm].
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A.4.4.1.2 Magnetoresistivity
Magnetoresistivity is typically used in mobility spectrum calculations, but notin Hall
mobility calculations. To calculate magnetoresistivity, first calculate

0A(B)= Veg 03(+B) = Vogg 03(+B) + Vegg 55(—B) — Vg 23(—B)W[m]t[m][g ]

[*56(+B) —1-56(+B) + 1*55(—B)—I-55(—B) arm]
- Vtgg 23(+B) = Vogg 23(+B) + Vg 53(—B) — V55 25(—B)w[cm]t[cm] [Q - cm]
[*56(+B) — I-55(+B) + I*55(—B)—I-56(—B) alcm]
and

pa(B)= Vg 14(+B) = Vg 14(+B) + Vi gg 14(—B) = Vg5 14(=B)w[m]t[m] [Q-m
° 55(+B) = I55(+B) + I*55(—B)—I55(-B) bm]
- Vg 14(+B) = Vg5 14(+B) + Vg 14(—B) = V55 14(=B)w[cm]t[cm] [Q - cm]

[*56(+B) = I-55(+B) + 1*56(—B)—I-56(—B) blcm]

These two resistivities should agree to within £10%. If they do not, then the sample is
too inhomogeneous, or anisotropic, or has some other problem. If they do, then the
average magnetoresistivity is given by

Pa(B) * Pe(B)

Q-mQ-
> [Q-m, cm]

Pav(B) =

A.4.4.1.3 Hall Coefficient
First, calculate the individual Hall coefficients
_ tUm] Vs6.34(+B)— V55 34(+B) + Vigg 34(—B)—V*56 24(-B)
A BITI I*56(+B)— I56(+B) + I-55(—B)—I*55(—B)
- 108 _tlcm] Vg 34(+B)—= Vg 34(+B) + Vogg 54(—B) V5 M(_B)[cma oY
Blgauss] [*55(+B)—1-55(+B) + I-55(—B)—1*5(—B)

[m*.C™]

and

_ Um] V*s6 21(+B)= V56 21 (+B) + Vigg 51(=B)—V*56 21(-B)
BIT] I*56(+B)— I"56(+B) + I-56(—B)—1*55(—B)

0? tlcm]  V*sg 21(+B)— V-5 21(+B) + V55 51(—B)—V*56 51(—B)
Blgauss] [*56(+B)—1-56(+B) + 1-55(—B)—1*55(—B)

Rus [m®-Cc™

[cm®- C™

If Riia and Rig do not agree to within£10%, then the sample is tooinhomogeneous,
or anisotropic, or has some other problem. If they do agree, then the average Hall
coefficient is given by

+ _ -
Rua = w[m3-cl,cm3-cl]

A.4.4.1.4 Hall Mobility
R, - - . - .
wy = |pH—AV|[m2 Vst em’- Vs gives the Hall mobility where povis the
av
zero-field resistivity.

A.4.4.2 Six-Contact 1-3-1-1 Hall Bar

The ideal 1-3-1-1 Hall bar geometry places contacts 2 and 4 directly across from one
anotherin the exact middle of the sample’s length and contacts 1 and 3
symmetrically on either side of contact 2.

FIGURE A-5 Six-contact 1-3-1-1 Hall bar geometry
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This geometry allows no homogeneity checks, but measuring the Hall voltage in the
exact center of the sample's length helps minimize the shorting of the Hall voltage via
the end contacts. The 1-3-1-1 Hall baris not included in ASTM Standard F76.

A.4.4.2.1 Resistivity
Calculate the resistivity at zero field by
_ Vs13(B=0) Vg 13(B = 0)w[m]t[m][Q -m]
[+56(B = 0)—1-55(B = 0) b[m]
_ V's6.13(B = 0) = V56 13(B = O)w[cm]t[cm] [Q-cm]
I*56(B = 0)—1-56(B = 0) blcm]

A.4.4.2.2 Magnetoresistivity
If desired, calculate the magnetoresistivity by

Vtgg 13(+B) = Vegg 13(+B) + Vo 15(—B) —V-g5 13(—=B)w[m]t[m] [Q-m

B)=
PE) "o(+B) — le5(+B) + go(—B) 1 o(-B) b{m
= V's6.13(+B) = V55 13(+B) + V*56 13(—B) — V' 13(=B)w[cm]t[cm] (Q- cm]
[*56(+B) — I-55(+B) + [*55(—B)—l-56(—B) b[cm]
A.4.4.2.3 Hall Coefficient

Calculate the Hall coefficient by
_ Ml Vs 24(+B)—Vigs 24(+B) + Vgg 54 (—B) V56 24(—5)[m3 oY
B[T] [*56(+B)—I-55(+B) + 1-55(—B)—*55(—B)
— q08_tlcm] V*ss 04(+B)— Vg5 04(+B) + Vg5 54(—B)—V*56 24(—B)
B[gauss] [*56(+B)—I-56(+B) + I-55(—B)—1*56(—B)

Ry

[cm®.Cc ™

A.4.4.2.4 Hall Mobility
The Hall mobility is given by,u,, = %[m2 Vishem® vitos

where p isthe magnetoresistivity if it was measured, and the zero-field resistivity if
it was not.

A.4.4.3 Eight-Contact 1-3-3-1 Hall Bar

The eight contact 1-3-3-1 Hall bar geometry is ideally the most symmetrical of the
Hall bars. Two sets of three equally-spaced contacts lie directly opposite one another
on eitherside of the sample with center contacts (humbers 2 and 4) located at the
exact center of the sample’s length. Voltage measurement connections are made to
contacts 1 through 4, while current flows from contact 5 to contact 6. Only six of the
eight contacts are used in this measuring procedure. The remaining two
(unnumbered) contacts are included to keep the sample completely symmetrical. See
FIGURE A-6 for a representation of the eight contact 1-3-3-1 Hall bar geometry.

FIGUREA-6 Eight contact 1-3-3-1
Hall bar geometry
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The eight-contact Hall bar attempts to combine the homogeneity checks possible
with the 1-2-2-1 six-contact geometry and the benefit of measuring the Hall voltage
in the center of the sample. It allows two resistivity measurements to compare for
homogeneity, but only one Hall voltage measurement. Either the 1-2-2-1 0r 1-3-1-1
six-contact measurements can be made using an eight-contact Hall bar, simply by
moving the electrical connections to the appropriate points. The eight-contact Hall
bargeometryisincluded in ASTM Standard F76, but the contact numbering given
here differs from the standard.

A.4.4.3.1 Resistivity
First calculate the two resistivities

= Vs n(B=0) =V 5(B=0) wimitim], ¢,

Ph T T Ig(B=01T(B=0)  bim]
S o e
and
e = Ao T a0
- Ty et ey

at zero magnetic field.

If these two values disagree by more than £10%, then the sample is too
inhomogeneous, or anisotropic, or has some other problem. If they do agree, then the

average resistivity is givenby p,, = %pB[Q- m], [Q-cm].

A.4.4.3.2 Magnetoresistivity
If desired, calculate the two magnetoresistivities

Vigg 23(+B) = Vogg 53(+B) + Vigg 55(—B) = V55 55(=B)w[m]t[m] [Q-m

P oo(+B) — I5g(+B) * [*55(—B)—5o(—B) bl
= V's623(FB) = Visg 23(¥B) + Ve 55(—B) — V'ep 23(-B) wcm]t[cm] [Q-cm]
[*56(+B) — I-56(+B) + I*55(—B)—1-55(—B) blcm]
and
_ Vg 14(+B) =Vogg 14(+B) + Vigg 14(—B) — Vogg 14(—B)w[m]t[m]
Ps= [Q-m]
[*56(+B) — 1-55(+B) + I*55(—B)—1-55(—B) b[m]
= Vs6.14(+B) = V56 14(+B) + V*s6 14(—B) — Vs 14(=B) wcm]t[cm] (Q - cm]
[*56(+B) — I-56(+B) + I*55(—B)—1-55(—B) blcm]

If these two values disagree by more than £10%, then the sample is too
inhomogeneous, or anisotropic, or has some other problem. If they do agree, then the
average magnetoresistivity is given by

Pa(B) = M[Q -m], [Q - cm]

A.4.4.3.3 Hall Coefficient
Calculate the Hall coefficient by

_ m] Vs 04(+B)— Vg5 04(+B) + Vogg 50 (—B) Vg 24(—5)[m3 Mol
B[T] [*56(+B)—l-55(+B) + 1-55(—B)—*55(—B)
oé_tlem] V56, 24(+B)—= Vo5 24(+B) + Vg 24(—B) V56 24(—B)
Blgauss] [*55(+B)—I-56(+B) + I-55(—B)—I*55(—B)

Ry

[cm®- C™

A.4.4.3.4 Hall Mobility
The Hall mobility is given by

Uy = |_Riv|[n']2 . V—l . s_l’ sz . V_l . s_l]
av
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where p,, isthe magnetoresistivity if it was measured, and the zero-field resistivity if
it was not.

The contact numbering and voltage measurement indexing given above differin
several ways from that given in the ASTM Standard F7615.

To begin, the ASTM contact numbering schemes for the van der Pauw and Hall bar
geometries are incompatible with one another. To allow either sample type to be
mounted using the same set of contacts, Lake Shore’s numbering scheme for Hall bar
samples differs from the ASTM scheme.

Second, the ASTM standard is inconsistent with the “handedness” of the

van der Pauw contact numbering order with respect to the applied magnetic field.
Lake Shore numbered the contacts counterclockwise in ascending order when the
sample isviewed from above, with the magnetic field perpendicular to the sample
and pointing toward the observer, as shown in FIGURE A-3.

Finally, ASTM assumes that the direction of the excitation current is to be changed by
physically reversing the current connections. This technique is not well suited to
high-resistance samples using a programmable current source like the Keithley
Model 220. This current source (and others like it) has a guarded “high” current
output, and an unguarded “low” current return. For proper current source operation,
the “high” output lead should be farther from common ground than the “low” return
lead, a condition violated half of the time when physically reversing the high and low
current leads to the sample. When this condition is violated, leakage current can flow
through the voltmeter, leading to possibly serious measurement errors.

To avoid this difficulty, Lake Shore reversed the sign of the programmed current
source, while leaving the contacts alone. This requires a more sophisticated notation
forvoltage measurements:

Vit +8

In this notation, terminal i refers to the contact to which the current source output
attaches, terminal jisthe currentreturn contact, terminal k is the positive voltmeter
terminal,and terminal l is the negative voltmeter terminal. The superscript + refers to
the sign of the programmed current, while B refers to the sign of the applied
magnetic field relative to the positive direction indicated in the figures.

David C. Look gives a good treatment of systematic error sources in Hall effect
measurements in the first chapter of his book.2 There are two kinds of error sources:
intrinsic and geometrical.

The apparent Hall voltage, V, measured with a single reading can include several
spurious voltages. These spurious error sources include the following:

1. Voltmeter offset (V,): An improperly zeroed voltmeter adds a voltage V, to every
measurement. The offset does not change with sample current or magnetic field
direction.

2. Current meter offset (I): An improperly zeroed current meter adds a current |, to
every measurement. The offset does not change with sample current or magnetic
field direction.

3. Thermoelectric voltages (Vg): Atemperature gradient across the sample allows
two contacts to function as a pair of thermocouple junctions. The resulting ther-
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Vi
Vv,
(Vo-Vy)

Vs
A

(=V3+V,)
(V1-Vy-V3tVy)

moelectric voltage due to the Seebeck effect is designated V.. Portions of wiring
to the sensor can also produce thermoelectric voltages in response to tempera-
ture gradients. These thermoelectric voltages are not affected by current or mag-
netic field, to first order.

4. Ettingshausen effect voltage (Vg): Even if no external transverse temperature
gradient exists, the sample can set up its own. The evxB force shunts slow (cool)
and fast (hot) electrons to the sides in different numbers and causes an internally
generated Seebeck effect. This phenomenon is known as the Ettingshausen
effect. Unlike the Seebeck effect, V¢ is proportional to both current and magnetic
field.

5. Nernst effect voltage (V\): If a longitudinal temperature gradient exists across
the sample, then electrons tend to diffuse from the hot end of the sample to the
cold end and this diffusion current is affected by a magnetic field, producing a
Hall voltage. The phenomenon is known as the Nernst or Nernst-Ettingshausen
effect. The resulting voltage is designated V and is proportional to magnetic
field, but not to external current. This is the one intrinsic error source which can
not be eliminated from a Hall voltage measurement by field or current reversal.

6. Righi-Leducvoltage (Vg): The Nernst (diffusion) electrons also experience an
Ettingshausen-type effect since their spread of velocities result in hot and cold
sides and thus again set up a transverse Seebeck voltage, known as the Righi-
Leduc voltage, Vg. The Righi-Leduc voltage is also proportional to magnetic field,
but not to external current.

7. Misalignmentvoltage (V): The excitation current flowing through the sample
produces a voltage gradient parallel to the current flow. Even in zero magnetic
field, a voltage appears between the two contacts used to measure the Hall volt-
ageifthey are not electrically opposite each other. Voltage contacts are difficult
to align exactly. The misalignment voltage is frequently the largest spurious con-
tribution to the apparent Hall voltage

The apparent Hall voltage, V,, measured with a single reading contains all of the
above spuriousvoltages: V,, =V + Vo +Vg+ Ve +Vy+ Vg + V.

All but the Hall and Ettingshausen voltages can be eliminated by combining
measurements, as shown in Table B-1.

Measurements taken at a single magnetic field polarity still have the misalignment
voltage, frequently the most significant unwanted contribution to the measurement
signal. Comparing values of Rh(+B) and Rh(-B) reveals the significance of the
misalighment voltage relative to the signal voltage.

A Hall measurement is fundamentally a voltage divided by a current, so excitation
currenterrors are equally asimportant. Current offsets, | ,, are canceled by combining
the current measurements, then dividing the combined Hall voltage by the combined
excitation current.

vy Vu Vg Ve Vn Vi Vo
+ + + + + + +
- - + - + + +
2V, -2Vy 0 2V 0 0 0
- + + - - - +
+ - + + - - +
2V, -2Vy 0 2V; 0 0 0
4V, 0 0 AV 0 0

TABLEA-2 Hall effect measurement voltages showing the elimination of all but the Hall and Ettingshausen voltages by combining readings

with different current and magnetic field polarities
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Geometrical error sourcesin the Hall bararrangement are caused by deviations of the
actual measurement geometry from the ideal of a rectangular solid with constant
current density and point-like voltage contacts.

FIGUREA-7 Hall bar with
finite voltage contacts

The first geometrical consideration with the Hall bar is the tendency of the end
contacts to short out the Hall voltage. If the aspect ratio of sample length to width
//w =3, thenthis erroris less than 1%.15 Therefore, it's important that I/w> 3.

The finite size of the contacts affects both the current density and electric potential in
theirvicinity,and may lead to fairly large errors. The errors are larger for a simple
rectangular Hall bar than for one in which the contacts are placed at the end of arms.

i
B p—

w ——-

+ l
rd WU

FIGURE A-8 Hall bar with contact arms

Forasimple rectangle, the errorin the Hall mobility can be approximated
(when puB << 1) by16

Here, AIUH is the amount £+ must /ncreaseto obtain a true value.
If //w=3, and ¢/w=0.2, then Aty | 4 = 0.13 which is certainly a significant error.

Reduce the contact-size error to acceptable levels by placing contacts at the ends of
contact arms.17 The following aspect ratios yield small deviations from the ideal:
p=c,c<w/3,1>4w

Van der Pauw's analysis of resistivity and Hall effect in arbitrary structures assumes
point-like electrical connections to the sample. In practice, this ideal can be difficult
orimpossible to achieve, especially for small samples. The finite-contact size
corrections depend on the particular sample geometry, and, for Hall voltages, the Hall
angle 0 (defined by tan® = LB, where pis the mobility). Look2 presents the results of
both theoretical and experimental determinations of the correction factors for some
of the most common geometries. We summarize these results here, and compare the
correction factors for a 1:6 aspect ratio of contact size to sample size.
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A.6.4 Square Structures The resistivity correction factor Ap /pfor a square van der Pauw structure is roughly
proportional to(c/1)2 for both square and triangular contacts. At (c/1) = 1/6,
Ap/p=2%foridentical square contacts,and Ap /p< 1% for identical triangular
contacts!8. Hall voltage measurement error is much worse, unfortunately. The
correction factor ARy / Ry is proportional to (c/ 1), and is about 15% for triangular
contacts when (c/ 1) = 1/6. The correction factor also increases by about 3% at this
aspect ratio as the Hall angle increases from tan6 = 0.1 to tan6 = 0.5.

™ L‘c

Al [d

T —=

FIGURE A-9 Square van der
Pauw structure with either
square or triangular contacts
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A.6.4.1Circular Structures

Circularvan der Pauw structures fare slightly better. van der Pauw14 gives a
correction factor for circular contacts of

Ap_ 1 (¢ , . .
o= 161n2(|) (per contact), which results in a correction of
Ap/p=-1%for (c/1) = 1/6 for four contacts.

4 -

FIGUREA-10 Circularvan der
Pauw structure

For the Hall coefficient, van der Pauw gives the correction
ARy_2 ¢

= T r n .
Ry = per contact

At (c/1)=1/6,thisresultsina correction of 13% for four contacts.

Van Daal29 reduced these errors considerably (by a factor of 10 to 20 for resistivity,
and 3 to 5 for Hall coefficient) by cutting slots to turn the sample into a cloverleaf.
The clover leaf structure is mechanically weaker than the square and round samples
unless itis patterned as a thin film on a thicker substrate. Another disadvantage is
that the “active” area of the cloverleafis much smaller than the actual sample.

FIGUREA-11 Cloverleafvan
der Pauw structure

A.6.4.2 Greek Cross Structures

The Greek cross is one of the best van der Pauw geometries to minimize finite contact
errors (see FIGURE A-12 for a representation of a Greek cross structure). Its advantage
over simpler van der Pauw structures is similar to placing Hall bar contacts at the
ends of arms. David and Beuhler20 analyzed this structure numerically. They found
that the deviation of the actual resistivity p from the measured value p,, obeyed

E=1-£ = 0.5910.006exp[—(6.23¢0.02)%} .Thisis avery small error: for

m

c/(c+2a)=1/6,where c+ 2acorresponds to the total dimension of the contact arm,
E=10".
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Hall coefficient results are substantially better. De Mey21.22 has shown

that“

_ A L2
o —Hem — 2MH -9 0456 © (four contacts),
H H

where yy and py,, are the actual and measured Hall mobilities, respectively.
For ¢/ (c+24a) = 1/6,thisresultsin Ay, / 1,= 0.04%, which is quite respectable.

I
m R

FIGUREA-12 Greek cross van
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@Appendix B: Electrical Contacts to

B.1 General

Semiconductors

All direct measurements of the electronic transport properties of a material require
adequate electrical contacts between the sample and the measuring instrument.
Adequacy depends on the particular measurement performed. Generally, low resis-
tance ohmic contacts are desired.

The word “ohmic” ideally means “obeying Ohm’s Law”, a condition that is technically
impossible to achieve in a metal-semiconductor interfacel. Ohmic usually means a
contact with a small resistance compared to the resistance of the sample being stud-
ied, and therefore, insignificant non-linear current-voltage characteristics.

Several parameters describe electrical contacts to semiconductors. The quantity of
greatest interest is the contact resistivity or specific contact resistance, denoted by
pc and usually measuredin Q- cm2. Contact resistivity is the product of the contact
resistance R. and the area A of the contact. Other common contact parameters
include the barrier height ®,, measured in eV, and the semiconductor doping con-

centration, measured in cm-3.

Three primary mechanisms govern current transport across a metal-to-semiconduc-
torinterface: thermionic emission, field emission, and thermionic-field emission2.
They differ mainly by the interface potential barrier height and width as determined
by the work function of the metal, the semiconductor electron affinity, and the semi-
conductor doping concentration near the interface.

Thermionic emission is important when both the barrier and doping concentration
are low. In thermionic emission, electrons thermally excited to energies above the
barrier, passdirectly overit. As a result, contact resistance where thermionic emission
dominates depends strongly on temperature.

Field emission isimportant when both the barrier and doping concentration are high.
A high doping concentration reduces the width of the carrier depletion region near
the semiconductor'ssurface. Thisin turn produces a thin barrier that electrons tunnel
through directly. Afield emission is only weakly dependent on temperature.

Thermionic-field emission is important when both barrier and doping concentration
are moderate. In thermionic-field emission, electrons are thermally excited part way
up the potential barrier, at which point they tunnel the rest of the way through. Ther-
mionic-field emission is moderately temperature-dependent. Typically, some sort of
thermionic-field emission is the most likely transport mechanism.

There are several methods of contact deposition: applying metal-bearing paints and
pastes, melting metals directly on the semiconductor surface, evaporation, sputter-
ing, molecular beam epitaxy, ion-implantation, and others. Once deposited on the
semiconductor, the contact may be thermally annealed by conventional oven, laser or
electron beam, or rapid thermal annealing/processing (RTA or RTP), in which halogen
lamps rapidly heat the semiconductor to the annealing temperature, and hold it
there for a short time (typically 10 sto 30 s).
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This appendix discusses methods of making electrical contacts to a variety of semi-
conductor materials. In most cases, it indicates contact materials, method of deposi-
tion and annealing, contact resistivity and doping concentration, and references to
original publications.

B.2 Silicon Much effort has been made to produce reliable, small, low-resistance contacts to sili-
con for VLSl electronics. Gildenblat and Cohen3 give an excellent review of the art and
include the following reference table for silicon contacts. Cooke gives an additional
review of LPCVD metallization techniques.

B.2.1 Making Electrical Contact resistivities are minimum values reported in the references. Usually, these

Contacts to Silicon were obtained with the highest dopant concentration employed. Conventional sin-
tering typically involves a furnace anneal at 400 °Cto 450 °Cfor 30 min to 60 min. All
surfaces are assumed to be (100) unless indicated otherwise.3

Metallization Semlit;l;t:uctor cs::;?tril:fs pe(Qepm?) Comments Reference
Aluminum p+ Conventional 3700 (111)Si 4
p+ Conventional 26 (111)Si 5
n— Conventional 410000 (111)Si 4
n+ Conventional 100 (111) Si, high doping 6
n+ Conventional <120 (113)Si 7
n+ Conventional 100 (113)Si 8
n+ Conventional 400 — 9
n+ Conventional <60 — 10
n+ E-beam 310 — 11
n+ Laser, e-beam 104-1000 — 12,13,14

n+ Conventional 100 Polysilicon 15
p+ Conventional 300 (111)Si 7
p+ Conventional <100 lon beam deposition 16
p+ Hallogen lamp 15 — 17
p+ E-beam 110 — 11
p+ Conventional 20 Polysilicon 15
Al-Si alloys p+ Conventional 15 0.9%Siin alloy 18
n+ Conventional 90 — 18

n+ Conventional 70 1%t02%inSi 10,19
n+ Conventional <200 1%inSi 19

p+ Conventional <500 — 10,19
PtSi n+ Conventional 5000 Al overlayer 20
n+ Conventional 20 Al overlayer 21
n+ Conventional 4 Al overlayer 22
n+ Conventional 5 Mo overlayer 23
n+ CW laser <100 Tioverlayer 24
p+ Conventional 10000 Al overlayer 20
p+ Conventional 7 Al overlayer 22
p+ Conventional 10 Patterning by liftoff 25
p+ Conventional 7 Mo overlayer 5
Pd,Si n— Conventional 400 — 26
n—,p+ Conventional 63,68 Both (100) and (111) 5
MoSi, n— Conventional 400 — 26
CoSi, n— Laser <50 — 28
p+ Laser 700 —_ 29

TABLEB-1 Electrical contacts to silicon
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Metallization S Sint?r.ing pe(Qepm?) Comments Reference
type conditions
TiSi, n— Laser 100 — 30
n— Laser <150 — 31
n— Laser 15 — 32
p+ Laser <40 — 31
p+ Laser 100 — 32
TiSiy g¢ p+ — <50 — 31
n— — <30 — 31
Tungsten n— Laser 20 Selective deposition 33
p+ Laser 25 Selective deposition 33
WTi p+ Laser 20 Al overlayer 34
n— Laser 7 Al overlayer 34
n— E-beam 17 — 11
p+ E-beam 13 — 11
Molybdenum p+ Conventional 440 — 4
p+ Conventional 600 — 35
p+ Conventional 5 Sintered at 650 °C 36
n— Conventional 8000 — 4
n— Conventional 800 — 35
n— Conventional <100 — 37
n— Conventional 2 Sintered at 650 °C 36
Mo,Niy, n— Conventional <350 — 38
p+ Conventional <150 — 38
FeysWsg p+ Conventional 110 — 39
n— Conventional 10 — 39
Nickel n—, p+ Conventional 200 — 35
Vanadium p+ Conventional 520 — 4
n— Conventional 7300 — 4
Cobalt n— Conventional 14000 —
Conventional 780 —
Chromium p Conventional 400 — 35
n— Conventional 300 — 35
TiN, HfN p Conventional <10 Solar cell type Si 40

TABLE B-1 Electrical contacts to silicon
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B.3 Gallium Electrical contact to gallium arsenide has grown due to the popularity of GaAs in the
Arsenide and electronicindustry, particularly forelectrooptical and high-speed digital applications
which exploit other I1I-V compounds as well. In his book, David Look reviews a variety
Other I1I-V of techniques to contact GaAs and closely related compounds41. A more recent article
Compounds by T. C. Shen, G. B. Gao, and H. Morkog2 discusses the emerging role of rapid thermal
annealing/processing in contacting GaAs, and electrical contacts to several other I11-V
compounds.
Semiconductor C(a;(;l;r;;o_:n)c. Metallization Preparation p(10-6 Q- cm2)
n-Gahs 2.2 Au/Pd/Ge E"a4p5";‘ircf; ggaster’ 05 42
. Evap. surf. heater,
2.2 Au/Ge/Ni 4p5 0°C 305 04 42
5 Ni/AuGe Evap., laser, 40 ns 56 43
5 Ni/AgGe Evap., laser, 40 ns 95 43
1 Au/Ni/AuGe E"a3p2‘ Slf,rcf ggaster’ 15 44
10 Ni/Au/Ge Evap. no alloying 0.2 45
1.8 AuGe/Ni Evap., laser, 20 ns 15 46
Electroless dep.,
2 Au/Pd furnace, 350°C, 8 47
2 min
100 Au/Cr Evap. no alloying 2.5 48
05 WSix Evap. RTA, 800°C, 1 19
fews
03 In E"a;’é;‘j:' ;‘:aster’ 12 50
Evap. surf. heater,
0.15 In/Pt P 200°C 2 51
Electroless dep.,
2 Au/ln furnace, 350°C, 2 15 47
min
Furnace,325°Cto
low 1018 Ge/Pd, Pd/Ge 375°C,upto ~1 42,52
30 min, or RTP
low 1018 Si/Pd RTP ~1 53,54
1 MoGeW RTP 0.3 mml 55
4 MoGeW RTP 0.4 56
3.5x1013¢cm22 MoGelnW RTP 0.5 mm 57
3.5x1013cm2 GelnW RTP 0.5 mm 58
3.5x1013cm-2 NilnW RTP 0.3 mm 58
6.6x1013cm-2 NilnW(Si) RTP 0.1 mm 59
6.6x1013cm-2 NilnW(Ge) RTP 0.3 mm 59
3.5x1013¢cm?2 Nilnw RTP — 60
Au/WSi2/Ge
0.01 Au/W 4oN4g RTP 50 61
Ge/Ni
0.1 Au/W/Pd/Ge RTP ~5 62
0.1 Au/W/Mo/ Ge RTP ~5 62
1 W-In RTP 3 63
1 NiGe(Au)W RTP 0.16 Q mm 64
3.5x1013 cm-2 W/Ni/InAs RTP 0.4Q mm 65
6x1013cm-2 WinTe RTP 5 66
3.5x1013 cm-2 W/Ni/InAs /Ni RTP 0.4Q mm 65
— Pd/In RTP ~2 67

TABLE B-2 Electrical contacts to IlI-V compound semiconductors
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p-GaAs Electroless dep.,
4 Au/Pd furnace, 250°C, 200 47
2min
. Evap., furnace,
2 Ag/TiN/Pt/ Mg 450°C, 30 min 100 68
Evap., furnace,
1 Ag/W/Pt 400°C, 30 min 300 69
. Evap., furnace,
100 Ni/AuZn 450°C, 2.5 min 10 70
— Si/Ni/Mg/Ni RTP 0.7 71
p-AlGaAs 10-100 AuBe, Pt/Ti RTP — 72
n-InGaAs — Au/Cr Evap., no alloying 2.2 73
15 Au/Pt/Ti Evap., no alloying 0.05 74
1.8 Al Evap., no alloying 0.5 75
1 Ni/Au-Sn/Ni — 0.04 76
30 Al — 0.48 75
p-InGaAs — Au/Cr Evap., no alloying 82 73
. . Evap. furnace,
1 Ni/AgZn/Ti 400°C, 2 min 11 77
1 Ni/Au-Zn/Ni — 20 76
. Evap., furnace,
n-InAlAs/ InGaAs 1 Au/Ag/Au/ Ge/Ni 480°C, 605 0.8 78
n-AlGaAs /GaAs 3 Au/Ni/AuGe Evap. 500°C,50's 0.1 79
p-InGaAsP 5 AuBe — 0.49 80
20 Pt/Ti — 1 80
23 Pd/Ge Solid-phase 23 81
epitaxy
p-GaSb 1 Au-Zn Furnace 10 82
n-InP Ni/zn/Au, Ni/Hg/
— AU, InPd Electroless dep. — 83
2 AuGe/Ni/Au Si-implanted, RTP 0.2 84
— Pt/Ti RTP>400°C 0.8 85
0.8 Au/Sn/In 400°C, 2 min 300 86
350°C 2 min after
0.8 Ni/AuGe/Ni AuGe, 400°C 2.3 86
1 min after Ni
p-InP 1 Au/Cr/AuBe RTP 10 87
0.9 Au/Zn 90/10 400°C, 2 min 110 86
) Zn-doped, RTP,
p-InAs 10 Pt/Ti 450°C, 30's 0.099 88
n-GaN — Al Evap. no 0.01-0.1 89
annealing
- [}
n-GaN — Au Evap. 575°C, 0.01-0.1 89
10 min
(o}
01 AIfTi Evap, RTA 900°C, 8 90
30s
5 InN/GaN Superlattlce,lr}N 60 o1
cap, no annealing
n- &p-AIN — Al, Pt,Au Sputtering — 92

TABLE B-2 Electrical contacts to IlI-V compound semiconductors

Semiconducting diamond is gaining popularity thanks to its unique combination of
electronic and physical properties, including high breakdown voltage, high thermal
conductivity, low dielectric constant, and radiation hardness. Tachibana and Glass93
and by Das et al.94 review the art of making both ohmic and Schottky contacts to dia-
mond.

B.4 Diamond
(Carbon)
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There are several methods to produce ohmic contacts on diamond: roughening or
damaging the surface, welding noble metal/transition metal alloys, ion implantation,
in situ doping with B during CVD film growth, solid-state diffusion doping, and depo-
sition of carbide-forming metals.

Metallization Doping Preparation A Ref.
Ag Paint Natural Mechanical roughening — 95
Colloidal Graphite Natural Mechanical roughening — 96
W point probes Natural Mechanical roughening — 97

Welding: e-beam and

Au(99%)-Ta(1%) Natural joule heating — 95-97

MEOHTOR oo Welding ¢ eam anc - 9597
Pd-Ta Natural Vacuum brazing — 98
Pt-Au-Ta Natural Vacuum brazing — 98

35 keVion implantation at
Au, Ag, Cu B,3x1016 cm-3 200°C, annealed at 1200°C, 36Qcm 99
etched
Au/Ti B, 1020 cm-3 lon implantation at 200°C 10-5t0106 Q2 cm?2 100
B,3x1020cm-3 In situ vapor-phase doping 10-4Q c¢m? 101
T e Smmmma
Ti, Mo, Ta Natural Carbide formation, 105 Qcm? 96,104-108
annealing at >400°C

Al/Si B,4.9x1021cm-3 Annealed 450°C 2.3x107Q cm2 109
Ti-Au B,4.9x1020cm-3 Annealed 450°C 14x105 Qcm? 109
TiIWN-Au B,4.9x1020cm-3 Annealed 450°C 6.6 X105 Qcm? 109

TABLE B-3 Electrical contacts to diamonds

Wide and narrow bandgap II1-VI compounds are increasingly sought for optoelec-
tronic applications ranging from IR to UV wavelengths. HgCdTe is a "gapless" semi-
conductor used in IR detectors. ZnTe is a wide bandgap semiconductor that can be
heavily doped with N, making it a potentially attractive material for blue and UV
optoelectronics. ZnSe is the focus of considerable effort in the area of blue and UV
semiconductor lasers, but it is extremely difficult to produce ohmic contacts to this

B.5 II-VI Materials

material110.
Material CarrlFrConcen- Metallization Process pc(Q-cm2) Reference
tration (cm-3)
HgCdTe 101 Au Ar presputter, ~1x104 11
evap.
4x1014 Sn/in Evap. 1x105-1x105 112
p-ZnTe 3x1010 Au/P/TiIN E'bel""zrgfg ap- 11x10% 113

TABLE B-4 Electrical contacts to II-VI compound semiconductors

Like diamond, silicon carbide is potentially useful for high-power, high-speed, and
high-frequency devices, due to its large bandgap, high breakdown field and high ther-
mal conductivity. However, ohmic contacts to this material have not been studied

B.6 Silicon Carbide

extensively.
Material Metallization Process pc(Q-cm2) Reference
SiC Crand alloys ohmic to p-type — 114
Al — — 115
0,
Ti sputter, 300°C, 9.2x103 116
30 min
TiSi2 450°C, 390 min 1x104 116
WSi2 450°C, 120 min 3x104 116

TABLE B-5 Electrical contacts to silicon carbide
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