WO 2006/020631 PCT/US2005/028254 DEVICE AND HANDLING SYSTEM FOR MEASUREMENT
OF MOBILITY AND SHEET CHARGE DENSITY IN CONDUCTIVE SHEET MATERIALS RELATED
APPLICATIONS [0001] This application claims the benefit of U.S. Provisional Patent Application No.
60/659,847, fil@rzMarche®, 2005, and is a continuation-in-part of co-pendingctysS:Ratentsdpplication
Serial No. 10/915,877, filed August 11, 2004, both of which are hereby incorporated by reference
herein in their entireties. FIELD OF THE INVENTION [00021 The invention relates to nondestructive
measurement and mapping of materials, particularly using microwaves in the measurement of sheet
charge density, and mobility and sheet resistance in semiconductor wafers and flat panel displays.
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wafer, which contains a two-dimensional (2D) channel layer and a cap layer. Therefore, one must

measure &Rt rddrtdieeailfibontig BasrmysratitedndmofitmbsodingdgredeRBlvin, such as at
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[0004] De S ERAAREE ﬁ?ﬂMS’F%’é@%?%ment of sheet resistance and mobility are also known.

However, such techniques necessarily damage the wafers or other material being measured.
FIELD OF THE INVENTION

[6002]  The invention relates to nondestructive measurement and mapping of materials,
particularly using microwaves in the measurement of sheet charge density, and mobility and

sheet resistance in semiconductor wafers and flat panel displavs.
BACKGROUND OF THE INVENTION

[0003]  Existing instruments that employ microwaves in the measurement of sheet
resistance in GaAs wafers employ an X-band waveguide configuration with a characteristic
impedance of 300 ohms lwhjch does not permit accurate measurement of Waférs with thin cép
layers. Such instruments are discussed in U.S, Patent No. 4,605,893, to Norman Brasian. One
disadvantage of these instruments is an inability to separately measure the properties of multiple
conducting layers in wafers that contain such layers, e.g. & high-electron-mobility transistor
(HEMT) wafer, which contains a two-dimensional (2DD) channel layer and a cap layer.
Therefore, one must measure the sheet resistance and mobility at temperatures lower than 300
degrees Kelvin, such as at 77 degrees Kelvin, in such existing systems in order to increase the
channel-layer mobility relative to the conductance of the cap layer. These instruments also

require involved calibration procedures,

[0004]  Destructive techniques for measurement of sheet resistance and mobility are also
known. However, such techniques necessarily damage the wafers or other material being

measured,



1 SUMMARY OF THE INVENTION [0004a] According to a first aspect, the present invention provides
a device for measurement of mobility and sheet charge density in conductive sheet materials,
comprising: a microwave source; a first waveguide positioned to receive microwave power from said
microwave source; an adjustable mount adapted to adjustably position a sheet material item having a
plurality of measurement Iocatigﬁﬁm&\fv@%?&mgﬁjggmgﬁ%nsmitted from sgid first waveguide;
a magnet pogjligagd tynden anaanetis el theteRSKIBREBIJORRINE Vi@ first detector to

detect the power of the microwave source; a second detector to detect the power of the microwave
power refSERAFGH! PhaSRERY Frdabrch shemes iens Phisscndnrare festiBaeriahy commEEiector to
detect a Hall eftegfmicrviavgpewer; wherein said adjustable mount further comprises a first end
effector adapted to position said sheet material item at a plurality of measurement locations to receive
microwave powfliiatiarnieds Posiicad frsecpiirogiiteyadddiver dranefietoichaimyaovable between

an adjustment it iti in said adjustment position is a position at which the
rotatiojnal ositiglrgl) %@%%%%d@%%a%gﬁgéﬁgmﬁg%gg tggff/tlgéjassg e%?%% asPéEe e%sz{%gg’sf’tion is a
position ﬁﬁﬂﬂi&%@@&%ﬂéﬁ@@@%@@ﬂb@g@@ﬁ@@mﬂﬁ@ sheer frmenidleddnmsing fhe first
waveguigg, -A device for nondestructive measurement of mobility and sheet charge density in
sheet materials includes a microwave source, a circular waveguide configured to transmit microwaves
received from tlenegBed ReVEOsed teenduacopndgntive fstidet thateraysustnaleatsemiconductor wafer or
flat panel displaya.fi tectar for receiving the forward microwave power, a second detector for
detepcting thepn??}éigc%vt\flé\g/%g&%%ra?te éc{ﬁgcﬁ’ ??ger% (f?%l?nné ena ?\é%&oéw tfiird detector for detecting the Hall

effect power. Axsauiat detaceguicl éeteartiiingponrtydhdcliitiowave power reflected from the sheet

material item in the measurement locations; and

a third detector to detect a Hall effect microwave power;

wherein said adjustable mount further comprises a first end effector adapted to position
said sheet material item at a plurality of measurement locations to receive microwave power
transmitted from said first waveguide, said first end effector being movable between an
adjustment position and a test position, wherein said adjustment position is a position at which
the rotational position of the sheet material item is selectably adjustable, and said test position is
a position at which at least one test can be performed on the sheet material item using the first
waveguide,

{0005] A device for nondestructive measurement of mobility and sheet charge density in
sheet materials includes a microwave source, a circular waveguide configured to transmit
microwaves received from the microwave source to a conductive sheet material, such as a
semiconductor wafer or flat panel display, a first detector for receiving the forward microwave
power, a second detector for detecting the microwave power refiected from the material, and a
third detector for detecting the Hall effect power. A circular waveguide, carrying only the TE;,
mode, is terminated by the wafer behind which, at a distance of 4 wavelength, a short is located.
Perpendicular to the plane of the wafer (and along the axis of the waveguide), a variable
magnetic field 1s applied. In this configuration, a given incident TE;; wave will cause two
reflected waves. One is the ordinary reflected wave in the same polarization as the incident one.
This 15 used to measure sheet resistance. The other reflected wave is caused by the Hall effect.
Its polarization is perpendicular to the former wave and this can be separately detected with a

properly configured probe.



mode, is terminated by the wafer behind which, at a distance of %4 wavelength, a short is located.
Perpendicular to the plane of the wafer (and along the axis of the waveguide), a variable magnetic
field is applied. In this configuration, a given incident TE1 i wave will cause two reflected waves. One
is the ordinary reflected wave in the same polarization as the incident one. This is used to measure
sheet resist The pther reflected wave is caused .by the Hall effect. Its polarization is

perpendicul r?g e fétgr#grl %a%f%%ag%%%lg{no ' Ieng%é%plgga é?ys %eee&e%%rg%\ﬁﬁﬁls SR dortigured
probe. 2 shoo0BaiEialsvicduitns measwnsave st ofcm abilityuhndvshemtidh aogiti dexsityr tnetonductive  sheet
materialsReARS AINIGTRUANRSANIGHACLSHIRL WANSAYILE ROPIINSHIR RGRING, JUgIPwae power
from the microwave source; a mount adapted to position a sheet material item at a measurement
location £ $ERVE FHIERHINERIOP HWBE L BhBHSIRSTRTrROPA e teirsudited dvsy tid siraulaagmegpusitioned to
induce apaghelisdildRt e MeasH RN Iaatan iR s dRIBRAN RABIENSs PARIGE} the power of

the microwave power source; a second detector positioned to detect the power of the microwave

power refREHOR IR SR SRt Aoter R e MRSV RIS STRESt fosanBh Jsisater aarietd or

positionett ta datessweHaflpifettimierayruecp eyfiebcA fouith tietealal-may:da prawded to detect
?nt Iocatic%n. The mount ﬁ@¥§%ve a.surface and a disc

magr_1etic f(iaglsd Se%l%%%@ gﬁ(t)g_e mtf a? 111'11[(?[? Cl 1 &F% 0 q;’é 1 ct 1 :
positioned in the MouRt: Said disé RN s BTaRAF SUFALL e LY RBAKE BeWEce, said
disc beinyy fottadieaboutahapicvsidstadtiaty nperpandidd|srdngtheqlaneafeaiddidoq@lgnar surface,
and said-#j ' r [ i .bej axjal with said axis of rotation. [00071 A
method ﬁgrr%gﬁgﬁgﬁ?e%%g‘%%{b%%%ﬁ} ﬁ%&%%%%éegggﬁelt?ﬁ? é%ﬁedltc?é%\slce&%ﬁggtal%%fleaﬁals includes
generatifgfiersrrived fbvme saidanenmtingasalypaitedise being detafhventyaherated mistaniialls power

successiyalciRiRheR! Mk Amp s dHIRg Ne 1Pl 33 MR AAGN2063! RGLHILSF005/028254
transmission, apglylng a magnetic field of Selected intensities; detecting microwave field
bore not béing coaxial with said axis of rotation.
[0007] A method for measurement of mobility and sheet charge density in conductive

sheet materials includes generating microwave power; transmitting only the TE;; mode of the

generated microwave power successively to a sheet material sample; during the step of

2a



strength at a forward position; detecting microwave field strength reflected from each of a conductive
short and a sample; detecting Hall effect microwave field strength; and, based on the detected
microwave field strengths, calculating values for mobility and sheet charge density. [00081 An
automatic hawdlimg&ysiein is disclosed for measurement of mobility and sheetushasgesdensity in
conductive sheet materials. The system can comprise a microwave source, a waveguide positioned to
receive microwave power from said microwave source, and an an end effector adapted to position a
sheet material item at a measurement location to receive microwave power transmitted from said

circular W?aygﬁfﬂégll%nm%@ﬂ%%ffﬁ@ﬁw@ﬂ&&dﬁwa&@ nedvaen;aneeiustmrrtpoesitiandand a test
position, wherein the adjustment posjtion jis a position at which the rotational position of the sheet
material AEFSE AR LLBRIERSEH Bi&?%ﬁﬂ%&“l%‘&wﬁ%‘s%ﬁﬁ TETHEDE ?8??%%\%@?10& et one test

can be pesiatineadeanhdhesheshmstedaiatany Hsiheffhe maveguddickhssystenamhbdsdhertbemprise a
magnet pesitienedio ndues aradnefie leldatine et Insation, st detaciprlo defegt the power of

the microwave pOWEr soufce, a Sec ector etect the power of the microwave power reflected
from a sheet material item in the measurement location, and a third detector to detect a Hall effect

microwave pdRB§! [00dgaTRE Bk S B YT SYSERCFEY TIrATBrEERR ISRRPE Seththest
end-effeciRi-Lonfiguied to.eneage fasheetimatanal demmand sosliprtresisianasspthaying first and
second oppositely disposed coils for measuring the sheet resistance of the sheet material item,
wherein Y SBEEnBOSHPRAFOETRYR BY I A BT & Ot TS IPECP TR S RERARSTEAR EBUnit to
enable thgrdsnit lipkd Bopualiy otmaasuremeinimandhesieehenatot dem {8301 A mount for
sheet material is disclosed, comprising an end eftector for e ing _anj of sheet material and
oving ARy &AL S5 A UD SR FO T o BT b s AL Y s using a
first servbstvoter.sA sdasondifteostaiserdel tueddsticenyhgieig the dtinstofeshpetitivaterigpeaidomoving it
alongas ! i tant r [ jd:first.axi -|ifter r.configured to
otats ab A e B D e e A
rotator-liffeséesH chmprRberaat whitlordeds ona st kambapafosrigd gin tha Arehmatesiabbematerial. The

mount canIKHERGARRISE dhe system can further comprise & magnet positioned to induce a magnetic
field at the test location, a first detector to detect the power of the microwave power source, a
second detector to detect the power of the microwave power reflected from a sheet material item

in the measurement location, and a third detector to detect a Hall effect microwave power.

[0009]  The auntomatic handling system may further comprising a second end-effector
configured to engage the sheet material item, and a sheet resistance unit having first and second
oppositely disposed coils for measuring the sheet resistance of the sheet material item, wherein
the second end-effector is movably adjustable with respect to the sheet resistance unit to enable

the unit to take a plurality of measurements on the sheet material item.,

[0010] A mount for sheet material is disclosed, comprising an end effector for engaging
an itein of sheet material and moving it along a first axis, the end cffector further configured to
be rotated about the first axis usinga first servo motor. A rotator-lifter is also included for
engaging the item of sheet material and moving it along a second axis substantially perpendicular
to said first axis, the rotator-lifter further configured to rotate about the second axis using a
second servo motor, wherein the end effector and the rotator-lifier each comprises at least one

vacunm element for engaging an item of sheet material, The mount can further cbmprise an



3 WO 2006/020631 PCT/US2005/028254 adjustable base being movable using a third servo motor,
the end effector being mounted on the adjustable base for movement with respect to the rotator-lifter.
BRIEF DESCRIPTION OF THE FIGURES [00111 Fig. | is a schematic diagram of an apparatus
according to e mventiom [00121 Fig. 2 is a schematic diagram of an apparatis@sankeiag to the
invention. 10013] Fig. 3 is a view of a portion of an apparatus according to the invention. [00141 Fig.
4 is a cross-section of the apparatus of Figure 3. [00151 Fig. 5 is a view of an apparatus according to
the invention. [00161 Figs. 5A, 513, and 5C are views of a component of an apparatus according to
the inVe@@ﬂﬁti@B%%eﬁJQin@ ﬁﬁiﬁwﬁiﬁgaqu&%@m%ﬂ M@i%@omiﬂy%m%d%% Fig. 7'is
a perspective view of an automatic wafer handling system for use with the apparatus of Figs. I-5C;
[00191 FR{W TR FEREJREIRRY TRt oT HRaSDetE iR BrERPE-45Ehed to the apparatus of Figs. 1-5C:
[0020] Fig. 9 is a detail view of the system of Fig. 7, illustrating various system components; [00211
Fig. 10 is a detail view of an and effector of the system of Fig. 7, engaged with a sheet material item;
[0022] Fig. 11 is a detail view oBREBIGNBESEBIG I NgOT0IHE RKatddi®sition; [00231 Fig. 12 is a

detal view ofe,gnd sfeciss 8ot BRALASH 0L Fild 040 AESLRASHOD: IO 20061020631

PCT/US20051028254 [0024] Fig. 13 is a detail view of the end effector and sheet material item of Fig.
10ina

[6012]  Fig. 2 is a schematic diagram of an apparatus according to the invention,

[0013]  Fig. 3 is a view of a portion of an apparatus according to the invention.

[0014]  Fig. 4 is a cross-section of the apparatus of Figure 3.

[0015]  Fig. 5 is a view of an apparatus according to the invention.

[6016]  Figs. 5A, 5B, and 5C are views of a component of an apparatus according to the

invention.

[0017]  Fig. 6 is a flowchart of software used according to the invention;

[0018]  Fig. 7 is a perspective view of an automatic wafer handling system for use with

the apparatus of Figs. 1-5C;

[0019]  Fig. 8 is a perspective view of the system of Fig, 7, attached to the apparatus of
Figs. 1-5C;

[0020]  Fig. 9 is a detail view of the system of Fig, 7, illustrating various system

components;

{0021}  Fig. 10is a detail view of an end effector of the system of Fig. 7, engaged with a

sheet material item;
[0022]  Fig. 11 is a detail view of the end effector of Fig. 10 in a rotated position;

[0023] Fig. 12 is 2 detail view of the end effector and sheet material item of Fig. 10ina

test postiion;



post-testing position; [0025] Fig. 14 is a perspective view of the automatic wafer handling system of
Fig. 7, including a sheet resistance subsystem; [0026] Fig. 15 is a detail view of the sheet resistance
subsystem of Fig. 14; [0027] Fig. 16 is a detail view of a sheet resistance module of the subsystem of
Fig. 14; [0028pRigstZoisa detail view of an end effector of the sheet resistanne suwhsysiem of Fig. 14
engaged with a sheet material item to be tested; [0029] Fig. | S is a detail view of the end effector and
sheet material item of Fig. 17 configured in a test position within the sheet resistance module; [0030]
Fig..19 is a detail view of the end effector and sheet material item of Fig. 14 in a post-testing position.

DETAILED Dig&4RIPHEN 1003 kkhhe RiesemdRuanimaiiclig esanmanpadatismandinethad for

measurement of sheet resistance and sheet charge density in semiconductive materials. The device
includes ROHicFoR&I85ERIkce, that has an output coupled to a waveguide configuration in which a
small amount of the incident wave is diverted, and the greater portion of the incident wave is
transmitted al6BRFh mdiizbldnch pFispenitin besnefthe soopledcoty efwilouidingayeguidd Fihd, circular

Waveguiqﬁgﬁﬂ}ﬁ 't&g@;{eg?&&'ggé Mﬁg@&ggﬂse electric 1, 1) mode of the microwave power. The

circular waveguide receives power at an interface, and outputs power to a test region having a mount
for supporting either a conductive test item, EUChiﬁ? a short, or a wafer or oréir:gr conductive sheet item

to be tested. RHUgnefi§ protidetF i AppK 24 rtvstierisitnge HREen 84is: Atleast four values are

detected in the calculation of sheet resistance and sheet charge density in a method and apparatus of
the invention{(&2TdtectBisis! providetily watedtabeetb tasishrrowaduelpoitbe subtpysiem sé€tmd Hetector is
provided to detect the strength of a conventional reflected wave in the same polarization as the

incident wavepgs#ird gatectqr isdRtan iciee: 6 BnM(d SR0GH 2P0/ RLT/4R3RH0S MR8 of Fig,

14 engaged with a sheet material item to be tested;

[0029]  Fig. 18 is a detail view of the end effector and sheet material item of Fig, 17

configured in a test position within the sheet resistance module;

[0030]  Fig. 19 is a detail view of the end effector and sheet materiéj item of Fig. 14 ina

post-testing position.

DETAILED DESCRIPTION.

{0031}  The present invention includes an apparatus and method for measurement of shest
resistance and sheet charge density in semiconductive materials. The device includes a
microwave source, that has an output coupled to a waveguide configuration in which a small
amount of the incident wave is diverted, and the greater portion of the incident wave is
transmitted along a main branch. The main branch is coupled to a circular waveguide, The
circular wavegnide transmits only the TE; {transverse electric 1, 1) mode of the microwave
power. The circular waveguide receives power at an interface, and outputs power fo a test region
having a mount for supporting either a conductive test item, such as a short, or a wafer or other
conductive sheet item to be tested. A magnet is provided to apply 2 magnetic field at the test
region. At least four values are detected in the calculation of sheet resistance and sheet charge
density in a method and apparatus of the invention. A detector is provided to detect the total
microwave power output. A second detector is provided to detect the strength of a conventional

reflected wave in the same polarization as the incident wave. A third detector is provided to



detect a second reflected wave having a polarization opposite to that of the incident wave. There is
preferably provided a Hall effect probe to detect this rotated reflected wave, which probe is electrically
coupled to a directional coupler. The diverted portion of the incident wave, after passing through a
variable attenvatomanzisariable phase shifter, is also coupled to this Hall giregtianale@egaler, in order
to eliminate by destructive interferences any spurious incident signal at said detector. The Hall
directional coupler is then coupled to a detector. A fourth detector detects the magnetic field strength.
[00321 Figures 1 and 2 depict schematically the components of an apparatus 10 in accordance with

the inven§gReAPRasaIS AGIBEWERSIIN GO WS RSUHSE SPRIHE 13 InahichhBRYi RIRvIdedNiTEewaves
having a frequenC){ of about 10 GHz, although other frequencies may be employed. For example,

higher freBEHETAS LRI Bt i PIoY SHTC BTRRSIP £ Srehife MERd Elesed JY%eo R HRE RIRRS8r other

item beingldestiedySoupteinvodiedbranyonakid T ReQlradiode sao fxanmplésanchothefigources may

be emplo a(?s%' S ree QQUL%b][SE{ acéu%es th ‘rénicr&yé/aggss%ﬂ!r e 16 1such a'f' tGa_‘rli]nlgli de, which is
coupled t Means Tordiver INg & Saan p%rﬁ%n SHe BRvATS po%N’éSrétSOacg}le ranch, of attenuation
and phaséifersnchl coelengansder idivhrtingiatsndatipotticrintt ftrerfomangdsporiarstmedidissiyprahch may

be couples 21 GANDISY 31 MaN N8 A SAPUINS.A: SORS.ANING FOURIEL,ADC Ay mors specifcally

by way of example a 20dB cross guide coupler or a coupler.. Directional coup?er 21is
coupled t@etidis Hhameseiic diskgsattibelow. The majority of the power output by source 16 is coupled
through coupler 21 to a second directional coupler 210. Second directional coupler 210 provides a

portion of thejguagpr torfamand-powdesicieckemkBcHsapaduinasionsd Caupipahd neybe a I0dB
coupler. Second directional coupler 210 outputs, the majority of the power throygh a wayeguide to
solator T MRS 7 Sy BUDh e GRRIDHE B B S AR AL RS BPROR BoNEr hoa

elsewherpravidgpperatwgvid iromenferpgmsyutebd st W setandiisoldt othraafrdoaanstd mhasdstes with

isolator 1 ' jon. i f rwa ower to side branch 22 is used |n
properly gg@r?g% i%eﬁ%\ﬁg éf#éé]tl r%?b%g@éz)%r%si%?eg ggg{ﬁl]@ée\%‘f%%ngs%&ﬁes r%gegrr% ieHeld The side
branch 22rkmeretkirgiéct ontte tteorrbiptbsiodiabomgenbier 35raydicded p aterun dircke or

example, and other sources may be employed. Source module 15 includes the microwave source
16, such as a Gunn diode, which is coupled to means for diverting a sméll portion of the forward
power to a side branch, or attenuation and phase Eranch. The means for diverting a small portion
of the forward power to a side branch may be coupler 21. Coupler 21 may be, for example, a
cross guide coupler, and may be more specifically by way of example a 20dB cross guide
coupler or a directional coupler. Directional coupler 21 is coupled to side branch 22, discussed
below. The majority of the power output by source 16 is coupled through coupler 21 to a second
directional coupler 210. Second directional coupler 210 provides a portion of the power to
forward power detector 18. Second directional coupler 210 may be a 10dB coupler. Second
directional coupler 210 outputs the majority of the power through a waveguide to isolator 17.
Isolator 17 may be of conventional or other suitable design to prevent power from elsewhere in

apparatus 10 from entering source 15. A second isolator may be used in series with isolator 17.

[0033] The diyersion of a portion of the forward power to side branch 22 is used in
properly balancing the Hall effect probe to zero in the ébsence of an applied magnetic field. The
side branch 22 has a single computer controlled variable attenuator 35 and computer controlied
variable phase shifter 40 in order fo produce a very small signal of the proper phase that can be
used to make an ulira-fine correlation in zeroing the Hall effect probe in the absence of 2

magnetic field. As the variable attenuator 35 and variable phase shifter 40 are preferably-



variable phase shifter 40 in order to produce a very small signal of the proper phase that can be used
to make an ultra-fine correlation in zeroing the Hall effect probe in the absence of a magnetic field. As
the variable attenuator 35 and variable phase shifter 40 are preferably 6 WO 2006/020631
PCT/US2005/4028@b42asmputer controlled, adjustments are facilitated. It withbestaderstaed that, in
principle, the variable attenuator and phase shifter could be manually adjustable. [00341 The main
output of coupler 21 will be referred to as main branch 24. Main branch 24 preferably has a
waveguide for transmission of microwave power to transition 25. Main branch 24 may include

conventionaksREIAnGMa aNE a4iclen20.-A SNt % IfiRred PaerfBtRE!pf234s shown in

main branch 24. Reflected power detector 23 detects microwave power being transmitted from

transition 25 3Bl AHFRKRE e hassrbifisa soirdre duisiaby 89 4itblas power reflected from test items
back into main branch 24. Directional coupler 220, in main branch 24 and coupled to source 15 and
transition 25,[080%4ts réflectedin powet sfomeupiaid braticle 2eftusd iz eterapohrendeldctsials. [00351 As

noted abeyg, @ 6i gyé%rw%gygd\wagg%%?@mmﬁ@% to%ﬁ%%%‘é?m%‘ﬁgf&‘é@t‘é%%%ﬁg&{nf%m source 15.

Specifically, circular waveguide 50 is coupled through coupler 21 and main bran 4'to source 15.

ConventidfEnrieenshgd aay adyiecepesiend pretingt s wrksisdetidn sitiomosiind idrdular waveguide
50. Circulggwauegiide @ldsic oYIRdricah WaYST WG Wi aelitla oSS SRELRN. it waveguide

50 transmits only the TE, | mode of the power. Circular waveguide interface 25 is coupled to circular

wavegquidB ISP EERANBL ERE RISt IG SR8 PansiioR gAMb R lsvied BrRIES0 to

conventioiadonavegiitet? fomstRe el braiackcasafuiydoiminimize raflectionmrstipssiof signal
strength. The calipration procedure is set forth below. Circular, waveguide 50 is mounted on interface
28 porpeREIA ) TR GAE af GO AR U B0 P a3 ARy BESfected by
adjustmeptetr thenpositiorrofcbi 2Utarsfiaved gice Gatong #13.long axis relative to interface 25. In one
embodiment, circular waveguide 50 is mounted on the interface 25. A circular waveguide

[0035]  Asnoted above, a circular waveguide is provided positioned to receive
microwavekpower from source 15. Specifically, circular waveguide 50 is coupled through
coupler 21 and main branch 24 {0 source 15. Conventional rectangular waveguide 20 is coupled
via a matched transition 25 into circular waveguide 50. Circular waveguide 50 is a .cylindn'cal
waveguide with a circular cross-section. Circular waveguide 50 transmits only the TE;; mode of
the power. Circular waveguide interface 23 is coupled to circular waveguide 50, shown, for
example, in Figure 2. The coupling of the circular waveguide 50 to conventional waveguide 20
must be calibrated carefully to minimize reflection and loss of signal strength. The calibration
procedure is set forth below. Circular waveguids 50 is mounted on interface 25 perpendicular to
the long axis of conventional waveguide 20. The calibration may be effected by adjustment of
the position of circular waveguide 25 along its long axis relative to interface 25. In one
embodiment, circular waveguide 50 is mounted on the interface 25. A circular waveguide
adjustment 55 is provided in1 the form of a handle that rotates circular waveguide 50, so that the

rotational position of circular waveguide 50 may be adjusted.

[0036] A mount 60 is provided to hoid a sample of sheet material at a measurement
location where microwave power transmitted from the cireular waveguide 50 is received. The
sample may be a wafer or other semiconductive test material 59. A moving short 65 is provided
on the opposite side of the wafer or other material from the opening of circular waveguide 50.

The moving short 65 will be placed ¥ wavelength from the wafer or other material. Moving



adjustment 55 is provided in the form of a handle that rotates circular waveguide 50, so that the
rotational position of circular waveguide 50 may be adjusted. [00361 A mount 60 is provided to hold a
sample of sheet material at a measurement location where microwave power transmitted from the
circular waveguide&tisreceived. The sample may be a wafer or other sariwoRgusiiyeiest material
59. A moving short 65 is provided on the opposite side of the wafer or other material from the opening
of circular waveguide 50. The moving short 65 will be placed %a wavelength from the wafer or other
material. Moving 7 WO 2006/020631 PCT/US2005/028254 short 65 may be in the form of a polished

metal plugh dMung sk A5 sdnAURe AT LB NSt UtAY B TR ISR 3 RGUHBEhuck .

Mount 60 is adapted to hold a wafer of other material in sheet form at an end of circular waveguide 50

opposite WhiHeRardoR Rifohmg choMees Frkiddirnige sadmi BoalierivEpanrhst being

positioneehpraedsal\shboH:bE: aaRnIOvaraiRl lle Rl b JppysiesHeenbRtR Ordertsvatysbihe gap

between waveguide 50 and moving short 65. [0037] A detector, forward power detectar 18, is

positioned i aBaH e TSP 5 SRR e PR PIBRRY a REE B S boupler

220 is posibeaedativantikibraac v 24 so dssbidivedimelletitad thi g itevedsawear tguidisctan?3. The

reflected g]%wer %ﬁ(t)%cg%d by detector 23 has the same polarization as the forward microwave power.
2 .

Hall prob 0 inserted in circular waveguide 50 positioned to detect Hall effect. microwave power
reflected from material pasitioned in the vacuum chuck. Hall probe 70 may be located at a variety of

positions witH#¥kculdk dEsdatiER Ry PR Hdrieriert BonBPESTSE HrsaMehpetpendidoRateet the

polarizatien: ghiReringisent \Maves s MisesssarbbRlaw Jhe ralIRtion sRddsNiAG:REPEeSS KRN Vides that
only the Hall effect power is detected by Hall detector 95.50038] Hall probe 70 is coupled through

coaxial 1if8 #5008 ERChTEHET P a ECTRIHAT OB o 86° 9Pk el ol TS R R Rieh H2e5i9b0B directional
coupler. Beegutpitink hasskh2pcafiestipassitg threaghtheatisryriecnsuleandvainbleghase
shifter, is i%ocr%r%iel?atre %é%’e%&‘igé%t I%Sitioned to detect Hall effect microwave power reflected from

material positioned in the vacuum chuck. Hall probe 70 may be located at a variety of positions

within circular waveguide 50. The Hall effect power has polarization perpendicular to the

polarization of the incident wave. As discussed below, the calibration and tuning process

provides that only the Hall effect power is detected by Hall detector 95,

[0638]  Hall probe 70 is coupled through coaxial line 75 to an input of directional coupler
80. Directional coupler 80 may be a 20 dB directional coupler. The ouiput of branch 22, after
passing through the attenuator module and variable phase shifter, is connected to an input of
directional coupler 80. The output of directional coupler 80 is coupled to Hall detector 95. The
calibration process, as described below, provides that the Hall detectér 95 detects only power
having a polarization perpendicular to that of the forward power. This power detected by Hall

detector 95 is thus Hall effect power reflected from a sampie.

i0035]  Details of an exemplary embodiment of the transition, circular wavegnide, and
mount will now be described. Figure 3 is an isometric view, with partial cutaway, of interface
25. Figure 4 is a sectional view along line 4-4 of Fig. 3. Interface 25 has a primary rectangular |
chamber 100 coupled at one end thereof to conventional waveguide 20. On an upper side of
rectangular chamber 100 an aperture is provided to which circular waveguide 50 is attached.
Interior to interface 25, opposite to conventional waveguide 20, there is provided a beam stop

115 completely filling an opening, and having a tapered face, preferably at an angle of 30



directional coupler 80. The output of directional coupler 80 is coupled to Hall detector 95. The
calibration process, as described below, provides that the Hall detector 95 detects only power having
a polarization perpendicular to that of the forward power. This power detected by Hall detector 95 is
thus Hall effestqomwesasfiected from a sample. [0039] Details of an exemplaryehedsngat of the
transition, circular waveguide, and mount will now be described. Figure 3 is an isometric view, with
partial cutaway, of interface 25. Figure 4 is a sectional view along line 4-4 of Fig. 3. Interface 25 has a
primary rectangular chamber 100 coupled at one end thereof to conventional waveguide 20. On an

upper sidg.of-Leiangilar ahasbat 499 LARCHIS iﬁlﬁr&‘@%@é%{‘&%‘g‘bgEﬁH@ﬁé’&%‘fﬁﬂHé@%ﬁo s

attached. Interior to interface 25, (r)&)ppsne 0 conventional waveguide 20, there is provided a beam
stop 115%8hipIR AN SRBEIRGLRHY Favimi e eilsstian pndelopt efdhsiRreatasn bEyRS ™ 30 8 WO
2006/0206:83u R A2 0 2ad 24ntiaaiaes «avaniigakat 126idd wilk hempprecalethibat-iitarface 25

may be modified by those of skill in the art by alternative designs tqQ minimize reflection and loss at the
interface BAXFERAC 3PARPGR0E50RS %@gﬁr]lg7c?}r‘?§elfﬂ?<§’ﬁﬁpﬁiﬁ?@§qﬁﬁg’lfg% é@?%@ﬂ,c’iﬁﬂ% be seen

that circulia ayaveguide GOArKHdas e piapbdiasged @71atan upper end thereof which has therein an
opening for a probe at 110. A Hall probe maybe inserted at 110. [0040] Figure 5 is a side view

depicting an eyemplary-prranosmentJApding Geslar-WaaENde S0 hrlder AL MAHaL§9,and related

exemplary hardware. Holder or mount 60 serves to position a Sheet material item to receive

microwaVEPERERFImbEee aF maveRidendaelatsrsmringl hedwaisg Hoidss sHammLieEs0
interface Zbsdigsfasends 15 SBONM&AUR'RII9 - GlicHanwWAYSgLIgR R RINheflragaddsh. located at an

end of circular waveg%uide 50, opposite the couplin%t,o interface 25, is_oppasite holder 60, in the form
of a vaculmPERISEAFENERT Lt BTSRRI B ER S - WRIEHIS USRI 8R 1€ flick

holder 62ciscaiypppaitegidye o0l UBisiidiansews7] Blafd2: thespbyNeroidingaeiustiawnésidie position of
vacuum ctlﬂuck 60.in two axes §Screws 12 . %g%érgofgpﬁgr%ggnoor%brldgg 124, Whl(“b is itself adjustably

mounted 2§ 60UP ing to mteriace Z5, 18 opposi a vacuum chuck. Vacuum
chuck 60 is supported by an arm, which is chuck holder 62, Chuck holder 62 is supported by
adjustable screws 121, 122, thereby permitting adjustment of the position of vacuum chuck 60 in
two axes.. Screws 121, 122 are supported on bridge 124, which is itself adjustably mounted as
shown at 123, 126. Spring 123 may be provided on screw 122 to reduce the transfer of any
vibrations in bridge 124. It will be understood that other configurations may be employed for the

positioning of holder 60 relative to circular waveguide 50.

{0&]41] Referring to Fig. 5A, an example of a holder is shown. In this example, a
positioning fixture 500 is rotatably mounted on a base 502, Fixture 500 has therein a rotatable
disé 504 with a cylindrical through bore positioned off center. Disc 504 can be described as an
eccentrie slug in fixture 500. More particularly, fixture 500 has a surface 501, which is generally
planar, and disc 504 has a su}:facé 505, which may be planar and rajsed from mount surface 501,
Mount surface 501 and disc surface 505 may be paraliel. Disc 504 is rotatable about an axis
substantially perpendicular to the plane of mount surface 501. Bore 506, which may define a
right circular cylinder, is not coaxial with the axis of rotation of disc 504. Rotation of disc 504
adjusts the position of the bore 506 relative to base 502, effectively permitting adjustment of
bore 506 in the vertical direction. Bore 506 defines the portion of 2 wafer or other material fixed
on fixture 500 exposed to the output of circular waveguide 50. Rotation of disc 504 permits
vertical adjustment, which combined with horizontal adjustment using screw 520 as described

below, provides for alignment with waveguide 50. Fixture 500 may be 2 vacoum fixture or



shown at 125, 126. Spring 123 may be provided on screw 122 to reduce the transfer of any vibrations
in bridge 124: 1t will be understood that other configurations may be employed for the positioning of
holder 60 relative to circular waveguide 50. [0041] Referring to Fig. 5A, an example of a holder is
shown. In thisvexamplegeat positioning fixture 500 is rotatably mounted on adaseiekixture 500 has
therein a rotatable disc 504 with a cylindrical through bore positioned off center. Disc 504 can be
described as an eccentric slug in fixture 500. More particularly, fixture 500 has a surface 501, which is
generally planar, and disc 504 has a surface 505, which may be planar and raised from mount surface

501. Mouniatiiiaceusl havid discauriacep@bamaidie pasaliel ;Risebl bdscaiatable ABO LA aXiS
substantiall§§éer endim%ar to theﬂeﬁlan of mount surface 501. Bore 506, which may define a right
circular cyfhd&s HEHRGT SoBASTUIRR AR ié%éga F 8RB PR dn oReRdieds malists the

position ofethpldore b Oorel fittverd G liaReanB duefeptizvianpermitting adjustment of bore 506 in the
vertical direction. Bore 506 defines the portion of a wafer or other material fixed on fixture 500

exposed to thepguput ofigieu!aseayeuels aRnRRIlen,0f diprealdeii veal ARG

which combined with horizontal adjustment using screw 520 as described below, pro

alignment dibaihvaierls desehheet dgeiseh BPpesSaciiin nkichars riziinired ¢/0pes302. A
PCT/US20R5428254: MacuBi-gheisloaing aniplariescharniagnat oy RIgsskresand smgll bores

therein to fix materi%lléo the fixture. Connections can be made to a pump through a port at 507.
Handle 51085 15¢ JEEF 5 MOV fixtur® BH6REIH BHESF Bostisre ebis 5B is
rotatably meuniteédginbadasfRino Atsebssiiw bRhyvhishiaiegses:0r ia shaft-extendssthrpugh bores in

raised mo 22,524, which rigid| fjxegé.‘tlo base 502. A thryst hearin @i a compression
spring at rﬁg%isﬁ]?%lﬁ%&gsﬁi ﬁr%?g%o%%ﬂgb}%}geaf éﬁgdﬁ%fgjlésﬁﬂﬁﬁte#}}a}égﬁgo? g @m#@%, )
that rotatié@-bfséléw S20unvwentdyshrsitithete Bieformitt i fimey dain stniaditedfithsipasifien of the
positoing iy HPHZANIBLas AREIANONIR RRRIRAI IR DS [ llels gy,
adjustment of both screw 520 and turnirig disc
An approximately semi-cylindrical concave surface defined on finger 532 of arm 530 receives a
cylindrical knob 507 on an edge of fixture 500. Referring to Fig, 5B, fixture 500 is shown in a

closed or operational position from the opposite side.

[6043]  Referring to Fig. 5C, base 502 is divided into stationary portion 540 and movable
portion 542, on which fixture 500 is mounted. Movable portion 542 is movable relative to
stationary portion 540 perpendicular to the axis of screw 520, thereby permitting adjustment of
the position of fixture 500 so as to adjust the gap between fixture 500 (and hence any sample
mounted thereon) and the opening of circular wavegnide 50. In this embodiment, mating
grooves 543 and rails 544, and mating pins 548 and bores 549, permit édjustment of movable
portion 542 in only one direction. A threaded pin 550 has 2 head 551 which engages a surface of
movable portion 542; body 552 of pin 550 traverses a smooth bore 554 in movable portion 542
and engages a threaded bore 556 in stationary portion 540. A constant separation is further
maintained by providing a device to urge movable portion 542 to the maximum separation
permitted by the position of pin 550. An example is shown as coil spring 558, which engages
surfaces of movable portion 542 and stationary portion 540. Any suitable substitute for coil
spring 558 may be employed.

[0044]  Referring again to Fig. 5, Figure 5 also shows generally the position of magnet
130 which provides the necessary magnetic field. The magnetic field is applied perpendicular to
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504 until the fixture is properly positioned. The fixture 500 may then be locked in place. Arm 530, also
rigidly fixed to base 502, prevents rotation of fixture 500 beyond a predefined point. An approximately
semi-cylindrical concave surface defined on finger 532 of arm 530 receives a cylindrical knob 507 on
an edge of fixigre®8020RBferring to Fig. 5B, fixture 500 is shown in a closednuspesatiersal position
from the opposite side. [0043] Referring to Fig. 5C, base 502 is divided into stationary portion 540 and
movable portion 542, on which fixture 500 is mounted. Movable portion 542 is movable relative to
stationary portion 540 perpendicular to the axis of screw 520, thereby permitting adjustment of the

position ahfdgike 20thsevagteadiksking Rambetvpandikivre .5001(and: henes anyis@mpiemanounted
thereon) and the ppening of circular waveguide 50. |n this.embodiment, [ rooves 543 and rails
541, and (TP HINE 81O FEHE BABGRIR A AR REOF DA PORSK-EE 1 B bne
direction.tAethredd€driinaphekiibmabbesd B hyvbideciengagescesurfalee thé mgvabitcipbititmnad?; body
552 of pin 380 Uawerses:a smoothhore 854 n.moNable AN 343, A endadas.ayeaded pore 556
in stationary porfion 540. A constant separation is further mairttaied by providimg a device to urge
movable portion 542 to the maximum separation permitted by the position of pin 550. An example is

shown as coil @ffilg 598iewHicrEnY b eraiaHar S be srpndies pofirsendisrdssestoHafyHéition 540.
Any suitablgcsubstiti e tor-call o8PEINE 2 &M iere NRieNERHDA4dl-Refering:sa@in tackige &, Figure 5

also shows generally the position of magnet 130 which providelsﬁ,the necessary magnetic field. The
magneticBRF & SPPREF B SR P B RE SB68 1828853 CYRIS S 5985 SIS DIRKe of the
wafer or ethgsesanpicsankl alrpbthknptgnaxistofcoiftidaldvavregiticde Hodiirridestgmed. Gaeer more

the art. AL BRI TR SAEBRSDIE ot R LCHETE e SR ot NS rer Sr st

positionedna theflwoldé piswe Sicabhnup tpat §laBetir ighiey]dbh tressany: {0O4BEEHE cllisration and

Operation&iéﬁ&@%%%%&%@egi%%%35%@[5@@@288 bus communications are preferably
used. A short 58, such as a gold plated copper coated PC board, is placed on the vacuum chuck
and positioned. The computer controlled at%_enuatéon adjustment 35 is increased to a maximun.
The position of the circular waveguide 50 is adjusted to obtain minimum power at Hall detector
95. While monitoring the Hall detector power meter, the computer controlled attenuation
adjustment 35 is then adjusted, preferably antomatically using the computer software, to bring
detected power to a minimum. The computer controlled phase adjustment 40 1s then adjusted,
preferably automatically using the computer software, to obtain a minimum on the Hall detected
power. The attenuation adjustment and phase adjustment are automatically adjusted using the
computer software, {0 obtain a minimum here. The Hall detector power, forward detector power,
and reflected detector power are recorded. The short is removed and replaced with the sample to
be checked. The short tuning adjustment 65 of the vacuum chuck position is adjusted to obtain a
minimum reflected power. The circular waveguide adjustment 55, attenuation adjustment 35 and
phase adjustment 40 are all adjusted for a minimum on the Hall detector, The three powers are
then recorded for 0 magnetic field, and then at successive incrementally greater magnetic field
strengths. The field strength ranges from 0-9 kG as a minimum. Preferably, the magnetic field
is automatically varied using computer software that controls the magnet power supply to obtain
the desired magnetic field. In principle, with further deve!opmenfs, significantly lower magnetic
field strengths could be used in accordance with the method. The number of magnetic field
values and the spacing between magnetic field values can be optimized to maximize analysis

acouracy.
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process may be carried out at room temperature. Room temperature is understood to include a range
of temperatures at which humans may comfortably work. Room temperature excludes low
temperatures, such as the boiling temperature of liquid nitrogen at atmospheric pressure. Power
meters are pfzraypnrosnected to the Hall detector cable, an input or forwand geweniesation, and a
reflected power location. A gauss meter is provided to measure the intensity of the magnetic field.
Commercial meters with RS232 or IEEE 488 bus communications are preferably used. A short 58,
such as a gold plated copper coated PC board, is placed on the vacuum chuck and positioned. The

computer consoler attenyiation adiustmeRirskdsdryaasediaie Maximm cclhaspesiiontetthe circular
waveguide 50 is adjusted to_obtain minjmum power at Hall detector, 95. While monitgring the Hall
detector PEHEFHBIEPIRES c HTISTHEE htRified ARSGRYIGH Oa{%tﬂfsstﬂﬁ%atr%s iR (g‘dj Yed, preferably

automaticalfywusing 4h e eyt dsreoperane! wpogr deteg tedipeimtda minmyatiblh ehipmputer
controlled phase adju 0 isthen adjuste referably-automatically using,the.computer
coftware. IR AL Lot o VB man el e TR BRI R ST e
adjustment iudcated grativally mdjiste d00s Retfisst cordplstditSothearentbashtasiiamainimeniidiere. The

Hall detegtor nowes, forward. detectar.nowers Aphiefiegted.detactor nower are regaded. The short is

removed and replaced with the sample’to be checked. The short tuning adjustment 65 of the vacuum

chuck poseTeis Bgjuated arspiaidenaninalipnyene sedubo iereitine BpcompfatdgurseiiRfustment
55, attenugtionsagjustnestwe abd.nhaseAdinstpest 4R abaoitsied fpammisimumedendhe Hall

detector. The three powers are then recorded for 0 magnetic field, and then at successive

incrementAy GreAeEHPRAS feticHE dndnl rigthans ArRRRT SHEHYRT ARGt retivD - g ResaRinimum.
Preferablyréhpsntagnalighiesvis avitimatcalyby sniediisingLamauterseftwalgitapt aoriiels ihe
magnet power supply to obtain the desired magnetic field. In principle, with further developments,
significanfﬁ?(i% eﬁ%%&é ch#éf:& gﬁ%%‘ﬁé%&%% Hsel5h %eo?%%‘ﬁ%seaWiﬁ%%%e% fod. The number
of magneﬁorfiﬁkabncﬁhmﬁmgbﬁnpmpahimgabepmem onagistiBifiekl Vatudsicarvieldptiiized to maximize
analysis Aearacys Lding

[0047] Signal correlation module 610 receives inputs from the signal acquisition module
605 as raw input voltages. These voltages are input into algorithms to obtain values in correct

engineering units, This step is a straightforward correlation.

[0048]  The output of the signal correlation module 610 is received by the transformation
module 615. The transformation module converts the output to Sigma Output file structure 623
which is then read by the Mobility Spectral Analysis Module 630. The Sigma Output file is
composed of 14 lines of general test information, typically including the sample name, date, and
similar information, followed by a line containing the sample thickness, followed by a line for
each magnetic field at which Hall data was collected. Each of these data lines contain tab-
separated entries for the magnetic field, Sigma XX, SD_XX, Sigma_XY, and SD_XY, where
SD XX and SD_XY are the standard deviations for the Sigma_XX and Sigma XY values,
respectively. All entries are in MKSA units, i.e. thickness in meters, magnetic field in Tesla, and
conductivities in Siemens/meter. This file is used as input for the Mobility Spectral Analysis
Module in order to obtain the final mobility values and sheet charge densities. This module is
composed of two sepaz;ate program dynamic link libraries, which perform a variety of
mathematical calculations in order to analyze magnetic field-dependent Hall data. These

modules read input data from the Sigma Output file and generate a mobility spectrum output file
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WO 2006/020631 PCT/US2005/028254 [0046] The data are then interpreted to obtain mobility, sheet
charge density and sheet resistance readings. Referring to Figure 6, an overview of the software is
provided. The software may be written for a personal computer using an Intel Pentium or compatible
chip as a processospaidithe DOS or Windows operating systems. The hardweasessyshamssdescribed
above is indicated generally by block 600. The first module, 605, is a signal acquisition and control
module. This module receives signals from the detectors in the apparatus described above and
controls the variable phase shifter and attenuator module as well as the magnet. The received signals

are: Hall BoweniatecliansRanysEhPouanseierioneliumahart apdWale: Reflested Rauer

detection of Cu Short af,d Wafer; and Magnetjc Field Strength detection. Those signals are passed
through pBRES B pIYIRH-Satrsr Efgdn it atasidre et g8t dibr ey ard st tHetse 605

obtains valtiesfraimebeodigitat avitpett t@ace these signals are acquired the corresponding voltage
input values are passed on to the Signal Correlation Module 610 for further processing. [0047] Signal

correlation mgﬁm@ 61Oﬂ%&%‘?@ﬁ}%@ﬂ&%@&ﬁ@@%ﬁ%&%@ '9&&0&%&&8&@@ IRw i Qut voltages.

These voltages are input into algdrithms to obtain values in cofrect engineering units. This step is a
straightfoﬂ)\?%@%’@ﬁ@?%@?ﬁ?@%@]ﬁ Fsteat e Bhgrosiprraitde saiition hyodeling pesisneiisived by the

wansformayion sipedle:bPuEapdsansiompaUe-prROMe RNV herRp LI Riana QU fle
structure 625, which is then read by the Mobijlity Spectral Analysis Module 630. The S‘;&ma Output file

is compoSEUIH 1FHHBLSY BahbrsF Aedi s RrET S bR e RAGhY The SiiTsie mabiétvdate, and

similar information, followed by a line containing the sample thickness; followed by a line for each
magnetic fiel@l@8GthichlHatdatkivas cotiedted. idbh afftheseicath titiesiotiotdin atacigparated entries

o e el Siaadate B WP AL P LSRR BIDRR Y o0 e

standard deviations for the Sigma_XX and Sigma_ XY values, respective NESAre in MKSA

units, i.e:@Fﬁ‘@ﬁﬁ@ﬁ%ﬂh@f@%&%@ﬁéﬁtWﬁiméglﬁf&qﬁoﬁéﬁ@f@@@mtiEstin?Slh@mmw@nﬁhis file is
used as ippufgsthe MokilithRpeskal ARaYSiSoular waveguide for the TE;; mode is:

[0051] T.=@R-ZY/(R+7)

[0052]  For a circular waveguide of radius 1.045 cm, the impedance has been found to be

697.5 Ohm/square, which enables acourate measurement of a thin cap.

[0053]  The microwave electric field at the wafer must be determined. The electric field

amplitude in various axes, Ey, for example, are represented as By = (1 + ') (Pincigeny A%, and
‘B, = (PHM;/A)” 2 Inthex direction, the amplitude is the sum of the iﬁcident and reflectad wave
amplitudes or the amplitude of the transmitted (standing) wave. For the y direction, the only
propagating microwave signal is the Hall wave, which is generated at the wafer and detecied in
the reflected direction. The value A is a constant, which may be determined by integration
across the circular cross section of the wavegunide mode. The conductivity, o, , or Oxys
depending on the axis, can be represented, using these values, as o, = (/Z) (1 - [ - FH/((1 +T)?
+F), and as o, = (F/IQZ(1 + P (1 +T) (3 -T)— F2)/((1 +T.)*+ %), where F = E/E'y.
There is also a constant coefficient used to multiply the theoretical values of F since the currents
that are locally perpendicular to the excited TEy; mode do not couple exactly to the orthogonal
TE:; mode. The constant can be obtained by integration and has a value between 0 and 1. The

previous analysis assumes that additional modes that are generated near the wafer are negligible.
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Module in order to obtain the final mobility values and sheet charge densities. This module is
composed of two separate program dynamic link libraries, which perform a variety of mathematical
calculations in order to analyze magnetic field-dependent Hall data. These modules read input data
from the Sigriv® @Qupeavéideé and generate a mobility spectrum output file 12PN R0084Q36G31
PCT/US2005/028253 635 which includes a mobility spectrum whose peaks indicate the presence of
discrete carrier types and a Multi-Carrier-Fit file 640 which includes the most likely mobility and sheet
charge density values for those carrier types. [0049] The only way to find solutions that are more

precise onfismiitatvetaan Hie varebiliy sRectidrspeakatstodestitiHaiapam akpassilggolutions

by matting agsumptions about the carriers in the specimen. For example, the Multi-Carrier fitting
i e o e e y R S R s A gk

discrete mobility. [0050] The calculations carried out by the software involve the following principles.
When the mié#8fddve shomndat thelbaiokiof tedbdivitpbrasiHe tidhe stdeubticie sler tcuthenprioyed

distance, {1 feialianshinibeieen AR A RIS Leig ol oncosllidant1 sibsShegligsistance of the

wafer R, and the impedance Z of the circular waveguide for the TEt | mode is: [0051] F.= (R-Z)I(R+Z)
[0052] ForeadETRiaR&Ey G RaE ot RabEyioaisahy the Tifhe®affoe has been found to be 697.5
Ohm/square, which enables accurate measurement of a thin cap. [0053] The microwave electric field

at the wafer f@@stbe determingdative fldctrivrdieidhramptitude fsllsartobiaxds, foxgrten example, are

represent ? as.E. =.(1,+P) Lincident/A)1/2..and. Ey.= (PNajl/Atiz.In the x.directi he amplitude is
the sum (§e Re hci entbgﬁt Feﬂé%tséla‘%}\?a?/agﬁgrn%ﬁ%y@esg%?lafeexa%rﬁp}fﬁgté%%l%%l%Fgﬁgrfﬁﬁ?ted (standing)
wave. Fosghass dh*é@tion,%ermm%qaﬁbipdgaﬁmgemwmwwhistgnjaifximtﬂl@jﬂaﬂ”mmdiiﬁp is generated
at the waleppefeleianda dhe (SleaelAISRIBn.Fe ¥okie b a.co0siant MBI MY RS,y
determined by integration across the circular cross section of the waveguide mode. The COI‘]CPUCIIVIty,
axx , or alg, most-likely solution. The uncertainties in the derived mobility and carrier density are

estimated from the components of the Hessian matrix at the minimum (at the solution).

[0656]  Next, the program determines the best fit using two carriers, The starting values
for the Simplex procedure are obtained by displacing the previously-determined single carrier to
slightly higher and lower mobilities. The Simplex procedure is identical to the procedurs for a
single carrier, except that there are now two mobilities to vary. The uncertainties in the derived
parameters are again determined as in the description for a single carrier. The program also uses
the statistical F-test to estimate the significance of the second carrier, i.e., it estimates whether
addition of the second carrier improved the fit by enough to conclude that a second carrier
probably exists. This is a very useful feature since it permits the user to estimate the number of
statistically significant carriers that are present in the sample. The procedure continues, adding
one carrier at a time and estimating the significance of the added carriers, until the number of

carriers exceeds half the number of magnetic fields, at which point the procedure is ferminated.

[0057] . A summary of test results comparing the foregoing techniques to known
destructive techniques, namely the contacted single magnetic field DC Hall technique, are set
forth below:
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depending on the axis, can be represented, using these values, as axx = (1/Z) (1 - I'2 - F2)/((1 +17)2
+ F2), and as axy = (F/(2Z(1 + F)) (1 + F) (3-F) - F2)/((1 + F.)+ + F2), where F = E"yt/E+xi There is
also a constant coefficient used to multiply the theoretical values of F since the currents that are
locally perpenrdictieriuznébie excited TEi t mode do not couple exactly to therotthegaesabsifi t mode.
The constant can be obtained by integration and has a value between 0 and 1. The previous analysis
assumes that additional modes that are generated near the wafer are negligible. 13 WO 2006/020631
PCT/US2005/028254 In some cases that is not valid. For those cases, a multi-mode analysis has
been devéalggdrand can be used to determine Sigma_XX and Sigma_XY from the reflected

microwav in the mobility, the results of the calculations above are
employedﬁgg%m?%ﬁ?ﬁ%%gﬁgggw&%c field intensity B. For one carrier species in a single
conductive layer, the carrier mobility is given by It = (aXY/B)/azx [0055] The multi-carrier fitting
procedur oﬁ%ﬁ&?&%%ﬁ#@ﬁ@%ﬁ&d@@&rﬂl% est fit for a single carrier using the
Simplex method to minimize the least- squares deviation.between the fitted and measured Hall data
(ate and &B,) NPHGRANI AT MY LEHEN-Bf MAGHSHG &RIdRE used to weight the terms in the
least-squares sum and thereby obtain the most-likely solution. The uncertainties in the derived
mobility and carrierfdBNsBARr & i ddviituE 3he components of the Hessian matrix at the minimum
(at the solution). [0056] Next, the program determines the best fit using two carriers. The starting
values for the Simp¥aFpReedure are obtained by displacing the previously-determined single carrier
to slightly higher amiblsiygr mobilitiessheetmatgs Rregedure is identical to the procedure for a single
carrier, except thatdhgrgsase now twosBphiiigsH@ vary. The uncertainties in the derived parameters
are again determined as in the description for a single carrier. The program also uses the statistical
F-test to egtimate the siggificance of the second gaqrier, i.e., it estimates whether addition of the

second carrier improved the fit by enough to conclude that a second carrier probably exists. This is a
very useftg feature sin%er'g,iaermits the user toigl;k@ate the number of

B 4780 2.837
B 4753 2.859
_ 4751.3 2.848
STD 24,115 0.00898146
STD%  0.508% 0.315%
WAFER # 2
Mobility Sheet Charge X E12
cm2/V-s carriers/cm2
A 5391 2.67
B 4721 2.831
B 4780 2.852
B 4753 '2.827
4751.3 2.83666667
STD 24,115 0.01096459
8TD% 0.508% 0.387%

THICK CAP PHEMT SAMPLE

Mobility Sheet Charge X E12
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statistically significant carriers that are present in the sample. The procedure continues, adding one
carrier at a time and estimating the significance of the added carriers, until the number of carriers
exceeds half the number of magnetic fields, at which point the procedure is terminated. [0057] . A
summary of tet resultsedomparing the foregoing techniques to known degiruntivedechngues, namely
the contacted single magnetic field DC Hall technique, are set forth below: 14 WO 2006/020631
PCT/US2005/028254 TABLE PHEMT TEST RESULT SUMMARY A - CONTACTED SINGLE
MAGNETIC FIELD DC HALL B - NONCONTACT MULTIPLE MAGNETIC FIELD RF THIN CAP
PHEMT SAMPLESWARER # 1 MobilitrgBbegtkizarge X E12 cm2N-s carriers/cm2 A 5391 2.67. B
4721 2.848 B 4780 2.837 B 4753 2,859 4751.3 2.848 STD 24.115 0.00898146 STD% 0.508%
0.315% WAFER#2 Mahjlly Sheet Charge X E32z£m21V-s carriers/cm2 A 5391 2.67

B 7783 1.46

[0058]  Analysis software may be provided for use in non destructive, noncontact
measurements of full semiconductor wafers or flat panel display materials for use by operators
with minimal training. Experienced researchers are provided with the capability té perform in
depth studies by varying readily accessible test parameters. Such test parameters include the
magnet field strength, and attenuation of the microwave signal along the branch. The software
also may provide graphic display including plots of the mobility spectra with conductivity and

concentration as a function of mobility.

{0059]  Plots of sheet charge density and mobility as a function of magnetic field may be
displayed using a single carrier soluﬁon to the data of each field, The single carrier solution is
used as a general check of the analysis; a sample with a single carrier should exhibit the same
sheet charge density and mobility irrespective of the magnetic field. Conversely, a sample with

more than one detectable carrier should exhibit variations as a function of the magnetic field.

[0060]  All results may be displayed as sheet concentration numbers in the fext window of
the software. A caiculation of the volumetric concentration of elecirical carriers could be
launched by checking the window of the result-screen of the software. If this operation is
selected, the one-carrier solution is extracted by the multi-carrier technique and displayed in &

" separate window together with the entry fields for layer thickness and carrier type. This
information is then used to caiculate the depletion widths from the top surface and epi-substrate
interfaces, so that the true thickness of the conductive layer can be obtained. Alternatively, the
user could enter a thickness and have the program present the volumetric results for the one- or

many-carrier fit based on the entered thickness.

[0061] It should be noted that single field analysis techniques may be used as an

alternative to multi-carrier analysis described above.
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B 4721 2.831 B 4780 2.852 B 4753 2.827 4751.3 2.83666667 STD 24.115 0.01096459 STD%
0.508% 0.387% THICK CAP PHEMT SAMPLE Mobility Sheet Charge X E12 15 WO 2006/020631
PCT/US2005/028254 cm21V-s carriers/cm2 A 7096 2.44 B 7783 1.46 [00581 Analysis software may
be provided faousiesinznem destructive, noncontact measurements of full semiesnstisatensyafers or flat
panel display materials for use by operators with minimal training. Experienced rc_asearchers are
provided with the capability to perform in depth studies by varying readily accessible test parameters:
Such test parameters include the magnet field strength, and attenuation of the microwave signal along

the branch. Thgsgftwarewalse BaveravidedrapiisAisplayipeluding Blots ahibe faability.specira with

conductivity and concentration as a_function of mobility. [00591 Plots of sheet charge density and

mobility a¥eFIREHGH BT AR ERIRE HRgP RSt AP RRRRIS SN Bt EPSoRtisreHd ata of
each fieldibEhgasingiependiivlsobieniandsed £6f aigRne hobaak Of thenanalysisasanmplaith a

single carrier should exhi?}it the same sheet charge density. a?ﬁ’_ obility jrrespective of the magnetic
field. Conii/lglrssgr‘:),cgsgé{1 B ee\f\ﬁ]t)ﬁatr%olr%(}ﬁfﬁ%r? ta%}élé?a?glgf(f& éﬁl"gﬁ&élﬁilg?&ﬁ%ﬁr%ﬂ%‘iﬁﬁﬁ’s asa
function of the magnetic field. [00601 All results may be displayed as sheet concentration nu‘m_bers in
the text window of the software. A cAliomada Mappive Behsistenbncentration of electrical carriers

could be

[0063]  Fig. 7 illustrates a subsystem for use with the apparatus described in relation to
Figs. 1-5C, and which can be used to automate the wafer or flat panel mobility mapping process.
This automatic mobility mapping subsystem (hereinafier referred to as “the automapper™) 700,
can be mounted inside and/or on top of a system cabinet 702. Fig. 8 shows the automapper
cabinet 762 positioned and attached to the mobility mapping system of Figs. I-5C. As will be
appreciated, the automapper 700 can be provided as an upgrade to current mobility mapping

systems, or as an integrated option for new units to be built,

[0064]  Fig. 9 shows the main components of the automapper 700, including a
rotator/lifter 704, an end effector 766, a servo motor 708 for rotating the end-effector about its
longitudinal axis, an x-axis table 719, and a servo motor 712 for adjusting the x-axis table. Not
shown are the servo motors that will operate the rotator/lifter 704. The rotator/lifter 704 will lift
and rotate the wafer 59 to be tested. The end effector 706 will i;oid the wafer 59 under test, and
the servo motor 708 associated with the end effector 706 will rotate the end effector (and wafer)

to the desired vertical orientation so that the wafer can be inserted into the test area,

[0065]  Fig. 10 is a detail view of the wafer 59 mounted on the end effector 706 using a
pair of alignment pins 714. An operator would load a wafer 59 to be tested onto the end effector
706 using the alignment pins 714 positioned to receive the particular size wafer to be testéd. A
plurality of different pin locations corresponding to different wafer sizes would be provided to
allow the user to easily establish thé wafer on the end effector at the proper position for testing,
Once the wafer 59 is positioned on the end effector 706, the operator will initiate a computer-
controlled antomated testing program, which will automatically turn on vacuum elements 767

(Fig. 18)) located on the end effector 706 to hold the wafer 56 in place during testing.
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launched by checking the window of the result-screen of the software. If this operation is selected, the
one-carrier solution is extracted by the multi-carrier technique and displayed in a separate window
together with the entry fields for layer thickness and carrier type. This information is then used to
calculate the weplatinasidths from the top surface and epi-substrate interfacessanibaithe true
thickness of the conductive layer can be obtained. Alternatively, the user could enter a thickness and
have the program present the volumetric results for the one- or many-carrier fit based on the entered
thickness. [00611 It should be noted that single field analysis techniques may be used as an

alternative to gygircartgs analysie: 4RI HRaLABNG0F 60N 8&%&&%%8%’%&9@@@%4

100621 It will be arggremated that variations in mobility and sheet charge density across a layer may
be obtain&f BrEs R R ifgEctedp srrunsanisrerah sar el ng it SLintpies (Resh BintFitAk plane

perpendiguati e saaal mUselckaHiaMmNEaUINR SH @ RSB IEN Rigsto Hprocess
may be repeated in order to obtain a map of mobility.and sheet charge density. Automatic' Mapping
Subsyste ﬁ@@%ﬁ%fﬁ?@‘?’-“?"ﬂﬁﬂ%%%ﬁ’é T B LR For U Rith S AN S 'ole)éci}lw&elﬂ Hfation to

Figs. 1—5@&@@&%@@&&msﬁ&&ombtﬁmaﬁegﬁ@g\@mmroﬂ@ﬁgxanémdbﬂih)émmm@maeﬁss. This
o e sl et S RIRe APl S aUamaRnar 1100, o be

mounted n&ide or on top m cabine ows the automapper cabinet 702
positionedharrdittiched dotthmmis bitigeahapping sys tbeufbiige s @ the withbe mppresiated, the

automapqﬁggﬁ%&ﬁprgﬁtmg\{&dﬁgfigp upgrade to current mobility mapping systems, or as an
integrated option for new units to be built. [00641 Fig. 9 shows the main components of the

automapper 700, including a rotator/lifter 704, an end effector 706, a servo motor 708 for rotating the
axis table. NP Showt Sre A S RIS IHER TN A ER Y0 T otatontiter
704 will lithagnet 130 and is rotated back to its horizontal position, using the servo motor 708 associated

with the end effector 706, as shown in Fig. 13. At this point, the rotator/lifter 704 assembly will

raise up to engage the wafer 59. The rotator/lifter will engage the wafer using one or more

vacuum elements (not shown) and wﬂl rotate the wafer to change the wafer’s theta angle (the

angle at which a particular set of data scans will occur), preparing the wafer for collection of

another series of test data points in the manner already deseribed. Thus, once tﬁe appropriate

theta angle has been achieved, the rotator/lifter 704 will lower the wafer back down onto the end

effector 708, the vacuum elements of the end effector will be actuated, and the end effector and

waler will again be rotated 90-degrees. The end effector and wafer wili again be moved between

the poles of the magnet 130 and the desired series of data points collected for the new theta angle

position. This test process of will be repeated until the desired number of data points are

collected for the wafer under test. In one embodiment, a complete mobility map of the wafer

will be obiained nsing this technique.

[06068]  As previously noted, all of the above steps can be automated and controlled using

an appropriate computer program.

Sheet Resistance Subsystem

[0669]  Fig. 14 shows the automapper subsystem of Figs. 7-13, attached to the mobility
measuring system of Figs. £-5C, in combination with an additional subsystem feature for

automatically measuring the sheet resistance of a wafer. Fig. 15 iflustrates the main components
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and rotate the wafer 59 to be tested. The end effector 706 will hold the wafer 59 under test, and the
servo motor 708 associated with the end effector 706 will rotate the end effector (and wafer) to the
desired vertical orientation so that the wafer can be inserted into the test area. [00651 Fig. 10 is a
detail view oftloezvafee&8 mounted on. the end effector 706 using a pair staligsrmentsasys 714. An
operator would load a wafer 59 to be tested onto the end effector 706 using the alignment pins 714
positioned to receive the particular size wafer to be tested. A plurality of different pin locations
corresponding to different wafer sizes would be provided to allow the user to easily establish the wafer

on the engkgifecipihatdheunsanpepaasiieRdteriesting. Anaadbeuatensddsingsitianad endhe end

effector 708, the o rato will initiate a com uter- cqntrolled automated testing program, which will

automatl&g Uﬁﬁ?’é’%mgﬁfs RGPS e AR hothend et RRUSRBIA the
wafer 56 lmglanﬁxﬁﬁmm taslinghde? Mé{t2006M020E3M £ CY G0 0HR2E264 plovakliHig.rdvaiiows how
the Servo, ﬁnotoﬁ{ %s ust to rotate th end ef{ector 706 an lpe wafer 59 90 e re s.to %‘if me a

r

desired vertical pOSition for tasting %%%gl%ﬁg\seer?coa t{f)osalt]‘lig)cﬁ |st§éHFe3€’/‘é%“%ﬁ SBIVO MOto
assouatefd%kﬁmhemdablémld“ml Fopefimars sy 81 theendeffeotor 70% wiilcbwatemnBeiainti the

xaxis g AIRSLRRSHAN i3 A-Betueenbn Rales A 1A MACHELAIS oL el mapping

system of Figs. 1-5C. This is the test position. The computerize ting program W|Icont
performaffi¥omeierdbairat! vrmaie the fntaterbifiee78dIlection of data points needed to complete the
mobility map, in the manner previously described in relation to Figs. 1-6. [0067] After the series of
data points iqmﬁictedmh ehaefﬁsiemﬁhdra&wnefmmmarmu petr b30maeiit Eﬁﬁa{t@d@m (3"
honzonta{% smgn u5| servo motoerO8 a éated with the end effector 70651 IE} wn in Fig.

13. At this point, the' ro RF AR SE Bl‘f/V i S  PERPASE S T SR Btator/lifter
will engagemﬁbplmfhemgsmmr mmwpwmmmqm@wmmwwmxm weafer to

change (e Jalea, el A0GLS: %2898 RLENs PALIPNBL 263 | A% °RISH Y A55HE), Preparing

the wafer for co?ectlon 0
and 6,443,002 B2, issued 9/3/2002, assigned to Lehighton Electronics, the entire contents of

which are incorporated by reference herein.

[0071]  The automapper of this embodiment will be configured and will operate in the

same manner as described above in relation to Figs., 7-13.

[0072]  Fig. 16 shows the sheet resistance module 718 in greater detail, illustrating the
position of the upper and lower measurement coils 720, 722, between which a wafer or sheet 59

will be inserted for testing using the end effector 716 and associated components,

10073}  Fig. 17 shows an exemplary wafer 59 positioned on the end effector 716
associated with the sheet resistance module 718 prior to being inserted into the module for
testing. Fig. 18 shows the wafer 59 positioned within the sheet resistance module 718 for
testing. To achieve this positioning, the system operator will position the wafer 59 on the end
effector 716 using positioning pins (not shown) similar to those used for end effector 708. The
operator will then initiate a computer program configured to control movement of the end
effector 716 along the x-direction with respect to the sheet resistance module 718. The program
will automatically twrn on the vacuum elements 724 (Fig. 15) of the end effector 716 to hold the
wafer 59 in place. The program will then cause the end effector 716 to slide along the x-axis

(by operation of servo motor 712) to place the wafer within the sheet resistance module 718.

19



another series of test data points in the manner already described. Thus, once the appropriate theta
angle has been achieved, the rotator/lifter 704 will lower the wafer back down onto the end effector
708, the vacuum elements of the end effector will be actuated, and the end effector and wafer will
again be rotaved S0sdegises. The end effector and wafer will again be moved oetaansthe poles of
the magnet 130 and the desired series of data points collected for the new theta angle position. This
test process of will be repeated until the desired number of data points are collected for the wafer
under test. In one embodiment, a complete mobility map of the wafer will be obtained using this

techniquer{Q0GR] @w%ipué%m@ge%a{ the 2heve Gieps CaLhe atethand apnualisg using

an appropriate computer program. Sheet Resistance Subsystem [0069] Fig. 14 shows the automapper
subsystefOF IS to7taks tandeHEd f51i5e FhellsftycHIERsa rmiF SERADf Figs. 1-5C, in combination with
an additional subsystem feature for automatically measuring the sheet resistance of a wafer. Fig. 15
illustrates the main components 18 WO 2006/020631 PCT/US20051028254 of the combined
automapper #Hy $heethigsitahcentiotiwies it9syiainsyirfobudihg shepiresisemds effeloforsl $08s716, a

.708 l ' h their.:longitudinal axis, and a sheet
resistanc e B R s
plane in rekfivriagebeimobiftjhneabefitgosyedn miaiidenbumeedbisiieansiod Hace1Be The end
effectors {06418 @ncksevadmoleric0gwilkbe mauiedea e dldnetahle (iOnandthe sheet

resistance module 718 will remain stationary. Not shown is the servo motor that will operate the

Rotator/Lft&etro 41 fodroy armin slavalsi ddntid! PotrardivatgddaraskBepds i Bssodirtietits 720, 722

(Fig. 16)amadde meRserodhaiasiamnes & hewaienalonaheranoronsiate shestmatasal (e.g. flat
panel) placed therebetween. The principles, of gperation of the sheet resistance module 718, as well
SR

as detail SEIIHE GERIG NS FRTRSEBEXIPHs ) des Blog 9R0iNgH SHSS plAREHPSIa, 3tggiated

with the new theta angle. This process will be re-performed until the sheet resistance mapping is
complete. It will be appreciated that all of these steps can be automated and controlied using an

appropriate computer program.

[0675]  While the invention has been described ebove with respect to particular
embodiments, modifications and substitutions within the spirit and scope of the invention will be

apparent to those of skill in the art.
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and 6,443,002 B2, issued 9/3/2002, assigned to Lehighton Electronics, the entire contents of which
are incorporated by reference herein. [0071] The automapper of this embodiment will be configured
and will operate in the same manner as described above in relation to Figs. 7-13. [0072] Fig. 16
shows the sheet resistance module 718 in greater detail, illustrating the position of the upper and
lower measiéniantloited 20, 722, between which a wafer or sheet 59 will be inserted for testing

using the en effeclor 46 CasRRrA SOTRRNEN' 0073) Fig ATyshows an cxemplary vafer 59

positioned on the en ector associate Eet resistancs modl 10r to being
inserted intosltiset motiniel foroteptinggFig. 18 shows the wafer 59 positioned within the sheet resistance
module 718 for te his positioning, the system operator will position the wafer 59 on
the end effector 7%%9%%\3%%%2%9 pins (not shown) similar to those used for end effector 708. The
operatd? will then inifiateverromplaeogitograhcefigeredde sentrobmovigmentidftherewdveffector 716
along the x- g&ﬁggon with respect to the sheet resistance module 718. The program will automatically
turn on the vacuum elements 724 (Fig. 15) of the end effector 716 to hold the wafer 59 in place. The
program will then @@tﬁédﬁé@@@f@cﬁd&ﬁ%%@]dmbng)ﬂm%axhee(mnpﬂahimmof servo motor

712) to placg tshﬁ resist 718..19 WO 2006/0 0631
PCT/USZOOS/OZ 54 T ﬁe wa e?ll\r/lv %%%\%\%élﬁ%%cvggén g%‘éﬁse?%%w% R ptﬁjrallty of

testing locatitshg w@h@mm@@vwsim take the desired series of sheet resistance measurements. [0074]

Fig. 19shows the wafer 59 gﬁﬁf%%@ﬁh&@% eng?cst%@gtetﬂgodualguﬁw ag?r tgklnsg a first series

of test measurements. T he rotator/lifter 704 is posi fioned to eng e wafer, {0 Faise it up off the end
effector and to rotdtélistdaheing eothelatiche mgler drbe mhermwmdqmwtheta angle is achieved, the

rotatorite 704 sefsdu Waler hacls donn QHIAING B CTBEIOLIAG U yagum slpents 724 will e

reactivated to lock the wafer to the en ecto e x-ta e servo motor e used to
re-insert thelhpaferes minesithisshée the sisaaeenent locations; and

a third detector to detect a Hall effect microwave power;

15 wherein said adjustable mount further comprises a first end effector adapted to
position said sheet material item at a plurality of measurement locations to receive
microwave power transmitted from said first waveguide, said first end effector being
movable between an adjustment position and a test position, wherein said adjustment
position is a position at which the rotational position of the sheet material item is

20 selectably adjustable, and said test position is a position at which at least one test can
be performed on the sheet material item using the first waveguide.

2. The device of claim I, further comprising a probe positioned in said first
waveguide, said probe being coupled to said third detector, said first waveguide being
a circular waveguide.

25 3. The device of claim 2, further comprising a directional coupler positioned to
receive microwave power from said source, said directional coupler being coupled to
a side branch and a main branch, said main branch being coupled to said first
waveguide, and said side branch being coupled to said third detector.

4. The device of claim 3, wherein said side branch is coupled through a variable

30  attenuator and a variable phase shifter to said third detector.

5. The device of claim 1, further comprising calculating means for receiving data
from said detectors and for calculating mobility and sheet charge density based on

said data.
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module 718 in the manner previously described to collect another series of data points associated
with the new theta angle. This process will be re-performed until the sheet resistance mapping is
complete. It will be appreciated that all of these steps can be automated and controlled using an
appropriate computer program. [0075] While the invention has been described above with respect to
particular embodirhentsviedificktions &nthsubstitutiong withimethergpifieand seapenf the invention will
be_apparentia ipseof skl i the Al 0. hatis claimed sids Adevics, lormeagurgment of mobiliy
and sheet charge ensﬂy i conductive sheet material als, comprising: a Ricrowave sdtrce: 5 a first
waveguide pekitiotiod tocrsseive microwave power from said microwave source; an adjustable mount
adapted to adjustably position a sheet material item having a plurality of measurement locations to
receive microwave power transmitted from said first waveguide; 10 a magnet positioned to induce a
magnetic field at the measurement locations ; a first detector to detect the power of the microwave
source; a second detector to detect the power of the microwave power reflected from the sheet
material item in the measurement locations; and a third detector to detect a Hall effect microwave
power; 15 wherein said adjustable mount further comprises a first end effector adapted to position
said sheet material item at a plurality of measurement locations to receive microwave power
transmitted from said first waveguide, said first end effector being movable between an adjustment
position and a test position, wherein said adjustment position is a position at which the rotational
position of the sheet material item is
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20 selectably adjustable, and said test position is a position at which at least one test can be
performed on the sheet material item using the first waveguide. 2. The device of claim 1, further
comprising a probe positioned in said first waveguide, said probe being coupled to said third detector,
said first waveguide being a circular waveguide. 25 3. The device of claim 2, further comprising a
directional cbuplerfesiguivediclasucivénticroware powesfirpmbstitbdpurcesgaid directional coupler

being coupl 2SI ch ? ' n id main branch being coupled to said first
waveguide,%%%ﬁsfaﬁjég?%gg%?rgnc %%%é? c%%pﬁ?da %1 gg@ﬁﬁ%ﬁﬁﬁ@t@ﬁ%ﬁﬁ?ﬁg&%{gg tof claim 3,
wherein saidigidetbrsmélidbestipledtarough a variable 30 attenuator and a variable phase shifter to

said third detector§.. The: deyi claim, & further ¢ ising. calculating, means far receiving data
from said det’ectors aend@fégeggrg%ﬁ#ng’mgaﬁty anérsﬁg%i C%g%ﬁéﬁ%%é%%ﬁgﬁﬁg% data. 21 6.
The debice #iiélairsvareherssrapdising Arpowacampifiehtosineseilimytavaiggaidrom at least one of

said detectoc{&]%%o@rpgggy&q ), 81) QH%E@Q@&&S@@J&& fdél_ating means. 21a 7. The device of claim

5, further comiprising a superheterodyne receiver for receiving a signal from at least one of said
detectors arfd for providiintsaniodaput Ssighetcto sitiscaioul aliver ek s8idied tedatecbf claim 1,

further compiging 366004 Wayaguids,infermaiale. .3 SAGVIIGWANR SRUEE ARl gaid first
o I

waveguide, wherein said first waveguide'is adjustably positioried relative to said second waveguide.
9. The devicepariiva Bfavrarditestin atoert thagtor fiepbsitnesll abtbetvetsvedioeted microwave
field strgngth in,5a3i{d second waveguide, said device further

10.  The device of claim 1, further comprising a short, made of conductive
material, said short being adjustably mounted with respect to said device so that said
measurement location is intermediate said short and an end of said first waveguide.
11. 'The device of claim 1, wherein said adjustable mount further comprises:
15 a body having a first planar surface; and
a disc positioned in said mount, said disc being rotatable about an axis
substantially perpendicular to a plane of said first planar surface, said disc further
having a bore therein that ts not coaxial with said axis of rotation;
wherein said disc is configured to contact said sheet material item to
20  adjustably position said sheet material item so that at least one of said plurality of
measurement locations is located adjacent said first waveguide to receive microwave
power from said first waveguide.
12. The device of claim 11, wherein said adjustable mount comprises a vacuum
chuck.
25 13, The device of claim 11, further comprising a base, said adjustable mount being
rotatably positioned on a base.
14.  The device of claim 11, wherein said adjustable mount is positioned on an
adjustable portion of said base, whereby a separation between said adjustable mount

and a waveguide of said testing apparatus may be adjusted.
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comprising a fourth detector to detect magnetic field strength at the measurement 10 location. 10. The
device of claim 1, further comprising a short, made of conductive material, said short being adjustably
mounted with respect to said device so that said measurement location is intermediate said short and

an end of said first waveguide. 11. The device of claim 1, wherein said adjustable mount further
comprises: 15.a b@y_: davieg ﬁl_‘@’inplbnﬁh@@ﬁ?a@é@ &gt erdistfpdsitioneulimgaidtimdunissaid disc being
rotatable aboy %Esﬁéﬁéﬂgaﬁ'ﬁé%ﬂg Po%?a%g'ﬁ?lé’éﬁ[hégi&‘ (118'1%‘%8%% ?'§x¥ér5§a?¢1aeql%‘ Syliage, said disc

t t al wit

further having a bore therein that isThot coaxi said aXis of rotatioh; wherein salc%isc is
configured thudberdsizmitisketbhatthalcipeatity 2aiddpstabiiopositidnosaidudhedtaxiaterial item so that
at least one %fsaidrﬂjsua ity.0 e t jQns:is.lecat i id first waveguide to

1o. R
receive microwave powggrﬁ%p%gg%%?#s’t Wav%%ﬁ%@ﬂlgﬁrﬁgﬁd%%%g%%?éﬁ%ﬁ?nvl?/[ﬁ’esraeifﬁ said
adjustable ristinnesmprisbsingasaoiniedhvich 528 BsEnd dffouterdbriaiating studtfiesteohprising a

base, said adisiaplediount hsing, RiaiAR peaned ona e i JlRRYca oL slgim 11, wherein
said adjustable mount Is positio e&lon an adjustable portion of said base, %v%sere y a separation
between saiiddjestabrnehoiiiettaandrararnegideidfesdidifestingvabpasatus tmagiddeadjasted. 22 15.
The device ﬁoﬂ@%&iéﬁgﬁ{ﬁ%aﬁﬁ%ﬁm end effector has a longitudinal axis, said first end effector
being rotatable about said longitudinal axis, said end effector further being translatable with respect to
said device hlong dadidl denigudinkaizds furdeT prentsidseof claim 15, further comprising first and

secongymotor units, 3ajcha HistReles Wk heRGasgAe iRt lka i slteglgr for rotating said

first end
a sheet resistance unit having first and second oppositely disposed coils for

measuring a sheet resistance property of said sheet material item, wherein said second
end-effector is movably adjustable with respect to said sheet resistance unit to enable
the unit to measure said sheet resistance property at a plurality of locations on said

15 sheet material item.
18, The device of claim 1, further comprising:

a rotator-lifter for engaging said sheet material item and moving it along a
second axis substantially perpendicular to a longitudinal axis of said end effector, the
rotator-lifter further configured to rotate about the second axis using a third motor

20 umit;
wherein said first end effector and said rotator-lifter each comprise at least one

vacuum element for engaging said sheet material item.
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effector about said longitudinal axis, and said second motor unit being associated with said second
end effector for translating said end effector with respect to said device along said longitudinal axis.
17. The device of claim 1, further comprising: 10 a second end-effector configured to engage said
sheet material item; and a sheet resistance unit having first and second oppositely disposed coils for
measuring al 8heet TesidtamesprgertySofsaicistmepmaterial ddmstabihebeis daidiseaondend-effector
is movably %ﬂjaﬂgsb'gc i(ghsr%sge‘%tc tolsaid s eﬁgﬂesisitance ugﬂt to é?[r%gtble the.unit to measure said
sheet resistance pr per{y at a plura ifyﬁgglocg |onsmé)n°§é}igi& She gfé?fa P8 He device of
claim 1, furtberbomjpusaide baset&iordiftenfentenghginpesaid gheetmatéifiakitem and moving it along a
second axis substantially perpendicular to a longitudinal axis of said end effector, the rotator-lifter
further configured to rotate about the second axis using a third motor 20 unit; wherein said first end
effector and said rotator-lifter each comprise at least one vacuum element for engaging said sheet
material item. 23 19. The device of claim 18, further comprising an adjustable base that is movable
with respect to said device using a fourth motor unit, the end effector being mounted on the adjustable
base for movement with respect to the rotator-lifter. 24
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