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(57) Abstract: Techniques are disclosed for carrying
out ferromagnetic resonance (FMR) testing on whole
wafers populated with one or more buried magnetic
layers. The techniques can be used to verify or
troubleshoot processes for forming the buried mag-
netic layers, without requiring the wafer to be
broken. The techniques can also be used to distin-
guish one magnetic layer from others in the same
stack, based on a unique frequency response of that
layer. One example methodology includes moving a
wafer proximate to a waveguide (within 500 mi-
crons, but without shorting), energizing a DC mag-
netic field near the target measurement point, apply-
ing an RF input signal through the waveguide, col-
lecting resonance spectra of the frequency response
of the waveguide, and decomposing the resonance
spectra into magnetic properties of the target layer.
One or both of the DC magnetic field and RF input
signal can be swept to generate a robust set of reson -
ance spectra.
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FERROMAGNETIC RESONANCE TESTING OF

BACKGROUND

o

Many semivonductor cireuits include buried magnetic fayvers.  For instance, 8 magnetic
tunnel junction (MTJ) device 18 & magnetoresistive device whose resistance is programmable and
can be set to either a high resisiivity or low resistivity state in response to an applied magnetic field.
The difference in resistance between these two states is generally referred fo as the
magnetoresistance (MR} ratio, which can range for instance from less than 10% to several hundred
1o percent or more, depending on the teruperature and materials from which the device s made. &

typical MTJ device configuration includes an insulgtor layer of tuaneling oxide sandwiched
between two ferromagnetic lavers respectively referred to as the fixed and free lavers. The
direction of the magnetic field in the free layer determines whether the MTI device is in the high
resistivity state or in the low resistivity state. A binary zero can be stored in the MTJ device by
15 changing its resistance to the low resistivity state, and a bmary one can be stored by changing ifs
resistance to the high resistivity state.  Advantageously, no static power 18 required 1o maintain the
resistance state once set. I the nsulator layer is sufficiently thin, electrons may pass front one

ferromagnetic laver to the other via quantum tunneling through the insulstor layer. The two

20 dependence of their magnetic properties. Depending upon the direction of magnetization of its
maguetic ansolropy of out-of-plane magnetic anisotropy.  An in-plape MTJ is one i which the
direction of magnetization is along the plane of the two ferromagnetic lavers. Conversely, an out-

of-plane MTJ is one in which the direction of magnetization s orthogonal to the plane of the

[
LA

constituent ferromagnetic lavers. The two ferromagnetic lavers may be configured such that thew
respective magnetizations are aligned either tin the same direction—ihe parallel (P} state, or in

opposing directions—ithe anti-parvallel (AP) state.
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Regardless of the specific device being fabricated, manufacturing integrated civenitry that
includes one or more magnetic layers typically necessitates tight magnetic process control, so as to
provide ferromagnetic layers having specific magnetic qualities suitable for a given application.
Currently, in order for such magnetic lavers to be tested, one has to break a fully processed wafer or
otherwise fabricate a representative stack to access or otherwise monitor the magnetic properties of
the given MTJ stack.  Thus, there 1s a need for techniques for testing buried magnetic layers of

mtegrated circuits,

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1a illustrates a system for carrving out wafer level ferromagnetic resonance (FMR)
testing of processes used to form magnetic lavers of an mntegrated circuit, in accordance with an
embodiment of the present disclosure.

Figure b illustrates further details of an example waveguide that can be used in the system
of Figure 1a, in accordance with an embodiment of the present disclosare,

Figure 1o llustrates an example magnetic field generated by the system of Figwre la, in
accordance with an embodiment of the present disclosure.

Figure 1d illustrates a plot of an example magnetic fickd ponerated by the system of Figure
1a, in accordance with an embodiment of the present disclosure.

Figure 2a illustrates a method for carrying out wafer level ferromagnetic resonance (FMR)
testing to verify or troubleshoot processes used to form magnetic layers of an integrated circuit, in
accordance with an embodiment of the present disclosure.

Figure 2b illustrates an example whole wafer populated with various integrated circuitry,
which can be subjected to a series of localized FMR -based testing using the methodology of Figare

2a, w accordance with an enbodiment of the present disclosure,

o]
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Figure 2¢ illustrates an example plot of magnetic susceptibility and how pavameters such as
damping and inhomogencous linewidih broadening can be determined therefrom, in accordance
with an embodiment of the present disclosure.

Figure 2d illustrates example frequency response plots genersted using the testing
methodology of Figure 2a, each plot corresponding to the resonance of a different magnetic laver of
one or more whole wafers, in accordance with an embodiment of the present disclosura.

Figure 3a illustrates a cross-section, schematic view of an example perpendicular magnetic
tunnel junction (MTJ) m its parallel state, and Figure 3b illustrates a cross-section, schematic view
of the corresponding perpendicudar MTT iy its anti-parallel state.

Figure 4 tHustrates a partial crosssection view of integrated circuitry having one or more
MTJY configurations such as those shown in Figores 3a-b, and which could be part of the whole

wafer shown in Figure 2b, for example.

DETAILED DESCRIPTION

Technigques are disclosed for carrying out ferromagnetic resonance {FMRY testing on whole
wafers populated with integrated civeuitry including one or more buried or otherwise inaccessible
magnetic layers. The technigues can be used to verify or troubleshoot processes used to form the
buried magnetic lavers of the wafer, without requining the wafer to be broken. In some example
cases, the wafer may include a plurality of diverse bunied magnetic layers, such as varioas fixed
and free lavers of a magnetic tunnel junction {(MT1) stack. In such cases, the techniques provided
herein can be used to distinguish one magnetic laver from others in the same stack, based on a
unique frequency response of that layer,

General Overview

As previously sxplained, manufacturing mitegrated circnitry that includes a stacked
configuration of one or more magnetc layers typically necessitates tight magnetic process control,

50 as to provide ferromagnetic layers having specific magoetic gualities, Common methods to

Lbd
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measure magnetics are SQUID and MOKE. SQUID, which refers to superconducting grantum
mterference device, is a magnetometer used {o measure very sebile magnetic fields. However, the
sample to be tested must be broken in order for testing o be carried cut.  Also the magnetics are
combined into one signal, 0 it is not possible to distinguish the difference between different lavers,
such as the free and fixed layer magnetics of an MTI. MOKE, which refers to magneto-optic Kery
effect, relies on light reflected from a magnetized swrface and therefore can only measure the
magnetics of a topmost or otherwise exposed laver. Moke therefore cannot measure a magnetic
film buried under other films. Consider, for example, an MTI confignration that includes a 50 nm
hardmask of tantalum deposited over the magnetic stack. 1o such cases, a8 MOKE test will not
generate a measwreable signal.

Thus, techniques are disclosed for carrying out ferromagnetic resonance (FMR) testing on
whole wafers populsted with integrated circuitry having one or more buyried or otherwise
maccessible magnetic layvers. In one example embodiment, the technignes are mmplemented as a
system including a means for providing relatively high field magnetic, a waveguide positioned
close to the wafer and configured to shape the magnetic field, and an analysis component (e.g.,

software executable by a computer). The waveguide shape is configured to provide localization of
the magnetic field, so that small portions of the wafer can be tested individually, without
implicating other magnetic portions of the wafer. Using a positional robot or other moving means,
the targel test position of the waler can be changed 30 as 1o allow for measuring of FMR signals
across the ontire wafer or otherwise at select locations of the waber.  In some example
envbodinents, the magnetic fleld is energized and a high freguency RF input is applied to the
waveguide and swept across a target frequency band using a network analyzer also connected fo the
output of the waveguide. A tasget burted magnetic fayer causes a change in the impedance of the
wavegnide. The frequency response of the waveguide, as measured by the network amalyzer,
reflects the change m waveguide impedance. The analysis component of the system receives the

FMR spectra associated with the frequency response of the wavegmide (including the tmpedance



(¥4

iy

2

[
i

A

{3

WO 2017/171848 PCT/US2016/025624
changes}, and is programmed or otherwise configured to correlate that EMR spectra with magnetic
properties of the target magnetic layer.

Thus, magnetic properties of a given buried magnstic layer can then be extracted from the
FMR stgnals measured for that layer. The properties include, for example, « (damping), Hkeff
{effective anisotropy field), g (magnetic moment), AH (FMR lLinewidth), and AH (inhomogeneous
linewidth broadening). Once these magnetic properties are known, performance data about the
magnetic layer can be detormined or otherwise confinued.  For instance, the intrinsic threshold
current of a perpendicalar MTY may be computed by the equation 2ayefipgy, where o is the
damping parameter, v is the gyromagnetic ratio, ¢ is the elementary charge, £ is the energy barrier
between the parallel and aotiparalle] states, pw 1s the Bolr magneton, and # is the spin transfer
efficiency. The techniques can be applied to any number of integrated circuits having buried
magnetic layers, sach as memwory ciresits including, for instance, spin transfer forgue memory
{STTM) and resistive random access memory (RRAM) and any other circuitry having buried
magnetic layers,

Note that the water may be partially or fully processed and need not be broken n order to
carry out the testing. The techniques can be used to verify or troubleshoot processes used to form
the buried magnetic lavers of the wafer. In some example cases, the wafer may include a plarality
of diverse buried magnetic layers, such as various fixed and free magnetic tunnel junction (MTI1)
layers. 1n such cases, the techniques provided herein can be vsed o distinguish one magnetic laver
from others in the same stack, based on a wuique freguency response of that layer.  As further
explained herein, FMR-based wafer level testing as provided herein can be used fo measure
damping which is directly proportional 1o, and can therefore be corvelated to, the critical current
a MTJ. Thus, magnetic layer fabrication processes can be verified with respect to resulting circuit

performance.
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Svetean - Architeciure

Figure la ilustrates a system for carrying out water level ferromagnatic resonance {(FMR)
testing of processes used to form magnetic lavers of an tegrated ctrcuit, n accordance with an

embodiment of the present disclosure. As can be seen, the system includes a wavegnide posttioned

(¥4

between upper and lower magnets. The input and output of the waveguide are respectively
connected to a high-frequency source and recetver of a vector network analyzer (VNA)L In
addition, the example embodiment uses a robot to position a whole wafer between the magnets and
proxunate to the waveguide, but without short-circuiting the condacior of the wavegeide. As can
further be seen, a computer or controller unit can be used to control the functionality of the system,
f¢ which m one example case includes positioning of the wafer by the robot, application of the
magnetic field via the upper and lower magnets, application of the VNA high frequency source to
the waveguide, tierpreting the frequency response spectra measured by the VNA, and extracting
magnetie properties of a given buried magaetic laver based on the frequency response spectra.

With the magnetic properties of the laver known, various performance parameters of that magnetic

e
E 40

layer can also be known, such as critical current in a MTIL

Note that the components are illostrated as separate components, for purposes of clarity.
However, other embodiments may be configured differently, but suill provide similar fimctionality.
For instance, in some cases, the waveguide can be miegrated into one of the magnets, such as the
upper magnet. In such a case, the upper magnet can be drilled or otherwise formed with a passage
20 that passes through the block of magnet material (etther by way of an mternal channel through the
magnet, or an external channel formed in the side of the magnet, or a combination of such internal
and external passapges). The conductor of the waveguide {e.g., copper wire, or other suitable
conductor) can then be placed in the passageway, and an tnsulating material (e, alumisa, or other

suitable diclectnic material) can be provided around that conductor, sach that the conductor doesn’t

£
v

touch or otherwise short to the magnet body.  Any number of such integrated arrangements will

work, so long as a high-frequency signal can be passed through the waveguide being subjected to
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the magnetic field. Numerogs such configurations and variations will be apparent 1 Hight of this

disclosure.

such as cobalt, wron, nickel, lodestone, and various alloys of rare earth metals, The distance
between the magnets can vary depending on factors such as the thickoess of the waveguide,
thickness of the wafer under test, the strength of the nmagnetic field strength (B), and the frequency
range of the high-frequency source, but in some embodiments is in the range of sbout 1 cm to 3
centimeters {cmy) or less,  The mapanetic field strength (B-fiekl) may alse vary from one
embodiment to the next, but in some example cases is it the range of about 6.5 10 4.0 Teslas (T}
The frequency range of the high-frequency source of the VNA may also vary from one
embodiment to the pext, but i some example cases is swept from about, for example, 1 GHz to
100 GHz, with signg! power in the range of 20 dBm to +50 dBm.

QOne specific example use case is configured as follows. The upper and lower magnets are
implemented with iron magnets vertically spaced about 1 em apart from one another (or less), and
provide a B-field in the range of 1 T to 3 T, such as 1.8 T or a combination of different DC fields
within a given range (e.g., marange Fom 0 T 0 3 T, take measyrempents st O3 T, 1O T, LS T, 1.8
T.20T, and 2.5 T). Generally, it does not matier how close the lower magnet is to the wafer
backside, except i may Hmit the Held, but in some emboduments, the lower magnet 1s touching the
wafer backside or up to | millimeter {mm) away from the wafer backside. In addition, the
waveguide 1s very close to the upper magnet, and the magnetic layer bemng tested is very close to
the condhector of the wavegoide. In some embodiments, the term "very close” refers to betng within
a few hundred microns or less {e.g., 300 microns or less), and in some further embuodiments, within
5 microns or less, but not touching so as to cause a short-circult. Continuing with the example use
case, the high-frequency source of the VNA 1s swept from about 2 GHz to 70 GHz, at signal power
in the range of shout -10 dBm o +10 dBm. In 2 more general sense, the spacing of the

componentry, magnetic field strength, frequency range, and RF signal power can be adjusted to
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accommodate 8 given set of magnetic layers and the performance parameters associated with those
magnetic layers, as will be appreciated.

The robot can be implemented with any standard robot technology, such as that commonly

used in wafer handling applications within process chambers, for instance. In some embodiments,

§  the robot arm may have a U-shaped end so that only the outermost perimeter of the wafer is

contact with the arm, thereby leaving the majority of the wafer available for testing while being

held in position by the robot. In still other embodiments, the robot arm may be configured with a

vacuwn chuck or an electrostatic chuck configured 1o hold the wafer i place with only minima!

contact at the perimeter of the wafer. In such cases, note that the wafer may be held from the

10 bottow or top surface of the watler, even though the figure shows the wafer being held by #s bottom

surface.  In any such cases, the robot can be commanded or otherwise programmed ©

incrementatly move the wafer proxamate and very close to the waveguide {within g few hundred

microns or less, bat without shorting), so that localized westing of small portions of the whole wafter

can be tested for magnetics. In still other embodiments, the wafer can be moved mansally by a test

15 technician or by means other than a robot. To this end, a robot is not needed in all emobodiments of
the present disclosure.

The VNA can be any commercial or propriciary RF signal sowrce and RF signal analyzer
arrangement, Some suitable examples that could be vsed for the VNA are the NS227A Microwave
Network Analyzer and the HP8510¢ Vector Network Analvzer, both from Agilent Technologies.

2 Inamore general sense, and as will be appreciated, the VNA can be selected or designed based on
the frequency range of mterest and the signal power suitable for testing the tavgeted magnetic
layers.

The computer/controlier can be implemented with any suitable computing environment,

such as a desktop or laptop computer with tvpical processing power and mputfoutput (IFQ)

2%
Ly

capability. The FO capability 1s configured to receive tnput from the other components of the
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system {such as frequency response data output by the VNA}), and to send output data to the other
components of the system {such as measurement comumand to the VNA, and control commands to
the robot, and on/off commands 1o the magnetic field generator). Further note that such 'O may be

mtegrated within the computer/controller, or otherwise commumcatively coupled with the

(¥4

computer via a suitable communication bus {e.g., general purpose mterface bus, or GPIB). For
instance, commands between the computerfcontroller and the VNA can be provided over a GPIB
bus, in some embodiments. Numerous such interface and 'O schemes can be used, and the present
disclosure is not intended to be Hmited to any particudar ones. In any case, the computer/controlier
will generally include one or more processors and a memory facility for storing executable code or
10 mstructions and data as normally dome. In this example embodiment, the memory is
communicatively accessible by the processor, and has a controlfanalysis modale stored therein.
When cxecuted by the processor, the control/gnalysis module 18 programmed or otherwise
configured to carry out wafer level FMR testing of magnetic layers of an integrated circuit, m
accordance with an embodiment of the present disclosure. Note that the computer/controller may

be, in some embodiments, a microcontroller configured with an onboard processor, memory, and

e
LA

YO capability, and configared 1o carry out the various methodologies provided herein, such as will
be discussed with reference to Figure 2. Numerous suitable processing environments can be used,

as will be appreciated.
Figure 1b tlusirates further details of an example wavegnide thar can be used in the system
2 of Figore la, tn accordance with an embodiment of the present disclosure.  As can be seen, the
waveguide is configured with a substrate through which a conductor meanders or otherwise passes.
The substrate can be, for example, aluming, and the conductor can be a copper wire, but any
nuinber of suitable such waveguide configurations can be used, as will be appreciated. As can be

further seen, the wavegnide of this example embodiment has a step function, which allows for the

g
L

s-parameter signal (S21, forward gain) to only originate underneath the upper magoetic voke. As

can be further seen, a buried magnetic layer (which is at least one of on and in the wafer) has an
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upper sarface that is within a distance Wy of the waveguide conductor. As will be appreciated, Wy
can vary from one embodiment to the next, but in some example cases is 300 microns or less, or
even 5 microns or less, but in no case are the target magnetic layver and waveguide conductor
physically touching. In some cases, the waveguide conductor may be coated with a dielectric. In
such cases, the target magnetic laver and coated waveguide conductor may actpally be physically
touching, so long as no electrical short-circult to the waveguide conductor is formed by virue of
that touching. Note that the distance between the topmost surface of the populated wafer and the
waveguide body may be one distance (e, less than 3 nucrons), while the distance Wi between the
target butted magnetic faver and the waveguide conductor may be another shightly longer distance

{e.

. less 300 microns). That is not to say, however, that the distance W, cannot be very shart. To

3%

be clear, in some embodiments, the distance W, 15 loss than 5 nucrons {g.g.. 0.5 microns, in some
CASES }.

The resuliing magnetic field B is shown in Figure lc (by way of downward pointing
arrows), and a corresponding plot of that field in shown in Figure 1d. Note how the B-field size
generally corresponds fo the size of the magnet and the step function provided by the waveguide,
and therefore also defines the resonance field (Hg.). Said differently, the frequency response of the
waveguide i3 centered onr the resonance field (see also Figure 2¢, which will be discussed in tarn).
In one example embodiment, the miagnet 18 abouwt 1 om or 2 cm wide (in the lateral, left-right
direction) or smaller, and the step function causes a B-field size that is shighuly smaller than that
width, In one specific such example ambodiment, the magnet 1s about 1 cm wide and the B-field 15
about 4 mm wide, while in another specific example the magnet is about 2 om wide and the B-field
is about 1 om wide.

In any such cases, the waveguide can be configured with a step function 50 as o allow for
localization of the B-field. The step function wavegnide shown in the example embodiment of la-¢
has uniform field within the measurement B-field.  Further note that the conductor of the
waveguide is configured such that it i3 physically away from the wafer except under the npper

10
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magnet, which in tom ensures that the magnetic B~ field is constant.  Thus, the system can be
programmed or otherwise configured to measure properties of ferromagnetic resonance i a DC
magnetic field at gigahertz {GHz) frequencies. The collected resonance spectra can be decomposed
mto magnetic properties, for example damping. During testing, the buried magnetic layer of the
whole wafer canses a change in the unpedance of the waveguide, and these changes in impedance
can be correlated with magnetic properties. So, in one example use case, the system is used for
monitoring 300 mm wafers populated with magnetic memories such as pSTTM, and to ensure

magnetics are in line with expectations.

Figure 2a illustrates a method for carryving out wafer level ferromagnetic resonance {FMR)
testing to verify or troubleshoot processes used 1o form magnetic lavers of an tntegrated circuit, in
accordance with an embodiment of the present disclosure. The method can be coded, tor example,
into the controlanalyvsis module of the system shown in Figure | and carried out upon execution of
that module by the processor, although any number of other embodinments will be apparent in light
of this disclosure. The control/analysis module and one or more processors capable of executing
that software module can collectively operate as a functional controlfanalysis circuit. Alternatively,
the control/analysis circoit may be implemented in hardware, such as with gate level logic or a field
programmable gate array {(FPGA), or an application specific megrated circuit (ASIC), or other
purpose-built senuiconductor configured to carry out the methodology, or a microcontroller having
a processor for executing embedded routines configured to carry out the methodology and a
number of nputioutput ports (e.g., input port for recetving frequency response data from VNA, and
cutpt port for sending control signals to VNA, cireuttry controlling the magnetic field, and robot).
In a more general sense, the methodology can be implemented i hardware, software, fitmware, or
some combination therefore.

The method meludes commanding 202 the robot to move the full wafer between the

magnets and proximate to the waveguide at target measurement point.  The wafer may be, for

i1
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instance, a 300 nun wafer populated with integrated circuitry incloding one or more buried
magnetic lavers, such as a wafer of magnetic memory chips, or a wafer of processors configured
with on-board magaetic memory or cache. An example wafer is shown in Figure 2b, which further
shows a series of localized measurement points along a localized measurement path, according to
one embodiment. Other embodiments may mclude few measorement points andfor a different
measurement path, as both the measwrement points and measurement path are based on a given
wafer lavout and therefore arbitrary. In any case, the target poimt commanded at 202 can be any
one of the given measarement points provided for a given whole wafer, Recall that the target
magnetic layer 18 placed very close to the waveguide conductor, but without shortcireuiting the
waveguide conductor. As discussed with reference to the example smbodiment shown in Figure
1b, this distance 1s designated as W, (distance from waveguide conductor to target magnetic laver).
In some example embodiuments, the target magnetic layer is placed within 500 microns of the
waveguide conductor or less, or within 400 microns of the waveguide conductor or less, or within
300 microns of the waveguide conductor or tess, or within 200 microns of the waveguide conductor
or less, or within 100 microns of the wavegude conductor or less, or within 30 microns of the
waveguide conductor or less, or within 23 microns of the waveguide conductor or less, or within 10
microns of the waveguide conductor or less, or within § microns of the waveguide conductor, or
within 0.5 microns of the waveguide conductor, but in no case are the target magnetic layer and
wavegiide conductor physically touching so as to caunse an undesired shorting condition.  In still
other embodiments, Wy may be greater than 500 microns, so long as that distance Wy doesn’t
prechude measurement of the magnetic properties of the target buried magnetic laver as variously
provided herem.

The method continues with energizing 204 the DC magnetic field, and applying 206 the RF
mput signal at input of waveguide, mcloding resonant frequency {Fyg.) of target magnetic layer,
Recall that either or both of the DC magnetic field and the RF input signal can be swept. In one

example case, the DC magnetic field (or B-field) is set to 1.8 T, and the RF input signal is swept
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from 10 GHz to 50 GHz, at a power level in the range of ~10 dBm to +10 dBm. In still other
embodiments, the DU magnetic field 13 swept as well. For instance, in one such example case, the
DC magnetic field is swept in the range of 0 T 1o 3 T {such that resonance spectra measurements
collected at 208 are taken at multiple fields within this range, such as at 05 T, 10T, 15T, 18 T,
2071, 25T, and 3.0 T, while the RF inpat signal is swept from 2 GHz 1o 70 GHz, at a power level
in the range of -10 dBm 1o +10 dBm.  In still other embodiments, the RF signal input is set (not
swept), and only the DC magnetic field is swept. For mstance, m one such example case, the DC
magnetic field 1s swept from 0 T 1o 3 T {such that resonance spectra measurements collected at 208
are taken at multiple fields within this range), while the RF input signal is set m the yange of 18
(GHz to 30 GHe, at a power level in the range of ~10 dBm to +10 dBm. Once the resonant spectra
have been collected at 208 for that DO field and froquency, the RF nput signal can be set 1o a next
value and the process repeated.  Such tleration can be carried out & number of times {o sufficiently
cover a frequency range of interest. In some such embodiments, for instance, the iteration is
carcied out at 0.5 GHz increments. The resonant spectra collected at 208 can then be decomposed
mto magnetic properties of layer at 210, as will be discussed i turn.  As will be appreciated, the
strength of the magnetic field and the frequency of RF mput signal can vary from one embodument
to the next, and the present disclosare i3 not intended to be Limited to any particular range of field

ge.  In any case, the method continues with collecting 208 spectral

s

strengths or frequency ran
characteristics of frequency response (forward gain) at output of wavegnide, as previously noted.
Note that the applying at 206 and the collecting at 208 can be accomplished using, for example, any
commmercially available VNA

The method continues with decomposing 210 the resonance speciia o magnetic
properties of the target laver. This can be sccomplished, for instance, by first deternuming magnetic
susceptibility, which 18 a dimensionless proportionality constant that indicates the degree of
magnetization of a material in response to an applied magnetic field.  Susceptibility at a given

frequency f can be defined i Equation 1.
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Xy =X+ jXv {Equation 1}
As can be seen, susceptibility X has a real component (X'} and an imaginary component (X
Figure 2¢ illustrates an example plot of magnetic susceptibility and how magnetic properties of the
target laver such as damping and inhomogeneous linewidth broadening can be determined
therefrom, m accordance with an embodiment of the present disclosure. As can be seen, the FMR
Iinewidth AN is centered avound the resonance field (M.}, FMR linewidih AH at a given RF input

frequency foan be defined as shown tn Equation 2.

AH = Cyisiad
vl

+ AHg  {Hquation 2)

As previously noted, o is the damping parameter, v is the gyromagnetic ratio, AH is FMR hinewidth,
and AHy is the mhomogeneous hnewidth broadening.  In addition, f represents the RF mput
frequency, and g 15 the permeability in free space. Given the knowns, Equation 2 can be solved

for the damping parameter @ The effective magnetization M pr can also be determined, from

Equation 3.

E?Tf L o * ‘: ‘ . ') 3
AHpoo = o + Mgy {Equation 3}

Once the magnetic properties of the target laver ave determined, changes to the
semiconductor fabrication process can be made, so as to fine tune or othenwise adjust the magnetic
properties of that target laver as desired.  As will be further appreciated, the determined magnetic
properties can also be used 1o tronbleshoot or vertfy that the target layver has the mtended magnetic
properties.  For instance, the switching current is proportional to the a (damping). Thas, i the
damping ¢ ix smaller than expected, then the switching curent will hikely also be lower than
expected.  Adjustments can be made to the magnetic processes based on such proportional
refationships.

The method continues with determining 212 if there are additional field strengths to test at

the current RF signal frequency. If so, the method repeats starting at 204, with the next DC
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magnetic feld strength. ¥ no further DO flelds are desived for the corrent RF signal frequency,
then the method continues with determining 214 if there are additional target lavers to measure at
the curremt wafer {ocation. If so, the method repeats starting at 204 for the next target magnetic
layer. Note the DC field can be changed at 204 to suit a target laver, as can the frequency of the RF
signal at 206, If it is deternmuned at 214 that there are no additional target layers to measure at that
particuiar measurement location, then the method continues with determining 216 if there is a next
target measurement point. I so, the method repeats starting at 202, wherein the robot is
commanded to position the wafer so that the farget messarement locgtion is proximate to the
waveguide {and the measurement process repeaty as previously described). Otherwise, ifno further
measurement point at 216, the method concludes.

Figure 2d illustrates example frequency response plots generated using the testing
methodology of Figure 2a, each plot corresponding to the resonance of g different magnetic layer of
one or more whole waters, in accordance with an embodiment of the present disclosare. The fowr
plots shown may be from four different wafers, or from four different magnetic layers of the same
water. The frequency or sweep range as well as the DC magnetic field can be changed for each
layer as appropriate, but may be the same for some layers at different locations within the same
wafer. Note that the free layers all have about the same performance, while the fixed layers each
have a different resonant frequency. With this knowledge the free layer dynamics and the fixed

layer dynamics can be separated.

Example Inteurated Clircuits with Buried Masnetic Lavers

Figure 3a illustrates a cross-section, schematic view of an example perpendicolar magnetic
tunne] junction (MTI} in #is parallel state, and Figwre 3b illustrates a cross-section, schematic view
of the corresponding perpendicular MTJ in its anti-paralie] state. Such structure can be tested and
verified using the techniques provided herein, While the particular being tested is not particularly

relevant, example structures are provided to give some context as to types of integrated circuitry 1o
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which the techniques can be applied. The example stractures illostrated are in no way ntended to
tirait the present disclosure.

Figure 3a is a cross-section, schematic view of a conventional perpendicular MTJ 300 s
parallel {P) state. Figure 3b is g cross-section, schematic view of the perpendicular MTJ 300 of
Figure 3a in its anti-parallel (AP) state. As can be seen, perpendicular MTJ 300 15 a lavered
structwre including a first (fxed) ferromagnetic layer 320, an insulator layer 330, and a second
{free) ferromagnetic layer 340, stacked as shown. The fixed layer, sometimes referred to as being
prmed, does not normally undergo changes m s magnetization {(Mpgal—its direction of
magnetization remains fixed and serves as a reference.  On the other hand, the free laver,
sometimes referved to as beyng dynamic, does undergo changes in the divection of its magnetization

{j\i}me} B

In Figure 3a, fixed ferromagnetic laver 320 and free ferromagnetic laver 340 have

magnetizations—>Mgpes and My, respectively—in the same divection (perpendicular M1 300 15
inits P ostate}. In the P state, electrons with spins oriented parallel to the magnetization spm-up
electrons} readily pass from the fixed ferromagnetic layver 320 through the insulator Jayer 330 to the
free ferromagnetie layer 340, while electrons with spins oriented anti-paralie] to the magnetization
{spin-down clectrons) are strongly scattered. The spin-up electrons can tunnel through the tsulator
barrier 330 because there 1§ a spfficiently high quantiy of wooccupied spin-ap states available in
the free ferromagnetic layer 340, As a result, Postate MTY 300 has a low resistivity for electrons
with spins orlented parallel to the magnetization and 8 high resistivity for electrons with spins
oviented anti-paraliel w the magnetization.  Otherwise pul, # is more hikely that electrons will
nnel {8 corrent will pass) through the nsulating layer 330 in the P state (low resistance state) of
perpendicular MTJ 300 than in the AP state, a discussion of which now follows. In Figure 3b,
state, electrons of both tvpes of spins {spin-up and spin-down electrons) are strongly scattered.

Quantum tumeling s suppressed in this nstance because there are fewer spin-up states available
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{as compared to the P state previously discussed with reference to Figure 38}, Ag a resulf, AP-state
MTJ 300 has a tugh ressstivity for electrons regardiess of spi ortentation.  Otherwise put, it 1s less
likely that electrons will tunnel (3 current will pass) through the mmsulating layer 330 in the AP state
{high resistance state) of perpendicular MTJ 300 than in the P state. Many other MTJ stack
configurations and variations are possible. For instance, other configurations may include one or
more offset fayers to infroduce an additional internal magnetic field, such as described in U.S.
Patent 9,236,502,

Moreover additienal lavers can be provided, such as hard masks, etch stops, and contact
layers. Figure 4 is a perspective, schematic view of an example infegrated cirenit 400 implementing
a perpendicolar MTY. As similarly discussed above with reference to Figures 3a, here the example
perpendicniar MTJ is in its P state and includes an additional ferromagnetic layer (offset layer) 460
proximate the fixed laver 320 and a non-magnetic spacer 450 therebetween. Substrate 402 15 a
whole wafer, although only partially shown. As can be further seen, this example perpendicolar
MTJ is implemented with metal contacts 404 and 406, Thus, the magnetic layers at 320, 340, and
460 are all buried. As will be appreciated in light of this disclosure, each of these buried magnetic
layers will cause a change in the impedance of the waveguide of the test set-up, as shown
Figures la-c. The frequency response of the waveguide, as measured by the VNA| reflects the
change in waveguide impedance. The analvsis component of the test system receives the FMR
spectra assoctated with the frequency response of the waveguide (including the impedance
changes), and correlate that FMR spectra with magnetic properties of the target baried magnetic
layer,

Further Example Embodunents

The following examples pertain to further smbodiments, from which numerous

permutations and configurations will be apparent,

3



(¥4

16

frod

WO 2017/171848 PCT/US2016/025624

Example 1 15 a method for carrying out water level ferromagnetic resonance (FMR) testing,
the method comprising: moving a full waler proximate to a wavegoide, such that the waveguide i3
within 300 microns or less of target measurement poimt of the wafer but not short-circuited to the
wafter; energizing a DC magnetic field proximate to the target measurement point; applying an RF
input signal throagh the waveguide; collecting resonance spectra of the frequency response of the
waveguide; and decomposing the resonance spectra inte magnetic properties of the target layer.

Example 2 mclades the subject matter of Example 1, and further includes: in response to
determining there are additional target layers o measure, adjusting at least one of the DC magnetic
field and the RF signal and repeating the method at the targel measure point.

Example 3 inchudes the subject matter of Example 1 or 2, and further inchudes: in response
to determining thers Is a next farget measurement point, moving the wafer, such that the wavegwde
is within 500 microns or less of the next target measurement point but not short-circuited to the
water, and repeating the method at the next target measure potnt.

Example 4 includes the subject matter of any of the previons Examples, wherein the
magnetic properties of the target tayer mnclhude magnetic damping.

Example 3 mcludes the subject matter of any of the previcus Examples, wherein the
magnetic properties of the target laver inclnde at least one of Hkeff {effective amsowopy field), ¢
{mggnetc moment), AH (FMR hnewidihy, and AHg (inhomogengous linewidth broadening).

Example ¢ mclades the subject matter of any of the previous Examples, wherein the
magnetic properties of the target laver include mirinsic threshold cwrent of a perpendicular
magnetic tunnel junction (MT1) structure including the target layer.

Example 7 includes the subject matter of any of the previous Examples, wherein moving the
wafer includes commanding a rebot to move the wafer.

Example 8 includes the subject matter of any of the previous Examples, wherein a

conductor of the waveguide ts within S microns or less of target measuretnent point of the waler
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but pot short-cirepited 1o the wafer.  In other embodiments, the conductor of the waveguide is
within 1 microns or less of target measurement point of the wafer gt not short-circuited to the
wafer. In still other embodiments, the conductor of the waveguide is within 50 microns or less of
target measurement point of the wafer but not short-circaited to the wafer.  In still other
embodiments, the conductor of the waveguide is within 100 microns or less of target measurement
point of the wafer but not short-circuited to the wafer.

Example 9 includes the subject matter of any of the previous Examples, wherein the wafer
is a 300 mm wafer populated with one or more buried magnetic lavers, In some cases, the water ix
populated with integrated circuitry that ncludes magnetic tuwned junction {(MTJ) devices, such as a
non-volatite memory integrated cirowt or processor uegrated circntl or a communications
integrated cireuit.

Example 10 includes the subject matter of any of the previous Examples, wherein at least
one of: the DC magnetic field is swept in the range of 0 T to 3 T; and the RF input signal is swept
in the range of 2 GHz to 70 GHz, at a power level in the range of -10 dBm to +10 dBm. As will be
appreciated in light of this disclosure, the sweeping may be sccomplished in a continnous fashion
of m an ncremental step fashion,

Example 11 mcludes g computer program product including one or more non-transiory
machine readable medinms encoded with instructions that when executed by one or more
PTOCEsSSOrs canse a process o be carvied out for wafer level ferromagnetic resonance {(FMR) testing,
the process comprising moving & full waler proximate to & waveguide, such that the wavepide is
within 500 microns or less of target measarement point of the wafer but not short-circuited to the
water; energizing 8 DC magnetic field proximate to the farget measurement point; applying an RF
input signal through the waveguide; collecting resonance spectra of the frequency response of the
waveguide; and decomposing the resonance spectra into magnetic properties of the target layver.

The non-transitory machine readable medivns may be any physical memory factlity, such as ROM,
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RAM, DRAM, hard disk, diskette, thumb drive, compact disk, solid state drive, on-board chip
memory or cache, etc.

Example 12 includes the subject matter of Example 11, the process further comprising:
response o determining there are additional target layers to measwre, adjusting at least one of the
DC magnetic field and the RF signal and repeating the process at the target measure point.

Example 13 includes the subject matter of Example 11 or 12, the process further
comprismg: in response to determining theve is a next target measurement point, moving the wafer,
such that the wavegnide s within 500 microns o less of the next target megsurement point but not
short-circuited to the wafer, and repeating the process at the next target measure point.

Example 14 includes the subject matter of anv of Examples 11 through 13, wherein the
magnetic properties of the target fayer include magnetic damping.

Example 15 includes the subject matter of any of Examples 11 through 14, wherein the
magnetic properties of the target layver include at least one of Hieff (effective anisotropy field), g
{magnetic moment), AH (FMR linewidth), and AH, (inhomogeneous linewidth broadening).

Example 16 includey the subject matter of any of Examples 11 through 15, wherein the
magnetic properties of the target layer include intrinsic threshold corrent of a perpendicular
maguetic tunnel junction (MTI) structure including the target layer.

Example 17 mcludes the subject matter of any of Examples 11 throagh 16, wherein moving
the wafer includes commanding a robot to move the wafer.

Example 18 includes the subject matter of any of Examples 11 through 13, wherein a
conductor of the waveguide is within 5 microns or less of farget measarement point of the water
but not short-cirouited to the wafer. Other distances will be appreciated in lght of this disclosure
{see, for mstance, Example 8}

Example 19 includes the subject matter of anv of Examples 11 through 18, wherem the

wafer is a 300 mm wafer populated with one or more buried magnetic layers.
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Example 20 melndes the subject matter of any of Examples 11 throngh 13, wherein at least
one of: the DC magnetic fleld is swept in the range of 0 T to 3 T; and the RF input signal is swept
in the range of 2 GHz to 70 GHz, at a power level in the range of -10 dBm to +10 dBa.

Example 21 includes a system for wafer level farromagnetic resonance (FMR) testing, The
system includes a memory for storing mstructions, and a processor configured to execute the
mstructions to; move a full waler proxumate 1o a waveguide, such that the waveguide is within 300
microns or less of target messurement point of the wafer but not short-circuited to the wafer;
energize a DO magnetic field proximate to the target messurement point; apply an RF wput signal
through the waveguide; collect resonance spectra of the frequency response of the wavegnide; and
decompose the resonance spectra inio magnetic properties of the target layer. The system may be,
for example, a computer system such as a desktop, laptop, tablet, or smartphone. Alernatively, the
system may be a mucrocontroller, or some other enviromment capable of executing the
functionality.

Example 22 includes the subject matter of Example 21, wherein the processor 13 further to
i response to determmuing there are additional target layers to measure, adjust at least one of the
DO magnetic field and the RF signal and repeating the process gt the target measure point.,

Example 23 inclodes the subject matter of Example 21 or 22, wherein the processor is
further 1o in response to determining there is a next targel measurement point, move the wafer,
such that the waveguide is within 300 microns or less of the next target measurement point bat not
short-circuited to the wafer and repeating the process at the next target measure point.

Example 24 meludes the subject matter of any of Examples 21 through 23, whersin the
magnetic properties of the target laver mclude magnetic damping,

Example 25 mcludes the subject matter of any of Examples 21 through 24, wherein the
magnetic properties of the target laver mnchude at east one of Hieff (effective anisotropy field), ¢

{ragnetic moment}, AH (FMR Hoewidth), and AH, (inhomogeneous Hnewidth broadening}.
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Example 26 mcludes the subject matter of any of Examples 21 through 25, wherein the
magnetic properties of the target layer include intrinsic threshold corrent of a perpendicular
magnetic tunnel junction (M1} structure including the target layer.

Example 27 mcludes the subject matter of any of Examples 21 through 26, wherein moving
the water includes commanding a robot 1o move the wafer,

Example 28 includes the subject matter of any of Examples 21 through 27, wherein a
conductor of the wavegnide is within § nuicrons or less of target measwrement point of the wafer
but not shori-circuited to the waler. Other distances will be appreciated in light of this disclosure
{see, for mstance, Example )

Example 29 mcludes the subject matter of anv of Examples 21 through 27, wherein the
wafer is a 300 mm wafer populated with one or more buried magnetic layers.

Example 30 ncludes the subject matter of any of Examples 21 through 29, wherein at least
one of: the DC magnetic field is swept in the range of 1 T t0 2 T, and the RF input signal is swept
in the range of 2 GHz to 70 GHze, at a power level in the range of 10 dBn to +10 dBnu

The foregoing description of example embodiments of the present disclosure has been
presented for the purposes of tlustration and deseription. It is not intended 1o be exhaustive or to
it the disclosure 1o the precise forms disclosed. Many modifications and varmations are possible
in light of this disclosure. 1t is intended that the scope of the present disclosure be limited not by

this detailed description, but rather by the claims appended hereto.

]
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CLAIMS
What 1s clanmed is;
L. A method for carrying oot wafer level ferromagnetic resonance (FMR) testing,
the method comprising:

§ moving a full wafer proximate o a waveguide, such that the waveguide is within 300
microns or less of target measurement poiyt of the wafer but not short-
circuited o the wafer;

energizing a DO magnetic field proximate to the farget measurement point;
applying an RF input signal through the waveguide;

1 collecting resonance spectra of the frequency response of the wavegnide; and

decomposing the resonance spectra into magnetic properties of the target layer.

2. The method of claim 1, further comprising at feast oue of:
in response 1o deternuning there are additional target layers to measure, adjusting at
least one of the DC magnetic field and the RF signal and repeating the method
18 at the target measure poiat; and
in response o determuning there is a8 next target messurement pomt, moving the
wafer, such that the waveguide is within 500 microns or less of the next target
measurement point but not short-circuited to the wafer, and repeating the

method at the next target measuare pomt.

20 3. The method of claim 1, wherein the magnetic properties of the target laver
mmchide at least one of magnetic damping, Hkeff (effective anisotropy field), g {(magnetic

moment), AH (FMR Unewidth}, and AH (inhomogeneous linewidth broadening).

4. The method of claim 1, wherein the magnetic properties of the target layer

mclude intrinsic threshold current of a peorpendicular magnetic tumnel junction (MT)H

Pt
“h

stracture including the target laver.

S, The method of claim 1, wherein a conductor of the waveguide is within 3

nyicrons or less of target measwrement point of the wafer but not shert-circuited to the wafer.

&, The method of claim 1, wherem the wafer is a 300 mm wafer populated with
one or more burted magnetic layers.

23
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7. The method of any of claims | through 6, wherem at least one oft
the DC magnetic field 1s swept i the range of 0 Tto 3 T and
the RF input signal is swept in the range of 2 GHz to 70 GHz, at a power level in the

range of ~10 dBm to +10 dBm.

5

8. A computer program product mcluding one or more non-ransitory niachine
readable mediums encoded with instructions that when executed by one or more processors
caunse a process to be carried out for wafer level ferromagnetic resonance (FMR ) testing, the
process comprising:

moving a full wafer proximate 1o a wavegwade, such that the waveguide is within 500
10 nicrons or less of target measurement point of the wafer but not short-

circuited to the water;
energizing a DC magnetic field proximate to the target measurement point;
applving an RF input signal through the wavegude;

collecting resonance spectra of the frequency response of the waveguide; and

s
L4

decomposing the resonance spectra into magnetic properties of the target layer.

9. The computer program product of claim 8, the process farther comprising at
least one off
in response to determining there are additional target lavers to measure, adjusting at
least one of the DC magnetic field and the RY signal and repeating the process
20 at the target measure point;
in response to determining there i3 a nexd targel measurement pomt, moving the
wafer, such that the wavegwde is within 500 microns or less of the next target
measurement point but not short-circuited to the wafer, and repesting the

process at the next target measure point,

o]
(¥ ]

10, The computer program product of claim 8, wherein the magnetic properties of

the target layer include magnetic damping.

11, The computer program product of claim B, wherein the magnetic properties of
the target laver include at least one of Hkeff (effective anisotropy field), ¢ {magnetic

moment), AH (FMR lnewidth}, and AH; {(inhomogeneous hnewidth broadening),
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2. The computer program product of claum 8, wherein the magnetic properties of
the target layer inclode mtrnsic threshold current of a perpendicular magnetic tunnel junction

{MT1) structure including the target layer.

13 The computer program product of claim B, wherein moving the wafer mcludes

commanding a robot to move the wafer.

14, The computer program product of clamm 8, wherein a condocior of the
waveguide is within § microns or less of target measurement point of the wafer but not short-

circuited to the wafer.

15, The computer program product of claim &, whergin the wafer is a 300 mum

wafer populated with one or more baried magnetic lavers.

16.  The computer program prodact of any of claims 8 through 15, wheremn at least

one of:
the DC magnetic field is swept in the range of 0 T 10 3 T; and
the RF mput signal is swept in the range of 2 GHz to 70 GHz, at a power level in the

range of -10 dBm to +10 dBm.

17. A system for wafer level ferromagnetic resonance (FMR) testing, the system
CoOmprising:
a memory for storing mstructions;
a processor configured to execute the mstructions to:
move a full wafer proximate to a wavegoide, such that the wavegude is within
500 microns or less of target measurement point of the wafer but not

short-circiated to the wafer;
energize a DC magnetic field proximate to the target measurement point;
apply an RF iaput signal through the waveguide,;
collect resonance spectra of the frequency respounse of the waveguide; and

decompose the resonance spectra into magnetic properties of the target layer.

18.  The system of clamm 17, the processor further to at least one of

3
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in response (o determining there are additional target lavers to measure, adjust at least
one of the DU magnetic field and the RF signal and repeating the process at
the target measure point; and
in response to determining there is a next target measurement poiat, move the wafer,
5 such that the waveguide ix within 500 microns or less of the next target
measurement point but not short-circutted o the wafer and repeating the

process at the next target measure poiat.

19, The system of claim 17, wherein the magnetic properties of the target layer

mnchide magnetic damping.

1 20, The system of claun 17, wherein the magnetic properties of the target laver

linewidth), and AN, (inhomogeneous Hnewidth broadening).

21, The system of claim 17, wherein the magnetic properties of the target layer
mclude mntrinsic threshold current of a perpendicular magnetic tunnel junction {(MT1H

15 structure inchuding the target laver.

22, The system of claim 17, wherein moving the waler includes commanding a

robot to move the wafer.

23, The system of clan 17 wherein a conductor of the waveguide is within 3

microns or less of target measurement point of the water but not short-circuited to the wafer.

20 24, The system of claim 17, wherein the wafer is 8 300 mm wafer populated with

one or more buried magnetic lavers.

25.  The system of any of clamms 17 through 24, wherein at least one of!
the DO magnetic field is sweptmtherange of L Tto 2 T, and
the RF input signal s swept it the range of 2 GHe 0 70 GHz, at a power level tn the

range of -10 dBm to +10 dBm.

Tt
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