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We show experimentally as well as theoretically that patterned magnetic tunnel junctions can be

characterized using the current-in-plane tunneling (CIPT) method, and the key parameters, the

resistance-area product (RA) and the tunnel magnetoresistance (TMR), can be determined. The

CIPT method relies on four-point probe measurements performed with a range of different probe

pitches and was originally developed for infinite samples. Using the method of images, we derive a

modified CIPT model, which compensates for the insulating boundaries of a finite rectangular sam-

ple geometry. We measure on square tunnel junction pads with varying sizes and analyze the meas-

ured data using both the original and the modified CIPT model. Thus, we determine in which

sample size range the modified CIPT model is needed to ensure validity of the extracted sample pa-

rameters, RA and TMR. In addition, measurements as a function of position on a square tunnel

junction pad are used to investigate the sensitivity of the measurement results to probe misalign-

ment. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4932663]

I. INTRODUCTION

Since their discovery by Jullière,1 magnetic tunnel junc-

tions (MTJ) have attracted considerable interest due to the

multitude of applications as sensors,2 read heads in hard disc

drives,3–7 and, in particular, their use in magnetoresistive

random-access memory (MRAM).4,8–10 MRAM has the

potential to become the preferred memory technology of the

future, due to the outstanding technical performance, such as

high speed, high density, non-volatility, reliability, and very

low power consumption.4,9,11

Traditionally, a MTJ consists of two ferromagnetic layers

separated by a thin tunnel barrier layer; often one ferromag-

netic layer is pinned while the other is “free,” i.e., has a much

lower switching magnetic field. As a result, the MTJ can

assume two states, where the magnetization of the ferromag-

netic layers are either parallel or anti-parallel, corresponding

to low or high tunnel resistance; often characterized by the

corresponding resistance-area products RAlow and RAhigh,12

respectively. The contrast between RAlow and RAhigh is the

tunnel magnetoresistance (TMR), i.e., TMR ¼ ðRAhigh

�RAlowÞ=RAlow, which is of particular importance for

MRAM applications. These key parameters can either be

measured on final devices or on complete films prior to device

fabrication using the current-in-plane tunneling (CIPT)

method.12 A distinct advantage of the CIPT method is that

TMR and RA � RAlow can be determined without performing

lithography, etching and inter-connections to the top and

bottom electrodes of the MTJ, and thereby information about

TMR and resistance-area product (RA) can be obtained at an

earlier stage than that of the final device. On the other hand,

one of the disadvantages of the current CIPT method is that it

requires an “infinite” sample, which means it is not possible to

monitor whether the processes following the deposition of the

MTJ stack influence the TMR and RA values.

CIPT measurements on actual device wafers have to be

performed on test pads that potentially can be placed in

scribe lines to save area. Here, we investigate how the insu-

lating boundaries of patterned square test pads affect CIPT

measurements when compared to measurements on a full

film. The original theory for the CIPT method was derived

assuming infinite samples. Here, we use the method of

images13,14 to derive a modified model which is valid for fi-

nite samples of rectangular shape.

II. THEORY

CIPT measurements can be performed using a colinear

multi-point probe, where four-point sub-probes are used for

individual measurements. Four-point probe measurements

may be done in several different configurations, and here con-

figurations A and B are of interest. In configuration A, the two

outer pins are used as current source and drain while the two

inner pins used for measuring the voltage drop as sketched in

Fig. 1. For configuration B, the roles of pins 3 and 4 are inter-

changed compared to configuration A as shown in Fig. 1.

Worledge and Trouilloud12 model the MTJ film as two

infinite, thin conducting sheets of sheet resistances Rt (top)

and Rb (bottom) with a connecting interface specific contact

a)Electronic mail: Frederik.Osterberg@nanotech.dtu.dk
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resistance RA. The potential U at the point r from a single

current source I0 placed at r0 on an infinite MTJ film can be

written as15

U r; r0ð Þ ¼
I0Rk
2p

Rt

Rb

K0

jr� r0j
k

� �
� ln

jr� r0j
k

� �( )
; (1)

where K0 is the modified Bessel function of the second kind

of order 0 and Rk is the sheet resistance of the two sheets in

parallel

Rk ¼
RtRb

Rt þ Rb

; (2)

while k is the transfer length, a characteristic sample length

scale, obtained from

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

RA

Rt þ Rb

r
: (3)

In Eq. (1), the logarithmic term is reminiscent of the expres-

sion for a single sheet, while the Bessel term is the correction

needed due to the finite specific contact resistance between

the sheets.

For a four-point probe on an infinite sample with the

current source I0 placed at ri and drain at rj and the voltage

probes at rk and rl, the four-point resistance can be calcu-

lated from Eq. (1) using super-position

R ¼
U rk; rið Þ � U rl; rið Þ � U rk; rjð Þ þ U rl; rjð Þ

I0

: (4)

If the four probe pins are equally spaced with the pin spacing

s, the expected resistances for CIPT measurements on an in-

finite sample in probe configurations A and B are

RAinf
¼

Rk
2p

Rt

Rb

2K0

s

k

� �
� 2K0

2s

k

� �" #
þ ln 4ð Þ

( )
; (5)

RBinf
¼

Rk
2p

Rt

Rb

K0

s

k

� �
� K0

3s

k

� �" #
þ ln 3ð Þ

( )
; (6)

respectively.

However, in real measurements, the probe pins will not

land exactly where expected; each electrode will have some

position error as described by Kjaer et al.16 For single sheet

micro four-point probe sheet resistance measurements, it has

previously16 been shown that Van der Pauw’s method17,18

effectively reduces the effect of pin position errors. In Van der

Pauw’s method, a pseudo sheet resistance RP is defined by the

equation

exp
2pRA

RP

� exp
2pRB

RP

¼ 1: (7)

In the case of a single infinite sheet, RP is identical to the

sheet resistance; on a MTJ, RP does not have a direct physi-

cal interpretation, but it proves useful anyway and is less

affected by pin position errors than both RA and RB even

though perfect error cancellation cannot be expected.

A. Rectangular samples

For measurements in vicinity of an insulating boundary,

the theory derived for an infinite sample is no longer valid,

since the current density normal to the boundary must be

zero. In order to fulfil this boundary condition, the method of

images is applied.13,14 In practice, this means that additional

current sources and drains are placed at the positions obtained

by mirroring the current sources and drains in the lines defin-

ing the boundaries as shown in Fig. 2. Mirror images of the

additional current sources and drains are also needed.

Figure 2 shows a sketch of a rectangular sample with

dimensions of length l and width w; the insulating bounda-

ries are represented by solid black lines. The original current

source and drain are labelled Iþ and I�, respectively. The

center of the four-point probe is marked by an � and is posi-

tioned at ðxc; ycÞ. For practical reasons, only the mirror

images closest to the pad are shown.

The potential for a rectangle, 0 � y � w; 0 � x � l,
with insulating boundaries at y¼ 0, y¼w, x¼ 0, and x¼ l
can be written as a double infinite sum, since the images of

the source or drain are positioned at 6r0 þ 2ðnwþ mlÞ and

6r0 þ 2ðnwþ mlÞ. Here, n and m are summation integers

and the vectors are defined as w ¼ wey and l ¼ lex; the vec-

tor r0 ¼ ðx0; y0Þ is the position of the source or drain, while

r0 ¼ ðx0;�y0Þ. As a result, the potential becomes

U r; r0ð Þ ¼ I0

Rk
2p

X1
n¼�1

X1
m¼�1

�
Rt

Rb

�
K0

jr� r0 � 2 nwþ mlð Þj
k

� �
þ K0

jr� r0 � 2 nwþ mlð Þj
k

� �

þK0

jrþ r0 � 2 nwþ mlð Þj
k

� �
þ K0

jrþ r0 � 2 nwþ mlð Þj
k

� ��
� ln

jr� r0 � 2 nwþ mlð Þj
k

� �

� ln
jr� r0 � 2 nwþ mlð Þj

k

� �
� ln

jrþ r0 � 2 nwþ mlð Þj
k

� �
� ln

jrþ r0 � 2 nwþ mlð Þj
k

� ��
: (8)

FIG. 1. The probe configurations A and B used for CIPT measurements.
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By inserting Eq. (8) into Eq. (4), the four-point resistan-

ces for a rectangular sample with pin configuration A

(RA;rect) and pin configuration B (RB;rect) can be calculated.

These values can then be inserted into Eq. (7) to obtain the

pseudo sheet resistance for a rectangular sample (RP;rect).

In the calculations, the double infinite sums in Eq. (8)

are truncated to include only the terms jnj � 7 and jmj � 7

since higher index terms are below the numeric noise.

B. Resistances on square pads and infinite samples

The impact of insulating boundaries on the resistances

RA, RB, and RP can be illustrated by the relative deviation,

ðRsq � RinfÞ=Rinf , between resistances calculated for a square

sample (Rsq) and those of an infinite sample (Rinf) with other-

wise identical parameters. In Fig. 3, the relative deviations

for RA; RB, and RP are shown as a function of the normalized

width (w/s) of the square. The sample parameters used in the

calculation were Rk ¼ 1 X; Rt=Rb ¼ 1, and k ¼ 1 lm, while

the probe pitch was s ¼ k. Additional calculations for

k ¼ 0:1 lm and k ¼ 10 lm illustrate how the relative devia-

tion for RP changes with k. In Appendix A, contour plots

show in more detail how the relative deviation of RP depends

on w/s, k=s, and Rt=Rb.

Figure 3 shows that the resistances on the square sample

are always larger than those on the infinite sample for a

probe placed at the centre of a pad with the electrodes paral-

lel to two of the boundaries. The relative deviation of the

resistances are seen to decrease rapidly with increasing size

of the square, approximately according to ðw=sÞ�2
.

Importantly, the relative deviation of RP is approximately an

order of magnitude smaller than those of RA and RB for k ¼
s and even lower for k ¼ s=10 or k ¼ 10s; this clearly dem-

onstrates how useful it is to calculate RP. It appears that in

order for RP to deviate less than 1%, the pad should be at

least 8 probe pitches wide and to deviate less than 0.1% the

width must be at least 20 probe pitches. Note, when k is

comparable to s, the behavior of four-point probe MTJ meas-

urements differs from similar measurements on a single

sheet, where measurements performed on a mirror symmetry

line of a small sample (such as a square) results in RP exactly

identical to that of an infinite sheet.19 However, when k is ei-

ther much smaller or much larger than s, the sample behaves

like a single sheet and the relative deviation between mea-

surement on a symmetry line of a pad and on an infinite sam-

ple will vanish.

III. EXPERIMENTAL

The measured sample was a 200 mm silicon wafer with

a patterned, in-plane (bottom electrode)/PtMn (16 nm)/

Co70Fe30 (2.2 nm)/Ru (0.85 nm)/Co40Fe40B20 (2.5 nm)/MgO

(1 nm)/Co40Fe40B20 (2.5 nm)/(top electrode) MTJ prepared

using magnetron sputtering processes with a subsequent ther-

mal anneal. The bottom electrode comprised Ta (5 nm)/CuN

(50 nm)/TaN (30 nm)/Ta (5 nm), while the top electrode

comprised Ta (5 nm)/Ru (80 nm). The stack was designed to

pin the magnetization of the lower CoFeB layer while the

magnetization of the upper CoFeB layer is free. In the paral-

lel spin polarized state, the nominal transfer length of the

sample is klow ¼ 1:9 lm while anti-parallel spin polarization

results in khigh ¼ 3:2 lm. Square patterns of nominal widths

w¼ 30, 35, 40, 50, 60, 80, 100, 150, 250, 500, 1000, and

2500 lm were defined on the MTJ wafer using photolithog-

raphy and ion beam etching.

Measurements were done on a semi-automatic CAPRES

CIPTech-M200 using a micro 12-point probe as shown in

Fig. 4. For each measurement, a sub-probe with only 4 elec-

trodes was used. This allows for measurements with different

probe pitches without replacement or re-engagement of the

probe between measurements. In a measurement series, eight

different sub-probes were used. Only some of the eight sub-

probes are equidistant, thus the average probe pitch hsi is

reported in each case; the average probe pitch of the eight

sub-probes varies from hsi ¼ 1:5 lm to hsi ¼ 8:3 lm.

Details of the probe design can be found in Ref. 16. Non-

equidistant probes are accounted for in the theoretical mod-

els, and thus, this fact will not affect the results.

Two series of CIPT measurements were performed with

the eight sub-probes: a series with an applied magnetic flux

density (Bx ¼ �15 mT) which results in the low resistance

FIG. 3. The relative deviation ðRsq � RinfÞ=Rinf between calculated four-

point resistances for square samples (Rsq) compared to calculated resistances

for an infinite sample (Rinf ) as function of normalized square size w/s.

Deviations for RA, RB, and RP are shown. The resistances for the squares

were calculated assuming a four-point probe placed at the centre of the pad

and parallel to an edge of the pad.

FIG. 2. Sketch of a rectangular shaped sample of length l and width w (light

blue) with insulating boundaries (solid black lines). A four-point probe is

placed on the sample, with the center of the probe at ðxc; ycÞ. The eight clos-

est mirror images of both the current source and drain are also shown.
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parallel spin state corresponding to RAlow, and a second se-

ries with an applied magnetic flux density (Bx¼ 15 mT)

which results in the high resistance anti-parallel spin state

corresponding to RAhigh. For each sub-probe and field direc-

tion, both A and B configuration measurements were done.

From the RA and RB pairs, 16 RP values were calculated and

used for least square fitting of the CIPT models for both infi-

nite samples and rectangular samples, respectively. From the

fits, the model parameters (e.g., Rt; Rb; RAlow; RAhigh) were

extracted.

CIPT measurements were performed on square pads

with 12 different widths ranging from 30 lm to 2.5 mm

with the probe positioned at the centre of the pads and the

line of the probe parallel to an edge of the pads. Four differ-

ent pads of each size were measured, and two measure-

ments were performed on each pad, i.e., 8 measurements

were performed for each of the 12 different sized squares.

Since Rt and Rb do not depend on RA, they are assumed to

be independent on the magnetic field direction. This leaves

Rt; Rb; RAlow, and RAhigh as the four free fitting parameters

assuming that the 12-point probe is placed exactly at the

centre of the pads and that the dimensions of the pads are

accurately known.

FIG. 5. Measured pseudo sheet resistances RP as function of average probe

pitch for squares with widths of 30 lm, 50 lm, and 2.5 mm. Closed symbols

signify measurements with Bx ¼ �15 mT (RAlow), while open symbols sig-

nify measurements with Bx¼ 15 mT (RAhigh).

FIG. 6. Extracted values of Rt and Rb as function of sample width. Both the

infinite sample CIPT model and the square sample CIPT model were fitted

to the measurements. The dashed lines are mean values obtained on the

2.5 mm pads.

FIG. 7. Extracted values of RAlow and RAhigh as function of sample width.

Both the infinite sample CIPT model and the square sample CIPT model

were fitted to the measurements. The dashed lines are mean values obtained

on the 2.5 mm pads.

FIG. 4. Picture of a micro 12-point probe positioned over a w ¼ 50 lm pad.
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CIPT measurements were also performed as function of

y-position on a 30 lm square pad (again with the line of the

probe parallel to an edge of the pad). When the model was

fitted to these measurements Rt, Rb; RAlow; RAhigh, xc, and

yc were used as free fitting parameters. Thus, only the dimen-

sion of the pad was assumed known.

IV. RESULTS AND DISCUSSION

A. Measurements on various square pads

In Fig. 5, the measured pseudo sheet resistances for the

eight sub-probes are plotted as function of average probe

pitch for measurements on the pads with widths of 30 lm,

50 lm, and 2.5 mm. As expected, the measured RP increases

with decreasing probe pitch, while the measured resistances

are largely independent on the pad size, and only resistances

measured with large pitch on the small samples deviate a

few percent from that on the large pad, this is, in agreement

with Fig. 3. Figure 5 also represents an example of the data

to which the two theoretical CIPT models are fitted.

By fitting CIPT models for an infinite sample and a

square sample to the measured RP data, the electrical parame-

ters (Rt, Rb; RAlow, and RAhigh) of the stack are extracted as

function of sample size. In Figs. 6 and 7, Rt; Rb, RAlow, and

RAhigh are plotted as function of samples size. The values

extracted from both of the CIPT models are plotted for each

parameter. The error bars correspond to one standard devia-

tion. The horizontal dashed lines represent the mean values

obtained from measurements on the 2.5 mm pads. The 2.5 mm

pads are so large compared to the probe pitches used in this

study that measurements may be taken as originating from an

infinite sample, thus the mean of these values are used to

define the zero of the relative deviation on the right y-axis.

The parameter values extracted from the two models

essentially coincide for samples larger than 100 lm. For

samples smaller than 100 lm, the values obtained from the

model for an infinite sample start to deviate from the level

obtained for large samples. These trends are in good agree-

ment with the theoretical deviations plotted in Fig. 3. Since

the largest probe pitch used is 8.3 lm, w/s will become less

than 12 for samples smaller than 100 lm, which leads to an

overestimation of RP by approximately 0:5%. As the sample

size is decreased, this overestimation along with the overesti-

mation of the resistances for the other sub-probes will

increase. Thus, the extracted parameter results become

increasingly different from parameters from measurements

on a large pad.

From Fig. 6, it is seen that the values of Rt and Rb

obtained using the model for a square sample are independ-

ent of sample size. The values of RAlow and RAhigh (Fig. 7)

change slightly as a function of sample size. These small

changes are believed to be due to sample variation across the

wafer. Note, the resistance-area product is known to depend

exponentially on the tunnel barrier thickness,20 and thus the

observed variation in resistance-area product may be caused

by deep sub-nanometer variations in tunnel barrier thickness.

In contrast, the infinite sample CIPT model results in

extracted parameters that deviate significantly when large

and small samples are compared.

Figure 8 shows the point by point relative deviation

between sample parameters extracted using the square and

infinite models, respectively. The full curves in Fig. 8 are

obtained using the same procedure on synthetic CIPT data

calculated using sample parameters obtained from the

2.5 mm sample. The near perfect agreement between real

data (points) and the synthetic calculations suggests that the

slight increase in extracted RA values (Fig. 7) for smaller

pads is probably due to real sample variations.

FIG. 8. Relative deviation between sample parameters extracted from fits

with the square and infinite models to measurements, respectively. The solid

lines are expected relative deviations calculated from fits to synthetic data.

FIG. 9. Extracted values of RAlow (top) and RAhigh (bottom) as function of

y-position on a 30 lm pad.
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B. Sensitivity to probe position on a small pad

Figure 9 shows RAlow and RAhigh extracted from CIPT

measurements on a 30 lm � 30 lm square pad as function of

probe position when the probe was scanned parallel to an

edge of the pad. The horizontal dashed lines represent the

RA values obtained at the centre of the pad; they are also

used to define the reference for relative deviation shown on

the right axes. From the plots, it is seen that RAlow and

RAhigh can be extracted within 61% as long as the probe is

more than 5 lm from the sample boundary if the square sam-

ple CIPT model is used. The reduced RA values extracted

with the square model from measurements closer to the

boundary may be due to sample artifacts. The ion beam etch-

ing used to define the pads may cause some radiation damage

or modification of the tunnel barrier in vicinity of the edge,

and, in addition, material redeposited during etching may

cause a leakage current path across the tunnel junction at the

edges; this would result in an apparent reduction in RA for

measurements done in close proximity to the edge as

observed experimentally, whereas the sheet resistances

should not be affected in agreement with experiments.

Use of the infinite sample CIPT model leads to larger

discrepancies; if the probe is near the centre of the pad, RA

is overestimated systematically and close to the boundary

the error becomes very large.

The finite size of the electrode-sample contact area is

known to be a potential source of error.21 For the conditions

used in this study, the contact diameter is on the order of

100 nm while the smallest electrode pitch is 1:5 lm, and

thus, the ratio of pitch to contact diameter is about 15; this

ratio is so large that according to Ilse et al.;21 virtually, no

measurable effect of the finite contact size is expected.

From the classical CIPT measurements on infinite sam-

ples, it is known that sample parameters can be extracted reli-

ably if the smallest electrode pitch is of the same order of

magnitude as k; i.e., it is essential that at least some of the

measurements are done in a regime where the measured resis-

tances deviate from single sheet behavior. Based on the pre-

sented results, we are confident that if the minimum electrode

pitch is comparable to the transfer length, k � s, it will always

be possible to extract sample parameters from measurements

on a square pad with a minimum size just slightly larger than

the total probe width such that the probe can be accommodated

on the pad.

V. CONCLUSION

We have shown that CIPT measurement can indeed be

performed on small MTJ square pads and that meaningful,

accurate sample parameters can be extracted from the meas-

urements as long as k � s. Furthermore, it is shown that if

the CIPT measurements are performed at the center of the

pad and the width of the square is 20 times larger than k
and 12 times larger than the largest probe pitch, it does not

matter whether the sample is treated as a rectangle or an in-

finite sample. However, for smaller sample sizes, the new

model for a rectangular sample should be used to obtain

reliable results. We have demonstrated successful CIPT

measurements on square samples almost as small as the

total probe width. Measurements on such small samples

show that RA can be measured within 61 % as long as the

probe lands more than 5 lm from the boundary parallel to

the probe pins; in practice, this means that even on such a

small pad the sensitivity to probe misalignment is small.

The results are very promising and may lead to application

of CIPT measurements at later stages in MTJ fabrication as

well as on pads in scribe lines on fabrication wafers. A sim-

ilar method to the CIPT method may also be applied to

other multi layer structures without changing the magnetic

field,15 for instance, this method can also be used to charac-

terize leakage current22 and the specific contact resistance

between thin films.15 However, the probe pitches may need

to be adjusted to the characteristic length k of such a

sample.
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APPENDIX: RP VS. SAMPLE SIZE

Here, we show contour plots to illustrate the general

behavior of the pseudo sheet resistance when sample and

probe parameters are varied.

Figure 10 shows three contour plots of the relative devi-

ation of the pseudo sheet resistance calculated at the center

of a pad compared to that of an infinite sample as a function

FIG. 10. Relative deviation of the pseudo sheet resistance as function of w/s and k=s with the ratio Rt=Rb as parameter; i.e., Rt=Rb ¼ 1 (left), Rt=Rb ¼ 3

(centre), and Rt=Rb ¼ 10 (right). The blue horizontal lines in the subplot for Rt=Rb ¼ 1 show the traces plotted in Fig. 3.
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of w/s and k=s, with the ratio Rt=Rb ¼ 1, 3 and 10 as parame-

ter. In the subplot with Rt=Rb ¼ 1, the blue horizontal lines

show the traces plotted in Fig. 3.

Figure 10 shows that in general the relative deviation

decreases with w/s. Furthermore, the relative deviation has a

local maximum near k � s; the local maximum shifts

slightly towards lower values of k=s as Rt=Rb is increased. In

the extreme cases of k� s and k� s, the relative deviation

approaches zero. This is expected, since position corrected

four-point measurements on the sample show single sheet

behavior in these cases, and for single sheet samples, the

pseudo sheet resistance measured on a symmetry line on a

pad is identical to that measured on an infinite sample.19
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