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In this study, we investigate the limitations to sheet resistance and Hall effect characterization of
ultra-shallow junctions �USJs� in In0.53Ga0.47As. We compare conventional van der Pauw and Hall
effect measurements with micro four-point probe �M4PP� and micro Hall effect methods. Due to the
high carrier mobility of InGaAs, we extend the micro-Hall effect position error suppression method
to also take geometrical magnetoresistance into account. We find that the conventional techniques
fail to measure accurately on n++ / p+ USJ due to a significant leakage current, whereas the M4PP and
micro Hall effect methods are able to give accurate results. Finally, we observe a significant
reduction in the carrier mobility for InGaAs USJ. © 2009 American Vacuum Society.
�DOI: 10.1116/1.3231492�

I. INTRODUCTION

High mobility substrate materials, such as InGaAs and
Ge, have attracted much attention in recent post Si-CMOS
device research device. In order to continue device scaling
beyond the 22 nm technology node, it is crucial to obtain
heavily doped source/drain regions and abrupt junctions in
these high mobility semiconductor materials. The study of
ultra-shallow implants in InGaAs could ultimately answer
questions of scalability associated with such devices, and
thus indicate the potential for the development of high per-
formance electronics. Conventional semiconductor metrol-
ogy methods are, however, often inadequate in characterizing
nanoscale materials as these are not specifically designed for
structures with extreme dimensions.

It has previously been demonstrated that sheet resistance
characterization of ultra-shallow junctions �USJs� in Si with
conventional four-point probes is highly unreliable.1 In con-
trast, micro four-point probes �M4PPs� are able to accurately
characterize sub-10-nm junctions with zero probe penetra-
tion, which both reduce sample damage and provide more
reliable measurements. Since InGaAs is much softer than Si,
one would expect probe penetration to be more pronounced
and sheet resistance measurements on ultra-shallow junc-
tions become even more difficult. In addition to sheet resis-
tance characterization, it was recently demonstrated that
micro Hall effect measurements can be performed with
M4PP in proximity of an insulating barrier.2 By using a po-
sition error suppression technique, in combination with the
micro Hall effect method, the measurement accuracy could
be improved, while the measurement time was reduced to
less than a minute.3 However, a combination of a very higha�Electronic mail: dhpe@nanotech.dtu.dk
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carrier mobility and a moderate magnetic flux density may
affect the result of micro Hall effect measurement with po-
sition error suppression because of a geometrical magnetore-
sistive contribution.4

In this article, we extend the position error suppression
method to allow for micro Hall effect measurements in the
presence of a geometrical magnetoresistance contribution.
We then study sheet resistance and Hall effect characteriza-
tion of highly doped In0.53Ga0.47As by conventional van der
Pauw �VDP� and Hall effect measurements on square test
samples and compare to M4PP and micro Hall effect mea-
surements. Finally, we investigate both ion implanted In-
GaAs and in-situ doped epitaxially grown layers with layer
thicknesses down to 19 nm.

II. MICRO HALL EFFECT THEORY

Hall effect measurements may be performed on a thin
conductive sheet with a four-point probe placed in proximity
of at least one laterally insulating boundary.2 We will de-
scribe only the situation where a collinear equidistant four-
point probe with electrode pitch s is placed on a conductive
sheet at a distance y from an insulating boundary, which is
parallel to the four electrode contacts �cf. Fig. 1�.

The four-point resistance, R=V / I0, is measured by pass-
ing a current, I0, between two of the electrodes while the
voltage difference, V, is measured between the two remain-
ing electrodes. For the analysis of Hall effect measurements,
four different electrode combinations defined as configura-
tions A, A�, B and B� will be used �cf. Fig. 2�. With the
subscript denoting the electrode configuration, we define the
resistance averages, RAA���RA+RA�� /2 and RBB���RB

+RB�� /2, and the resistance difference, �RBB��RB−RB�.
The basic equations describing such measurements are sum-
marized in Table I.2,3

For the equations in Table I, the Hall sheet resistance,
RH=Z�HBzR0, is a function of the direct sheet resistance R0,
the magnetic flux density Bz, the Hall carrier mobility �H,
and the carrier type, Z= �1. The Hall sheet resistance may
also yield the Hall sheet carrier density as NHS=ZBz / �eRH�,
where e is the unit charge. The pseudo sheet resistance RP

extracted from the dual configuration equation is a function
of R0, RH, and y; this will be described more detailed in the
next section. The subscripts 1 and 2 refer to measurements at
two different locations separated by the known distance �y.
The term RH

2 /R0
2=�H

2 Bz
2 is due to the geometrical

magnetoresistance.4

A. Position error suppression with magnetoresistance

We previously showed how a micro Hall effect measure-
ment can be performed with high precision in less than a
minute using a position error suppression method3 based on
four-point measurements at two locations. In this study, one
measurement combining data from all four configurations is
performed at a location y1 close to the insulating boundary
�the exact position is unknown�. At another location, y2, far
from the boundary a second measurement is performed �e.g.,
for a 20 µm pitch probe, y1�4 �m, y2=y1+�y, and �y
=56 �m�. However, the basic equations described
previously3 do not include the geometrical magnetoresistive
contribution, which can become relevant for characterization
of high mobility materials. Thus, here we show how the po-
sition error suppression method can be extended to take this
contribution into account.

The solution to the pseudo sheet resistance function RP

can be found for a known magnetoresistance contribution by
numeric calculation using the dual configuration equation
�cf. Table I�. In Fig. 3 we show the pseudo sheet resistance
normalized to the direct sheet resistance R0 for different
magnetoresistance contributions. As it was previously shown
for single configuration measurements,2 it is seen that there
is no geometrical magnetoresistance when the four-point
probe is placed exactly at the boundary. However, since the
carrier mobility is not known prior to measurement, it could
be of value to have an analytical approximation to simplify
the data treatment. We now demonstrate how such an ap-
proximation may be obtained.

The resistance average functions �cf. Table I� can be re-
written as dependent on two geometrical functions f i�y /s�
and gi�y /s�, where i denotes the configurations AA� and
BB�.

FIG. 1. Schematic illustration of a M4PP measuring close to the edge of a
cleaved wafer.

FIG. 2. Illustration of the four electrode combinations A, A�, B, and B�,
which are used in micro Hall effect measurements. Adapted from Ref. 3.

C1C42 Petersen et al.: Electrical characterization of InGaAs ultra-shallow junctions C1C42

J. Vac. Sci. Technol. B, Vol. 28, No. 1, Jan/Feb 2010



RAA� = R0� fAA��y/s� +
RH

2

R0
2 gAA��y/s�� , �1�

RBB� = R0� fBB��y/s� +
RH

2

R0
2 gBB��y/s�� . �2�

Furthermore, it can be shown that the geometrical functions
are not independent,

gi�y/s� = f i�0� − f i�y/s� . �3�

We may expect that the pseudo sheet resistance can also be
expressed in a similar manner as Eqs. �1� and �2� to a good
approximation,

RP,appr � R0� fP�y/s� +
RH

2

R0
2 gP�y/s�� . �4�

In analogy to Eq. �3�, we guess that gP�y /s�� fP�0�
− fP�y /s�=2− fP�y /s�. Thus, the pseudo sheet resistance is,

by this approximation, a simple function of the already
known numerically determined function, fP�y /s�,3 and the
magnetoresistive contribution. The error of the approximated
pseudo sheet resistance function is shown in Fig. 4 where the
relative error is calculated as �RP,appr−RP� /RP for different
magnetoresistance contributions. The error initially increases
with increasing magnetoresistance and returns to zero again
at �H

2 Bz
2=1. However, the position error suppression method

relies on measurements at two locations, e.g., at y1=0.2s and
y2=3s, and at these locations the relative error is quite small
and acceptable.

III. EXPERIMENT

Three types of Si doped In0.53Ga0.47As samples have been
investigated. For all samples, a 1 µm thick In0.53Ga0.47As thin
film was grown epitaxially on lattice matched InP semi-
insulating substrates by molecular beam epitaxy. Type IA and
IB samples were doped by ion implantation �Si, 50 keV�

TABLE I. Basic equations describing four-point measurements on a conductive sheet with one insulating bound-
ary parallel to the line of the four contacts �Refs. 2 and 3�.

Resistance average for configuration A and A� RAA� =
R0

2�
�1 +

RH
2

R0
2�ln�4� +

R0

2�
�1 −

RH
2

R0
2�ln

4 + 4�y

s
�2

1 + 4�y

s
�2

Resistance average for configuration B and B�
RBB� =

R0

2�
�1 +

RH
2

R0
2�ln�3� +

R0

2�
�1 −

RH
2

R0
2�ln	9 + 4�y

s
�2

1 + 4�y

s
�2

Resistance difference for configuration B and B� �RBB� =
2RH

�
�3 arctan� s

2y
� − arctan�3s

2y
��

Dual configuration equation exp�2�RAA�

RP
� − exp�2�RBB�

RP
� = 1

Position error suppression f�y1

s
� =

RP1

RP2
f�y1 + �y

s
�

FIG. 3. Pseudo sheet resistance normalized to the direct sheet resistance with
different contributions to the geometrical magnetoresistance.

FIG. 4. Relative error of the pseudo sheet resistance approximation for dif-
ferent contributions to the geometrical magnetoresistance.
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with nominal doses of 1014 and 1015 cm−2, respectively, fol-
lowed by annealing at different temperatures �550–700 °C�
and annealing times �5–600 s�. Type U samples were doped
in situ during growth with Si and Be to yield an n++ / p+ / p++

structure with nominal thicknesses of the p+ and p++ layers
of 700 and 300 nm, respectively. The dopant concentrations
as measured by secondary ion mass spectroscopy �SIMS�
were 1.5�1019 cm−3 �Si�, 3.6�1017 cm−3 �Be�, and 7.8
�1018 cm−3 �Be� for the n++, p+, and p++ layers, respec-
tively. The junction depths at 1018 cm−3 of the U19 and U44
samples, as measured by SIMS, were 19 and 44 nm, respec-
tively �cf. Fig. 5�.

The samples were characterized by the VDP technique
and conventional Hall effect measurements on 1 cm2 square
samples and by M4PP and micro Hall effect measurements
near a cleaved edge. For VDP and conventional Hall effect
measurements, Ohmic contacts were formed close to each of
the four sample corners by deposition of In dots on the top
surface without annealing, and the magnetic flux density was
163 mT normal to the sample surface. M4PP sheet resistance
measurements were performed on the CAPRES microRSP-
M150 system5 at zero magnetic flux density with an elec-
trode pitch of 10 µm using either straight cantilevers �stan-
dard� or high aspect ratio L-shaped cantilevers �cf. Fig. 6� for
sliding contact and static contact,6 respectively. The micro
Hall effect measurements were performed on a modified CA-
PRES microRSP-M150 system, with a nominal magnetic
flux density of 500 mT normal to the sample surface, unless

otherwise is stated. For micro Hall effect measurements, Au
coated straight cantilever M4PPs with an electrode pitch of
20 µm were used.

IV. RESULTS

Sheet resistances of 18 different samples of types IA and
IB, with different implant and annealing conditions, were
measured by M4PP and VDP to correlate the two methods.
M4PP measurements were performed inside the 1 cm2

samples used for the VDP measurements and no significant
RS variations were observed. The result is summarized
in Fig. 7 and shows good linear agreement of the two
techniques.

To support the measurement analysis for the USJ type U
samples, we performed a high resolution sheet resistance
area scan of the U19 sample, which showed no sign of large
RS nonuniformities �cf. Fig. 8�. For this initial test, we used
L-shaped cantilevers to exclude potential mechanical surface
damage of the soft InGaAs material. From the RS measure-
ments in Fig. 8 the measurement repeatability of M4PP can
be calculated be � 0.65%. Furthermore, we performed sheet
resistance wafer maps, each with 361 measurement points
�cf. Fig. 9�. The RS variation of the U19 sample was found to
be 4.3% �relative standard deviation� with an average RS of

FIG. 5. Dopant concentration of the U19 and U44 samples measured using
SIMS.

FIG. 6. M4PP with L-shaped cantilevers for static contact and strain gauge
for surface detection.

FIG. 7. Comparison of sheet resistance measured using VDP and M4PP,
respectively. The samples measured were In0.53Ga0.47As doped with 1014 and
1015 atoms /cm2 Si implanted at 50 keV.

FIG. 8. �Color online� 20 � 20 points RS area scan of the U19 sample �19
nm junction depth�. The scan was performed with an L-shaped cantilever
M4PP and the measurement points were measured in a random sequence.

C1C44 Petersen et al.: Electrical characterization of InGaAs ultra-shallow junctions C1C44
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533.1 �/sq. The wafer map of the U44 sample was much
more uniform with just 0.9% variation and with an average
RS of 105.5 �/sq.

Hall effect measurements were then compared for two of
type IB and two type U samples. For type IB samples, the
measured Hall carrier mobility was found to be 20%–25%
higher using the micro Hall effect method than with the con-
ventional Hall effect method. The micro Hall effect measure-
ments on type U samples were repeated 51 times with rela-
tive standard deviations on RS and �H of 0.6% and 3% for
U44 and 0.7% and 4% for U19. In Table II, the results of the
Hall effect measurements are summarized and the only ob-
vious difference in measurement condition was the magnetic
flux density.

In an attempt to explain the difference in the measured
Hall carrier mobility, the magnetic field was reduced and
micro Hall effect measurements confirmed a significant re-
duction in Hall carrier mobility when reducing the magnetic
flux density �cf. Table III�.

V. DISCUSSION

In this section we analyze the reliability of the two mea-
surement techniques. For the data analysis, we shall assume
a scattering factor of unity. This is in good agreement with
theoretical calculations for 1019 cm−3 doped n-type InGaAs.7

The importance of using the modified position error sup-
pression method as opposed to not including magnetoresis-
tance is best evaluated at high carrier mobility and high mag-
netic flux density. For the U44 sample, errors of 1.5%,
−6.2%, and 5.1% would have been induced on the sheet
resistance, sheet carrier density, and carrier mobility, respec-
tively, without correcting for the geometrical magnetoresis-
tance in the position error suppression method. For the U19

sample, the errors would have been 0.9%, −4.1% and 3.3%,
respectively, due to the lower carrier mobility affecting the
magnetoresistance to the power of 2.

On the IA and IB samples, VDP measured, on average,
3.4% lower RS than M4PP. It is well known that positioning
of electrical contacts near the corners of a square sample is
critical for precise sheet resistance measurements when using
VDP. A geometrically induced measurement error of −3.4%
will result when the four contacts are placed on the diagonals
of an L�L square at a distance of roughly 0.25�L from the
corners.8 However, such a large position error does not ap-
pear to be a general trend for the measured samples. For the
M4PP measurements, we first notice that the measured sheet
resistance is independent of the use of sliding contact or
static contact. Also, the repeatability was found to be
� 0.65% on the U19 sample which shows the largest sample
variation. This is in good agreement with previous results,
which showed a repeatability and reproducibility of M4PP
measurements on Si USJ to be � 0.1%.9 The average differ-

FIG. 9. �Color online� 361 points sheet resistance wafer maps of the U19 �a�
and U44 �b� samples performed with standard M4PP. The average wafer
sheet resistances were calculated to be 533.1 �/sq � 4.3% and 105.5 �/sq
� 0.9%. For both measurements, the points were measured in a random
sequence.

TABLE II. Comparison of Hall effect measurements performed with conventional Hall effect method and micro
Hall effect method on four different samples.

Sample name

Hall effect–square sample Micro Hall effect

Bz

�mT�
R0

��/sq�
NHS

�1013 cm−2�
�H

�cm2 / �V s��
Bz

�mT�
R0

��/sq�
NHS

�1013 cm−2�
�H

�cm2 / �V s��

IB1 �600 °C, 60 s� 163 44.0 7.34 1931 500 44.55 6.03 2323 � 62
IB2 �600 °C, 600 s� 163 42.4 7.70 1911 500 43.36 5.99 2402 � 21
U19 163 363 1.33 1288 488 556.8 0.588 1974 � 83
U44 163 95.1 3.72 1770 488 106.3 2.37 2473 � 73

TABLE III. Hall carrier mobility measured on the U19 sample at three dif-
ferent magnetic flux densities.

Bz

�mT�
�H

�cm2 / �V s��

56.2 1675 � 42
102 1633 � 159
488 1974 � 83
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ence of 3.4% between the two measurement techniques is,
however, not necessarily an inherent measurement error but
could be attributed to calibration errors such as different re-
sistance reference, temperature difference, or time between
measurements.

Although conventional Hall effect and micro Hall effect
methods measure the same sheet resistance on type IB
sample, the Hall sheet carrier density and Hall carrier mobil-
ity clearly differs by 20%–25%. However, a difference of
�16% between micro Hall effect measurements at 500 mT
and 50–100 mT is also seen �cf. Table III�, which indicates a
dependency on the magnetic flux density and could be the
result of a change in the Hall scattering factor. For both
methods, the sheet carrier density measured for the ion im-
planted IB1 and IB2 samples is only 6%–8% of the im-
planted dose �1015 cm−2�. However, this is in very good
agreement with the results previously obtained by Penna
et al.10 In the light of these results, we assume that both
methods do, in fact, measure Hall effect correctly on type IB
sample.

On the USJ type U samples, we see a clear difference in
the measured sheet resistance for VDP and M4PP. We note
that the VDP measurements were performed on two struc-
tures of each sample, and that the results were reproduced
within expected experimental uncertainty; also the results
were independent of the measurement current. Likewise, the
M4PP measurements were reproducible and independent of
the measurement current as well as electrode pitch. From our
previous work with p++ /n+ Si USJ,1 we know that high leak-
age current leads to a reduced measured sheet resistance.
Such explanation fits well with the results of the U44 and
U19 samples, for which a reduced RS of 11% and 35% is
seen for the 44 and 19 nm films, respectively, as compared to
M4PP. At this time the origin of leakage current is unknown;
i.e., leakage current can occur either beneath the In contacts
or as a general n++ / p+ junction leakage as described in
Ref. 11.

Leakage current will also reduce the measured Hall sheet
resistance RH, which results in an apparent increase in Hall
sheet carrier density as they are inversely proportional; we
recall that NHS=ZBz / �eRH�. The Hall carrier mobility de-
pends both on the measured RS and RH ��H=RH / �ZBzR0��
and thus in the presence of leakage current, the calculated
mobility will also be incorrect, although the error cancels out
to some unknown extent.12

To complete the analysis of measurement reliability, we
note that whereas M4PP RS measurements were straightfor-
ward, a higher than normal standard deviation in measure-
ment repeatability was observed for U19 � � 0.65%� as com-
pared to normally � 0.1% for Si USJ.9 However, the
increase in measurement standard deviation for the U19
sample could be related to the extremely low sheet carrier
density �cf. Table II� and carrier fluctuations. For instance, if
we assume a box profile with the carrier concentration of n
=1.5�1019 cm−3 as found by SIMS; then the average num-
ber of carriers N within a cube of dimensions d3 will be on
the order of N=nd3=nSd2=nS

3 /n2�1, where d is defined by

the electrical junction depth and nS is the sheet carrier den-
sity. Thus, the average number of carriers in a cube is so low
that it can result in discontinuities of the conductive n++ sur-
face layer,13 which may affect measurement repeatability.

The carrier mobility measured for the most shallow junc-
tion, U19, is 18% lower compared to the average of the U44,
IB1, and IB2 samples. This could be the result of increased
surface scattering, i.e., the electron mean free path ap-
proaches the conductive layer thickness. The electron mean
free path may be estimated as �=�vthm* /e�6 nm, where
vth is the thermal carrier velocity, m* is the effective electron
mass, e is the unit charge, and the carrier mobility measured
for the U44 sample is used. In addition, the effective layer
thickness is expected to be less than the metallurgical junc-
tion depth of 19 nm due to surface and junction depletion
layers; thus, increased surface scattering seems to agree with
the experimental results. Another possible reason is that lat-
eral continuity may be lost in some areas due to the low
sheet carrier density and carrier fluctuations. The latter
agrees with the above analysis on carriers in a box.

VI. CONCLUSION

For sheet resistance characterization of InGaAs, we estab-
lished a sensible linear agreement between conventional
VDP measurements and M4PP measurements on
n++/insulating structures. However, for ultra-shallow n++ / p+

structures with junction depths of 44 and 19 nm, we find
M4PP much more reliable. A significant leakage current is
proposed to be the reason for the lower sheet resistance mea-
sured with VDP, which, in turn, also prevents accurate Hall
effect measurements on USJ.

For micro Hall effect measurements, we have derived an
approximation to the position error suppression method in
order to include geometrical magnetoresistance, which is im-
portant for ��HBz�2	0.01. With the micro Hall effect
method, we observed a difference of �16% between Hall
carrier mobilities measured at low magnetic flux density �56
and 102 mT� and at moderate magnetic flux density �488
mT�. Except for this difference, a good correlation between
conventional Hall effect and micro Hall effect was found on
n++/insulating structures. For USJ n++ / p+ structures, micro
Hall effect showed repeatabilities of 3% and 4% on carrier
mobility for 44 nm and 19 nm junction depths, respectively.
Finally, we observed an �18% decrease in the carrier mo-
bility for the 19 nm USJ as compared to the 44 nm junction.
We expect this may be a scaling effect caused by increased
surface scattering or lost continuity in some areas due to low
sheet carrier density and carrier fluctuations.
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