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ABSTRACT Differential Hall Effect Metrology (DHEM) technique was used to characterize highly n-type
doped Si epi layers deposited on p-type Si wafers. Total dopant concentration, doping depth profile and
post deposition annealing condition were changed for various sample sets and influence of such changes
on the resistivity, mobility and carrier concentration depth profiles were studied. It was determined that
samples annealed at 900 ◦C had higher activation compared to those annealed at 700 ◦C. Gradation in
doping depth profiles did not result in similar gradation in resistivity values. Carrier concentration at the
near-surface region was found to be lower in all samples. It is shown that electrical properties of films
forming ultra-shallow junctions can be studied in detail and correlated with process parameters using
DHEM data obtained at sub-nm depth resolution.

INDEX TERMS Depth profiling, DHEM, differential hall effect, dopant activation, electrical characteri-
zation, Van der Pauw.

I. INTRODUCTION
In advanced node transistors the contact resistance dominates
parasitic resistance and negatively impacts power consump-
tion and speed of devices. Therefore, there is considerable
effort directed towards reducing source/drain (S/D) contact
resistivity below 10−9 ohm-cm2 level [1]. Increasing the car-
rier concentration in S/D requires development of doping and
annealing techniques and evaluation of dopant activation,
especially in the near-surface regions of the films. In this
contribution, we present a study of active dopant depth pro-
files through n-type, highly doped Si films using Differential
Hall Effect Metrology (DHEM) technique.
DHEM determines sheet resistance and sheet Hall

coefficient as a function of depth through semiconduc-
tor layers [2]–[4]. It is based on the Differential Hall
Effect (DHE) method [5], [6]. As applied to measurements
on Si, the traditional DHE technique makes repeated Van der
Pauw/Hall effect measurements after the electrically active
thickness of the layer is reduced in steps, typically by sur-
face oxidation followed by chemical etching in hydrofluoric
acid (HF). Material thickness removed by the oxidation
process is also measured by various means and the sheet
resistance and sheet Hall coefficient data obtained as a

function of thickness removed can then be used to determine
the depth profiles of carrier concentration, resistivity and
mobility. DHE has not been very practical since it is a slow
and manual method that needs multiple involves use of HF.
DHEM, on the other hand, is a fully automated and rela-
tively fast approach. It employs electrochemical means for
semiconductor oxidation. Time consuming oxide removal by
HF and the rinsing/drying steps applied after each oxidation
process step in the DHE technique have been eliminated in
DHEM, which carries out the Van der Pauw/Hall effect mea-
surements under the oxide layers, without removing them.
Calibration establishing a relationship between the thick-
ness of the anodically formed oxide and the applied anodic
voltage determines the depth scale, which is very depend-
able under fixed measurement conditions (20◦C and standard
pressure). At this time DHEM has the capability to control-
lably convert 2-5Å of Si into oxide before each measurement
step, which gives it a depth resolution of well below 1nm.

II. EXPERIMENTAL DETAILS
Four Si layers were epi-grown on p-type wafers and they
were in-situ phosphorus (P)-doped. Thickness of the epi lay-
ers was about 45nm. Dopant concentration was graded such
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FIGURE 1. Test patterns used in DHEM measurements.

that for Samples A-700 and A-900, the doping increased
from about 2E21 #/cm3 at near-junction region to about
3E21 #/cm3 near the surface. For Samples B-700 and B-900,
the dopant profile was reversed yielding lower concentration
near the surface and higher concentration in the back of the
film . See the SIMS profiles for the samples in Fig. 2. After
deposition, the films were annealed at 700◦C (denoted as
A-700 and B-700) and 900◦C (denoted as A-900 and B-
900) for further activation of the dopant. Cross-shaped test
patterns with 1mm wide 3mm long arms were formed on the
samples for DHEM measurements. A photolithography/dry
etch sequence was used to form the test patterns. The dry
etch process removed about 1 µm thick material outside
the cross so that the doped film within the test pattern was
electrically isolated from its surroundings. The p-n junction
below provided isolation from the substrate. Fig. 1 shows a
drawing of the test patterns used in this work.
Before depth profiling, bulk measurements were made on

the cross-shaped test patterns using Van der Pauw/Hall effect
technique. Electrical contacts for these measurements were
provided by four contact pins applied to the doped layer sur-
face at the contact regions located at the ends of the cross
arms. After bulk measurements, a nozzle with electrochem-
ical process capability automatically came down and sealed
against the 1mmx1mm test region (see Fig. 1) at the center
of the cross, and anodic oxidation/measurement steps were
initiated.

III. RESULTS AND DISCUSSION
Results of the bulk measurements for all the samples char-
acterized in this study are summarized in Table 1. The sheet
resistance (Rs) values, as well as the mobility (µ), average
active dose and average active carriers are presented. A scat-
tering factor of 1 was used for the mobility values obtained
from Hall effect data.
As can be seen from Table 1, the bulk mobility and

the sheet resistance values for similarly annealed samples
are close. As expected, calculated active dose and average
active concentration values for the 900◦C annealed sam-
ples are higher than the 700◦C annealed samples. Although

TABLE 1. Bulk Rs, µ, active dose and average carriers for sample a and
sample b, annealed at different temperatures. SIMS profiles in Fig. 2.

FIGURE 2. Resistivity depth profiles of Samples A and B annealed at
700◦C and 900◦C, measured by DHEM. SIMS profiles show the total
dopant concentrations.

the bulk data gives effective values of electrical parameters,
their depth dependence can only be studied using a technique
like DHEM.
Fig. 2 shows the resistivity depth profiles obtained by

DHEM from all the samples. SIMS profiles of the P dopant
are also given for all experimental conditions. It should be
noted that unlike SIMS, DHEM data starts at the native
oxide/Si interface since no real data can be collected when
all or part of the applied electrochemical oxidation poten-
tial appears across the native oxide. Junction depth agrees
well with the SIMS measurement suggesting that the depth
calibration of DHEM for Si is good. The variation in
the DHEM depth-scale (for B-900 for instance) is within
the expected variation between SIMS and DHEM depth
calibrations (within +/−10%).
As can be seen from Fig. 2, there is not much differ-

ence between the total dopant distributions for 700◦C or
900◦C annealing as shown by SIMS. However, resistivity
clearly gets reduced for samples annealed at the higher
temperature. There is also gradation in the resistivity for
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FIGURE 3. Mobility depth profiles measured by DHEM.

all samples, near surface areas showing higher resistiv-
ity values. For the 700◦C annealed samples the resistivity
goes from 7.5 − 9 × 10−4 �-cm near the surface to about
5 − 6 × 10−4 �-cm level deeper in the material. For the
900◦C annealed samples, on the other hand, near surface
resistivity is about 6 × 10−4 �-cm and it goes down to
4 − 4.5 × 10−4 �-cm level deeper in the material. Although
the overall behavior of the data is similar for samples
annealed similarly, there is a distinct trend in comparing
the A-700 and B-700 data sets. Sample A-700 has higher
resistivity compared to B-700 in the top 10nm region of the
film and it has lower resistivity at the 30-35 nm deep section.
It should be noted that A samples have higher dopant con-
centration near the surface region compared to B samples,
and the reverse is true for the deeper section of the samples.
Higher dopant density and higher resistivity in the surface
region of the A-700 sample may suggest lower mobility
due to neutral impurity scattering near the surface region.
However, in general it is clear that the slight gradient in
the dopant distribution as shown by the SIMS data did not
greatly affect the resistivity depth profiles in these samples.
Mobility depth profiles are shown in Fig. 3. The first

observation that can be made from this data is the lower
mobility values observed for the samples annealed at 900◦C.
This is expected since the higher temperature would acti-
vate more dopants and ionized dopant scattering would also
be higher. Another trend is also apparent within the same-
temperature data sets. Near surface mobility is higher for
B samples compared to A samples, for the same annealing
temperature. As described before, B samples have lower
total dopant concentration near the surface compared to
A samples. This correlates well with the behavior of the
mobility.
Fig. 4 shows the carrier concentration depth profiles

obtained from DHEM. As expected, samples annealed at
900◦C has higher activation (peak carrier concentration of
4.7E + 20 #/cm3) than the ones annealed at 700◦C (peak car-
rier concentration of 2.6E + 20 #/cm3). Furthermore, for all
samples, activation in the top 15nm region was found to be
lower irrespective of the gradation in the total dopant density.
Comparing the A-700 sample data with B-700, somewhat

FIGURE 4. Carrier concentration depth profiles measured by DHEM.

TABLE 2. Comparison of directly measured and DHEM profile integrated
values.

higher carrier concentration values can be observed for
Sample B-700 in the top 10nm region of the film. This is
the region where B-700 sample has higher mobility, lower
resistivity and lower total dopant concentration compared
to A-700 sample. Clearly, for A-700 sample, higher total
dopant concentration near the surface did not translate into
lower resistivity and higher carrier concentration.
Table 2 presents the bulk values of sheet resistance and

mobility which were calculated from the DHEM data. Bulk
sheet resistance calculations involved integration of the resis-
tivity profiles through the thickness of the layers. For the
mobilities a similar calculation was done, however, this time
taking into account the fact that in films with non-uniform
mobility depth profiles, the effective mobility is given by
the equation,

μeff =
∫
n(z) · μ(z)2dz

∫
n(z) · μ(z) · dz ,

where n(z) and μ(z) are the variation of carriers and mobility
as a function of depth z respectively.
As can be seen from Table 2 the calculated values for sheet

resistance are within +/−5% of measured values, while
mobility values are within +/−10% that of the values given
in Table 1.
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IV. CONCLUSION
DHEM was used to generate depth profiles of resis-
tivity, mobility and carrier concentration through highly
P-doped Si epi layers. Better activation of dopants was
clearly observed when the annealing temperature was raised
from 700◦C to 900◦C. Under the experimental conditions
employed, slight gradation of the total dopant concen-
tration through the films did not directly translate into
higher carrier concentration values in regions with the
higher dopant content. In fact, for the 700◦C annealed sam-
ples, the surface region with lower doping yielded higher
mobility, lower resistivity and higher carrier concentration.
Through this work it has been demonstrated that it is
possible to study electrical parameters of doped films in
great detail and to correlate these parameters with pro-
cessing conditions, using DHEM data with sub-nm depth
resolution.
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