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New metrologies for process characterization of annealing for dopant activation
in CMOS transistors now include 4-point probes with probe spacing on the
micron scale as well as non-contact methods using optical excitation of carriers
for measurements of sheet resistance, leakage currents and various indications of
the effects of carrier recombination at residual defects. In addition, optical
methods have been extended to characterize the effects of annealing and film
growth on local strain as measured by bow, site flatness and Raman
spectroscopy.
These new metrologies allow characterization of anneal process
variations across whole wafers to the sub-mm scale and beyond for Rapid
Process Optimization.
INTRODUCTION
Successful annealing process for CMOS
junctions, especially the source/drain contacts
(SDC) and extensions (SDE), require close
coordination with choices made in the
implantation steps as well as subsequent
thermal cycles. In addition to the requirements
to achieve high dopant activation while
confining dopant diffusion to a few nm or less,
the definition of a high “quality” junction now
includes stringent limits on the allowable levels
of process-induced leakage current and residual
defects. An additional process requirement is
that the anneal process not introduce or relax
stress levels in wafers and devices outside of
tightly constrained limits.
Fortunately, the capabilities of process
characterization metrologies have expanded
beyond measurements of dopant activation
(sheet resistance, Rs) to include measurements
of leakage current density, Jo, and residual
damage levels through the use of a variety of
non-contact probes using optical excitation [1].
Innovations in both contact and non-contact
probes have been developed to allow
measurements of spatial variations of the

effects of anneal conditions on the sub-mm
scale.
ELECTRICAL ACTIVATION
Contact probes continue to evolve and
diversify with single “elastic metal” probes
providing measurements of surface dopant
concentrations with the use of CV
techniques [2], AFM-based probes revealing
nm-scale maps of transistor junctions
through local resistivity data [3] and 4-point
probe (4PP) measurements yielding Hall
measurements of carrier concentration and
mobility [4].
Micron-scale 4PPs (u-4PP), Rs.
The development of MEMS-based methods
to fabricate 4PPs with micron-scale spacing
(u-4PP) has dramatically improved the
spatial resolution for sheet resistance
measurements for tracking the effects of
doping and activation variations [5]. Use of
micron-scale probe arrays, fabricated with
metal-coated Si or SiO2 fingers, have
revealed the effects of sub-mm variations in
the delivered power for scanned laser beams
on blanket test wafers with cross-beam
variations corresponding to 20% differences
in local peak temperature and fine-featured

fluctuations in temperature of ∼5 % (Figs. 1, 2)
[6].

Figure 1. u-4PP map of Rs variations from a
scanned laser beam with 10 um probe spacing.
The laser can direction is along the x axis with
a laser beam stitching overlap of 3.6 mm. The
large scale Rs variations transverse to the beam
scan direction are ∼10%, with smaller scale
oscillations in both x and y directions of ∼3%
[5].

Figure 2. Transverse direction Rs variations for
scanned laser anneal (see Fig. 1) for u-4PP
probe spacings ranging from 1.5 to 450 um [5].
Subsequent u-4PP measurements, after
improvements in laser diode design and power
filtering, demonstrated the removal of the small
scale Rs oscillations in the x and y directions
[6].
Carrier spreading, RsL.
Although u-4PP measurements are markedly
less sensitive to leakage current and probe

penetration errors, macroscopic 4PPs, with
WC and other “hard metal” probe tips, can
give orders of magnitude-scale errors for Rs
measurements of shallow junctions with
high-leakage and heavily-doped subjunction layers, as in SDE junctions in
halo/well profiles [7, 8]. In the results
shown in Fig. 3, 4PP and RsL closely match
for flash annealed 0.5 keV B implants in
lightly-doped (∼10 Ohm-cm) Si wafers
(diagonal line). However, for B-doped
junctions into As halo profiles, high junction
leakage leads to strong substrate current
flows in the 4PP measurements and
significant under-estimates of the junction
sheet resistance, measured by non-contact
analysis of carrier spreading effects (RsL)
[9, 10].

Figure 3. Rs measurements for shallow (0.5
keV B, flash annealed junctions in lightlydoped test wafers (c-Si) and 40 keV As halo
profiles (H and AH) measured with 4PP and
the non-contact RsL method. AH refers to
wafers with a separate anneal after the halo
implant [10].
The RsL method uses measurements of the
junction photo-voltage, JPV, created by
exposure of p-n junctions with visible
wavelength light (with photon energies
greater than the Si band gap) for
measurement of Rs and junction leakage,
collectively named the “RsL” method [11].
The junction Rs values are derived from
analysis of the carrier spreading from the
area illuminated by the light beam to the
region monitored by a second JPV electrode
beyond the illuminated spot.
In a 1-D

model, the JPV signal from an illuminated spot
falls off as an exponential decay with a scale
factor of:
k = (Rs*GSCR + iω*Rs*CSCR) [1]
where Rs is the junction sheet resistance, GSCR
is the junction leakage through the space charge
(depletion) region. ω is the modulation
frequency of the light beam and CSCR is the
junction capacitance, which increases with the
substrate or halo profile doping density [11].
At high modulation frequencies, the carrier
spreading, as measured by the ratio of the JPV
voltage in the two RsL electrodes, is
determined by the Rs*CSCR product. Once the
sheet resistance and junction capacitance are
determined, the junction leakage can be
determined by comparison of the JPV signal at
low frequency, where the Rs*GSCR factor is
dominant, as discussed further in a later
section. This method gives accurate Rs values
from ∼10 to over 100,000 Ohm/square with
sub-mm spatial resolution [12,13].
When substrate doping levels typical of halo
junctions (>1018 dopants/cm3) are combined
with anneal cycles which result in substantial
residual defect levels (such as SPE), junction
leakage current effects can compromise all
contact-probe methods, with the possible
exception of u-4PP [14].
In the example
shown in Fig. 4, at junction leakage levels
(measured by RsL) of ∼1 0-3 A/cm2, substrate
current paths fed by junction leakage resulted
in measurements where all the macroscopic
contact probes, including 4-terminal “van der
Pauw” resistors, gave Rs values which were
∼10x less than the non-contact RsL values for
the same junction.
A high-spatial resolution version of the RsL
probe provides detailed analysis of a multiprocess, laser annealed wafer, showing
transverse Rs variations (Fig. 5) similar to u4PP results (Figs. 1 & 2) [15].

Figure 4. Ratio of Rs values measured by
contact methods (various 4PPs and vander
Pauw resistors) and a non-contact RsL probe
for shallow p+ junctions in heavily-doped nSi. The anneals included an RTP and a
variety of low-temperature SPE cycles with
increasingly higher leakage current levels
(measured by RsL) [1].

Figure 5.
Rs map and transverse line
measurements, by RsL, for a multi-pass
scanned laser anneal with various power
levels at each horizontal stripe area. The
transverse scan across the lowest power
band, shown in the right, also shows submm scale Rs variations (see also Figs. 1 &
11). [15].

CARRIER RECOMBINATION
Carrier recombination and generation
mechanisms, SRH [16], combined with trapassisted tunneling, TAT [17], are major
contributors to leakage currents in p-n
junctions, joined by band-to-band tunneling,
BTBT [18], for the case of reverse bias. The
mechanisms for SRH and TAT involve carrier
interactions with defect sites located in the
depletion layer under the junction [19]. For
SDE/Halo profiles, the location of the junction
depth, Xj, and the thickness of depletion layer,
Wd, are determined by the implant and anneal
conditions used to form the doped regions.
The density, character and distribution of
defects within the SDE junction and depletion
layer are strongly influenced by process choices
such as the implant ion beam current density,
beam scan rate and wafer temperature during
implant as well as many of the choices involved
in the anneal cycle.
A group of metrology tools has developed
which exploit various consequences of carrier
recombination and provide measures of the
character and impact of residual defects created
by implantation and annealing processes.
Using light for creation and excitation of
carriers, these types of metrology probes track
the effects of carrier recombination through (1)
the charge reduction monitored by a capacitor
pick up in the region above the semiconductor
surface or (2) the effects on the reflectivity of
the surface of phonons released by carrier deexcitation and recombination or (3) photons
from photoluminescence (Fig. 6).
The
incident light for these methods has a higher
photon energy than the band gap of Si, creating
electron-hole pairs along its penetration path.
The spatial extent of the incident light beam is
determined by the focused spot (in the range of
1 to 10 um) and the light penetration depth
(ranging from several microns for near infrared
to ∼10 nm for UV light). The carrier diffusion
length before recombination ranges from
several hundred microns for lightly-doped,
undamaged Si to ∼nm distances for heavilydoped, implanted material.
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Figure 6. Schematic of metrology signals
from recombination of carriers created by
light excitation.
Surface charge, Qd.
Measurements of the surface photo-voltage
(SPV) using a transparent electrode in close
proximity to a semiconductor surface
illuminated by visible wavelength light
shining through the electrode can be used to
determine the capacitance of the spacecharge region set up by the light (at high
light modulation frequencies) and minority
carrier lifetimes (at low frequencies) [20].
For implanted and annealed semiconductor
surfaces, the carrier lifetime is strongly
effected by the location and density of
residual defects [21].
The SPV signal
responds to the dynamic surface charge, Qd,
resident in the depletion layer in the
semiconductor. Qd is proportional to the
square of the product of carrier
recombination rate and the thickness of the
damaged layer [22].
In detail, Qd is
proportional to:
Qd ∼ (q3ni2/εmω2)*(γ(ΔR)ND)2

[2]

where q is the electronic charge, ni is the
intrinsic carrier concentration, ε is the
permittivity of Si, m is the effective electron
mass, ω is the light modulation frequency, γ
is the carrier capture cross-section, ΔR is the
width of the damage layer created by the
implant and ND is the concentration of
recombination centers [23]. Maps of the
dynamic charge, Qd, provide a direct probe

of carrier recombination effects in as-implanted
and annealed wafers (Fig. 7).

leakage.
For a unit gain probe, the
frequency response is:
VJPV = Iph*[1/(Gscr + iωCscr)]

[3]

where ω is the light modulation frequency.
For ideal, non-leaky, diodes, GSCR = 0, the
JPV signal follows ∼ 1 / ω . For leaky
junctions, GSCR>0, the JPV signal decreases,
most strongly at low frequencies. When the
light modulation frequency is changed in the
RsL probe, the measured JPV signals show
the effect of the wafer or halo doping,
through CSCR, and the combined effects of
carrier recombination and trap-assisted
tunneling, GSCR [19].

Figure 7. Qd maps, as-implanted (upper) and
after 1000 C/ 10 s annealing (lower). The
horizontal stripes are due to dose variations
related to the wafer scanning in the beam. The
central region in the lower map shows an added
effect of non-uniform annealing on the
distribution of carrier recombination centers
[24].
Leakage current, Jo.
When p-n junctions are present, the junction
photo-voltage (JPV) signals are substantial and
allow for efficient measurements with
electrodes placed at an easily controlled
distance (∼1 mm) from the junction surface.
The variation of the JPV level as the
modulation frequency of the illuminating light
is changed follows the general behavior of a
current source, Iph, driven by the creation of
carriers with the absorbtion of visible light,
connected to a parallel capacitor, CSCR, being
the capacitance of the space-charge region
below the surface junction, and a resistor with a
conductance, GSCR, describing the junction

As shown in Fig. 8, JPV signals for wellannealed (with a spike-RTP cycle) junctions
show an inverse frequency dependence for
light modulation from 500 Hz to 100 kHz.
The shallow p+ junction formed in a highdose (∼5x1018 Phos/cm3 at the junction) halo
profile shows a higher JPV slope,
corresponding to the higher junction
capacitance than the same p+ doping in a 10
Ohm-cm (∼1015 Phos/cm3) test wafer. For
p+ junctions in the halo profile annealed with
various laser anneals, the recombination
leakage current density varies from <10-7 to
>10-3 A/cm2. The leakage current values are
extracted from an analysis of the carrier
recombination rate by comparing the JPV
signals, and the Rs and CSCR values, at a
high light modulation frequency (>50 kHz),
where leakage effects are small, to the
observed JPV value a low (∼ 1 kHz)
frequency, where the reduction in JPV
signal due to leakage current effects can be
substantial.
The practical range for
recombination
leakage
current
measurements is from ∼10-7 to the low 10-2
/cm2 range. At high leakage current
conditions, the carrier recombination rate is
so large that adequate measurements of Rs
and CSCR through carrier spreading analysis
are not possible.
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can be imaged or scanned (Fig. 10) with
sub-mm resolution for local Rs values.
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Figure 8. JPV levels for light modulation
ranging from 500 Hz to 100 kHz for p+
junctions in 10 Ohm-cm Si (n-Si) and halo
profiles (n+-halo) with various spike-RTP and
laser anneals resulting in leakage currents
ranging from 10-7 to >10-3 A/cm2 [19].
Comparisons of Rs and Jo maps (Fig. 9) often
show correlations between the dopant
activation, tracked by Rs, and defect annealing,
shown in Jo values, where locally higher anneal
temperatures result in lower Rs and higher Jo.

Figure 9. Rs and Jo maps for scanned laser
anneal. Average Rs = 2,837.5 Ohm/sq. with a
range from 2,493 to 3,025 Ohm/sq. and Jo =
1.1x10-4 A/cm2 with a range from 8.4x10-5 to
1.5x10-4 A/cm2. The label on the lower left
refers to the pixel count for each map.
Local delivered power variations from scanned
laser anneals created by multi-condition
annealing for rapid prototyping (Fig. 5) or from
insufficient overlap of adjacent scans (Fig. 9)

Figure 10. Detail from an Rs line scan with
an RsL probe along the vertical direction in
a laser annealed wafer, the mapped in Fig. 9,
showing a 15% Rs variation with a range
from ∼2,160 to 2,500 Ohm/sq along a 35
mm long scan line.
Reflectivity, MOR/TW
Modulated optical reflectance (MOR) or
“Thermal-Wave” (TW) measurements have
been used to track dose levels and
uniformity in implanted wafers for more
than 2 decades. MOR is also highly
sensitive to annealed wafer defect and
dopant levels, tracking the changes in
reflectivity of a wafer surface under the
influence of phonons released through deexcitation of electron levels (“thermal”
waves) and recombination of carrier pairs
(“plasma” waves) created by a modulated
incident “pump” light beam [25, 26]. The
detailed MOR response is a function of the
wavelength of light used for the pump and
probe (reflectivity monitor) beams, light
modulation frequency and the damage
profile in the as-implanted or annealed
wafers. Analysis of the MOR response
when the probe beam is slightly offset from
the incidence point of the pump beam can
also be used to extract dopant profile details,
such as junction depth, junction abruptness
and surface dopant levels [27].
With a probe beam focused to microndimensions, local MOR values reflect defect
and dopant variations to within a scale of the
carrier diffusion lengths. In the map shown
in Fig. 11, for a scanned laser anneal,

transverse and longitudinal variations in the
local heating by the laser beam, as probed by
the MOR signal, are similar to the Rs variations
shown by u-4PP (Fig. 1) and RsL (Fig. 5).

Figure 12. PL map of 0.5 keV B implant
after a step-and-pulse laser anneal [29].
PROCESS AND MACHINE EFFECTS

Figure 11. Detailed MOR/TW imaging of a
(horizontal) scanned laser anneal similar to the
Rs maps in Figs. 1 and 5. The image and line
scans are from the lower power laser scan (the
lower band in Fig. 5) [15].
Photoluminescence, PL
Photoluminescence (PL) measurements detect
photons resulting from radiative recombination
effects, including exciton formation, which
competes with the usually dominant SRH and
Auger recombination mechanisms. PL signals
can be used to track the damage effects of
implantation, the effectiveness of damage
annealing (Fig. 12), the presence of metallic
and other contaminants and a variety of
structural defects such as scratches, slip lines
and misfit dislocations in SiGe materials [28].

Support pins
Sub-mm resolution mapping of annealed
wafers can reveal subtle effects associated
with the uniformity of the delivered optical
power and the fixtures in the annealer. In
Fig. 13, a 72k point Rs map (measured with
RsL) of a flash annealed wafer shows the
imprint of six wafer support pins. In this
case, the local Rs values at the pin locations
are higher, indicating a cooler local
temperature. In similar maps from another,
hot-walled, annealer, the pin locations
showed locally lower Rs values, indicating a
focusing (heating) effect from the quartz
pins.

Figure 13. RsL map showing higher Rs
(darker regions) values at six support pins
(at ∼ 0.75 radius positions) in an fRTP
annealer [30].

In a high-resolution MOR map of a similar
wafer to that shown in Fig. 13, the same 6 pin
locations from the flash anneal chamber are
visible. The local TWU values are slightly
lower at the pin locations, implying more
effective defect annealing and dopant activation
from a locally hotter anneal.

Figure 14. MOR map of an fRTP annealed
wafer, where the pin sites have 5 TWU lower
values [30].
A PL map of a 0.5 keV B implant annealed at
1000 C in a spike annealer shows the locations
of three support pins and a central feature (Fig.
15).

Figure 15. PL map of a 0.5 keV B implant
annealed at 1000 C in a spike RTP showing the
effects of three support pins and a central
element [31].
In the example shown in Fig. 16, the visual
signature of the array of Xe-flash lamps used in
a flash annealer is visible in a MOR wafer map
and line scan.

Figure 16: Full wafer MOR image (top)
showing a Xe-flash lamp annealing
signature and a vertical diameter scan
(lower) showing wafer global (∼28%) and
local (∼5%) delivered lamp power variation
effects in terms of TWU [30].
Halo doping
Process control metrologies, especially those
that yield information that relates to
transistor performance, can also be used for
fast-turn process and tool optimization. For
the case of leakage current, carrier
recombination and tunneling measurements,
such as RsL, measures the effects of shallow
junctions formation process and the impact
of halo dose and profile location. Under
light illumination, p-n junctions are under
slight (∼25 mV) forward bias and increased
halo doping results in a thinner depletion
layer and strongly increased SRH and TAT
leakage above substrate doping levels of
∼1017 dopants/cm3 (Fig. 17).
Process
conditions for the implant and anneal which
vary the location, density and form of the
residual damage after annealing can result in
device-lethal levels of leakage current when
significant numbers of defects are present in

the depletion layer region [32]. Transistor
characteristics for reverse bias can be estimated
by adding BTBT to the measured processrelated SRH and TAT levels (see Fig. 17 for
–1V leakage) [33].

the implant damage in increased by the
addition of a Ge PAI step, the leakage levels
are increased by an additional factor of 100x
for the flash anneal. The minimal defect
annealing and diffusion for the SPE anneal
(∼750 C/ 10 s), combined with the use of a
Ge PAI, also results in very high leakage
currents for halo profiles [15, 34].
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Figure 17. Leakage current, calculated for a
defect density of 1018 defects/cm3 in the
junction depletion layer, for forward (light
illumination, SHR and TAT only) and reverse
bias (BTBT added to SRH and TAT) [19].
Measurements of the defect-driven components
of leakage current track the calculated trends
shown in Fig. 17. The impact of damage and
doping is seen in Fig. 18 for measured leakage
currents with various halo dose levels and SDE
formation processes. For spike RTP anneals
(∼1000 C/ 1 s), the relatively long thermal
cycle usually results in junction diffusion
deeper than the implanted damage, resulting in
relatively low leakage currents. However the
recombination and trap-assisted tunneling
leakage currents still rise by nearly 100x for a
halo dose of 4x1013 As/cm2 due to shrinkage of
the depletion layer thickness with increased
halo doping. The thinner depletion layer for
the high-level halo doping decreases the
diffusion distance needed for carriers to travel
in the depletion layer before recombination and
increases the trap-assisted tunneling
probabilities [17]. For flash anneals (∼1250 C/
1 ms), the incomplete defect annealing and
minimal dopant diffusion results in higher
residual defect densities in the junction
depletion layer, increasing leakage current by
nearly 1,000x over the spike RTP case. When
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Figure 18. RsL measured leakage currents
for various implants and anneals [15].
Dopant de-activation
Residual defects remaining after annealing
in the regions near shallow junctions, in
addition to their central role in junction
leakage current problems, pose a risk to
dopant activation and containment of dopant
diffusion during subsequent thermal
processing. These effects of the evolution of
residual defects are especially prevalent
after SPE or ms-timescale anneals of
SDE/halo profiles, where reduced thermal
cycles designed to restrict dopant diffusion
also result in incomplete defect annealing
[35].
The presence of dopant deactivation can be
tracked with Rs measurements after thermal
processes occurring after the “dopant
activation” anneals. As shown in Fig. 19, if
single-scan laser annealed (∼1150 C) Bdoped junctions are annealed again at ∼800
C for 60 s, strong increases in Rs are
observed [36]. Measurements of dopant
profiles after these “de-activation” anneals

with SIMS showed the effects of dopant
trapping at EOR damage and significant
transient-enhanced diffusion during the ∼800 C
anneal for the single-scan laser annealed
profiles.
These effects ere linked to
incomplete annealing of EOR defects during
the single-scan laser anneal leading to dopant
trapping and clustering and enhanced dopant
diffusion driven by Si interstitials released from
the EOR damage during the ∼800 C anneals.
The use of 10-scan laser anneals resulted in
slightly deeper initial dopant profiles but
minimal dopant de-activation, no observed
dopant trapping at the depths of the initial EOR
damage and less net dopant diffusion after the
secondary anneals. All of these effects were
consistent with more complete defect annealing
for the 10-scan laser anneals.

concave or more complex “taco shell” types
[38].

Figure 20.
Wafer bow maps for flash
annealed wafers mapped with an FSM128
laser-deflection tool.
Measurements of wafer distortion using a
coherent gradient sensing technique showed
that overall wafer warpage increases with
peak temperature and for long dwell time
anneals (Fig. 21) [39].
Additional
measurements with an implanted Si wafer
showed increased wafer warpage for lower
base temperatures for constant peak
temperature laser anneals.

Figure 19. B and BF2 implants annealed with
1 or 10 laser scans (∼1150 C) and subsequently
annealed for 60 s at temperatures from 700 to
1,000 C [36].
STRAIN
The large thermal gradients inherent in mstimescale annealing lead to strain related
deformations that are increased with (and can
run counter to) the use of local strain methods
in high-mobility CMOS transistors.
Bow and Warp
The extent and character of wafer deformation
during ms-annealing depends on the peak and
base wafer temperature and the duration of the
thermal pulse [37]. As shown in Fig. 20, wafer
bow shapes after ms-annealing can be “simple”

Figure 21. Normalized warpage for a wafer
with patterned local epi-SiGe strain
structures for laser anneals with dwell times
of 500 and 800 us [39].
Raman
Raman scattering provides a local probe of
stress and disorder in poly- and singlecrystalline Si through measurements of the
Raman peak position and line width. The
local stress in Si is related to the Raman line
shift, Δω, by

Stress = 434*Δω (MPa)

[4].

By probing with different laser wavelength,
with different light penetration depths, strain
levels near the surface can be separated from
deeper strains. The recovery of high-dose 1
keV B implanted Si has been probed with laser
light from 266 nm (penetration depth ∼5 nm) to
514.5 nm (penetration depth ∼660 nm) showing
the effects of near surface damage recovery for
different laser powers [40, 41].
For an RTO cycle in a hot-walled chamber
(Fig. 22), growth of a 5.17 nm oxide on Si
results in tensile stress near the SiO2/Si
interface (as probed by a 457.9 nm beam,
penetration depth ∼280 nm) and compressive
stress at deeper locations (as probed by 488 nm,
penetration ∼ 480 nm, and 514.5 nm,
penetration ∼660 nm, beams).
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Figure 22. Multi-wavelength Raman shift and
peak width (FWHM) for oxidation cycles at
1030 C with hot walled, side-side and doubleside heated RTO systems measured with the
WaferMasters MRS-300 micro-Raman tool.
For lamp-heated RTO chambers, the growth of
a ∼5.6 nm oxide at 1030 C resulted in tensile
strain in the underlying Si at all depths probed
by the Raman beams. Raman analysis results

have also been reported for the
transformation of Ni2Si film to NiSi during
annealing from 200 to 425 C [42].
SUMMARY
New process metrologies for annealing are
now enabling rapid optimization of
annealing tools and process with spatial
resolutions on the sub-mm to the nearmicron scale. Evaluation of junction
“quality” now includes minimization of the
impact of residual damage on leakage
current and dopant activation stability, as
measured by a new class of non-contact
probes based on optical and photo-voltage
measurements of the effects of carrier
recombination. The impact of thermal stress
during ms-timescale anneals can be
monitored with a variety of wafer distortion
and fab-based Raman analysis tools.
The key challenge, as always, is to find
ways to implement an intelligent
consolidation of these new metrologies and
their yield-sensitive inputs into effective
optimization and in-line control procedures
for annealing tools and process.
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