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METHODS IN RAPID THERMAL ANNEALING
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This presentation highlights some of the techniques in common
practice for rapid thermal annealing (RTA) of silicon. Progress and the
level of maturity attained in RTA technology owes much to its wide-
spread use in critical processing steps for the manufacture of silicon in-
tegrated circuits. Procedural considerations are reviewed from the view-
points of process research and development, tool development, and RTA
operations in mass production.

INTRODUCTION

From an historical perspective it can in-
structive to begin by reviewing a case where
rapid thermal annealing (RTA) techniques were
developed and introduced for Si processing. A
rapid anneal for manipulating the placement of
dopant atoms in crystal Si was an early critical
application.  A method called “gold spiking,”
where Au atoms are diffused and dispersed in
the Si to control device storage time, was being
used in the manufacture of n-p-n transistors on
n/n+ -type epitaxial Si wafers (1.25 inch dia.) for
integrated circuit modules at the former Western
Electric Company. It was necessary to use a
spike anneal with a rapid quench to achieve high
yield in production. Initially, manufacturing
used an automated furnace (set at 1250 oC) with
a quartz paddle (a wafer holder) that was rapidly
inserted and then withdrawn after reaching the
process peak temperature (1160 oC). Tempera-
ture was controlled by using a thermocouple on
the holder and a two-step cycle: the first for
preheating a bare holder and the second for
heating (14 s) and quenching (3 s) the Si wafer
[1].  However, improvement in the technique
was being compelled by drift and non-
uniformity in the quench step in the anneal,
mainly from deformation of the quartz holder.

In 1966 W. K. Mammel, at the former
Western Electric Engineering Research Center,
and colleagues developed an alternative method
using incandescent lamps [2]. The prototype
spike RTA used a Research Inc. heater with six
2000-watt lamps to achieve better reproducibil-
ity and control over the heating cycle time
(which varied ± 0.5 s with the furnace method)
and faster heating than could be achieved in the
furnace, owing to a higher lamp filament tem-
perature (2200 oC). Many of the benefits and
control challenges of incandescent lamp RTA
were recognized when this technique was im-
plemented. The heater was modified with re-
flectors to improve uniformity of illumination.
The Si holder used N2 gas levitation and rotation
to improve thermal isolation and uniformity in
heating. Radiative heat transfer was modeled on
the spectral properties of the Si in the infrared,
namely absorptance, transmittance, and reflec-
tance. The relationship between wafer tempera-
ture and lamp power was measured by a ther-
mocouple. A practical approach was used to
establish the optimum process for gold spiking
by surveying results from a series of 5-s treat-
ments at various lamp power settings. Process
control relied on a basically open-loop method
with preheat and annealing cycles of fixed lamp
power and time.
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An issue that remained challenging within
the field for the next few decades was the ques-
tion of how to correctly measure actual tem-
peratures of wafers in RTA chambers. Tem-
perature sensors have been based mainly on
thermocouple junctions, infrared detectors, or a
temperature dependent physical property of Si
like thermal expansion, index of refraction or
optical absorption in the infrared, and Lamb
wave propagation. Infrared pyrometry has been
the preferred method because the nearly loga-
rithmic dependence of temperature on detector
signal yields better precision than most alterna-
tives. However, pyrometry requires determining
the emissivity of the wafer and separating ther-
mal emissions from the wafer and the heater in
an environment where they are mixed by inter-
nal reflections. Pyrometry with multipoint re-
flectivity measurements is one of the techniques
being used for heated bodies in a furnace [3].
Some of the currently preferred methods for wa-
fer temperature measurement and control are
reviewed below in the context of the RTA sys-
tems for which they are being used.

Implementations of RTA have remained es-
sentially the same in that the heat is incident
normally on one or both of the broad faces of a
wafer to achieve uniform temperature transients
on the order of 10 to 103 oCs−1.  Heating capa-
bility is therefore much faster than in batch
methods with stacked wafers (e.g., fast ramp
vertical furnace), where wafer pitch and other
geometrical constraints interfere with lateral
heat flow. The RTA method may use either
lamps or furnaces, depending on the required
temperature range and cycle time. Furnace tech-
niques are well suited for low temperatures,
such as in the treatment of dielectric and con-
ducting films at temperatures below about
500 oC, and for accuracy at high temperatures
where extremely sharp spiking may not be re-
quired.  Optical methods, mainly with incandes-
cent or arc lamps, have general applicability and
are particularly suited to short high-temperature
cycles.

A number of authors have prepared excel-
lent reviews of RTA methods and the reader is
referred to some of the literature [4-9]. This pa-

per touches upon methods for heating, tem-
perature measurement, and process control.
Commercial implementations now use princi-
ples of holistic design with custom heaters, tem-
perature sensors, and control mechanisms and
algorithms [10]. Chambers are designed to con-
trol the flow uniformity and thermal buoyancy
of purge gases in addition to the handling and
heating of wafers. A related topic, which has
intersected the history of RTA, is laser anneal-
ing [11]. It is receiving renewed interest, e.g.,
for dopant activation, by either melt quenching a
surface layer or as a sub-melting pretreatment
prior to a standard RTA.

HEATING METHODS

As indicated in the introduction, techniques
for RTA fall into two types based on heating
method: furnaces using steady heat sources and
mechanical wafer transport; or electrical lamps,
either incandescent or arc, with programmed
optical output cycles. Lamp systems with shut-
ters have also been designed. Figure 1 shows the
temperature vs time profiles obtained for several
RTA methods of each type.  The challenge for
furnace methods is to properly manage the
thermal equilibration of a wafer introduced into
a furnace environment. The challenge in lamp

FIG. 1. Temperature sensor signal vs time for
four RTA methods. A, arc lamp; I incandes-
cent lamp; F, bell-jar furnace; S, susceptor
furnace. Preheat region below 600 oC varies
among methods. Origin of time is start of
heating cycle in each case.
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based systems is to control the environment in a
chamber that is far from thermal equilibrium.
Several problems are discussed next which tend
to be more difficult for lamp based systems, but
generally are to be addressed for accurate heat-
ing by RTA.

From basic heat transfer considerations it
was recognized that uniform flux from a bank of
infrared lamps in a reflective enclosure may not
necessarily lead to a constant temperature across
the wafer, even in steady state mode [12]. Non-
uniformity is caused by variation in the view
factors for direct and reflected radiation incident
at various points on the wafer, with the wafer
edge being a particularly more exposed region.
The expedient solution, useful also in furnace
methods, is to enlarge the effective wafer di-
ameter by surrounding it, or supporting it, with
an annular ring of similarly absorptive material,
preferably silicon of the same thickness as the
wafer. The remaining variations in heating uni-
formity are compensated by tuning the power
distribution among the lamps. The spatial reso-
lution and residual error is given by the lamp
spacing.

 A related point is that differences in opti-
cal absorptivity across wafers, from the patterns
for various regions of the integrated circuits and
the areas between them, lead to local tempera-
ture variations if left uncompensated [13]. Film
layers, doping and texture cause the emissivity
of wafer surfaces to depart significantly from
that of intrinsic Si [14-16]. Normal occurrences
of emissivity variability lead to significant un-
certainties in wafer temperature with open-loop
methods. One solution is to reduce the effect of
a freely radiating environment for the wafer by
surrounding the wafer with a thermal shield at
nearly the same temperature as the wafer, mak-
ing a pseudo blackbody cavity for quasi thermal
equilibrium [17].  This is implemented by plac-
ing a heated wafer-like shield near one or both
faces of the wafer, or by using a proximity re-
flector in which a blackbody illusion is ap-
proximated by multiple reflections [18].  The
single shield method for lamp heating has to
take into account temperature offsets between
the shield and the wafer. Differential radiation

effects are less pronounced for furnace RTA
methods, since the heater and wafer tempera-
tures are closer to each other.

Furnace RTA

A bell jar furnace method for annealing
implant monitors was developed at High Tem-
perature Engineering and recently improved
with an emissivity compensating temperature
measurement scheme [19]. Figure 2 shows a
rough schematic. The wafer, on a support plat-
form, is elevated into a heated zone with a verti-
cal temperature gradient. The maximum tem-
perature, at the top of the bell jar, is set to be
about 200 oC above that of the desired process
temperature. The comparatively weak sensitivity
of wafer temperature to wafer emissivity within
the near blackbody environment at high tem-
perature has made this a viable method for open
loop operation in some production work.

Elevator motion is sufficiently fast to pro-
duce thermal spiking with 0.5 s dwell time
within 2 oC of peak temperature (Fig. 1, curve
F).  Under closed loop temperature control with
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FIG. 2. Furnace bell jar method, after Ref.
19. Emissivity corrected pyrometer uses re-
flectometers with in-situ chopped-light and
ex-situ integrating sphere.
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a pyrometer focused on the back side of the wa-
fer, some of the best results for process repro-
ducibility and uniformity have been claimed.

The pyrometer for the bell jar method de-
tects the thermal energy flux emitted by the wa-
fer and measures the emissivity of the wafer.
Emissivity, E, is defined for practical purposes
as the ratio of thermal emission received from
the wafer relative to that of a blackbody at the
same temperature (see Ref. 17 for more scien-
tific rigor).  The operating wavelength of the
pyrometer, about 0.95 µm, is above (in energy)
the Si band gap [14] where optical transmission
through the wafer can be neglected. An expres-
sion derived from energy conservation and the
Kirchhoff law, which reduces to E = 1 − R, is
used to compute emissivity from a separate
measurement of reflectivity, R.  The reflectivity
is determined by first mapping geometrical and
background reflection factors as a function of
elevator height and then normalizing bi-
directional reflection signals to a separate ex-
situ precision measurement of R at room tem-
perature using hemispherical illumination. Wa-
fer temperature is then computed from the
Planck radiation law and a gauge factor for the
detector sensitivity.

A different approach to the furnace method
is that used by Mattson Technology, which has
chambers for two wafers.  Wafers are lowered
close to a heated susceptor in a thermally baf-
fled enclosure.  The equilibration time constant
(~10 s at 1000 oC) determines the heating and
cooling profiles, which are monitored by a fiber-
optic pyrometer probe (Fig. 1, curve S). The
design objective is to take advantage of the
thermal equilibrium environment of a conven-
tional furnace. The duration of a typical anneal
cycle might be 80 s.

Incandescent lamp RTA

This method uses reflectors to boost the ra-
diative coupling from quartz-halogen-tungsten
lamps to the wafer. The sensitivity of heating
uniformity to wafer emissivity generally in-
creases with chamber reflectivity and specular-
ity.  Two primary approaches have evolved to
deal with the uniformity problem, depending on

whether the heat is applied to only one face of
the wafer, or to both faces (and, in some cases,
also to the edges).

Single-sided heating methods were devel-
oped for an array of spot lamps connected in
annular zones (such as Stanford / Texas Instru-
ments MMST, Applied Materials Centura, AG
Starfire) or linear lamps (AG Integra, Applied
Materials) with wafer rotation usually incorpo-
rated. Multiple temperature sensor inputs and
model-based algorithms are used to articulate
multiple power outputs to the lamps during the
RTA cycle.

Dual sided heating methods can deliver
roughly twice the heating power to a wafer in a
chamber containing lamps and quartz for ambi-
ent isolation and wafer support.  A gray and
non-specular inner surface for the chamber was
adopted by AST Electronik for efficiency in
heating, reduced sensitivity to wafer emissivity,
and single point temperature sensing. Predeter-
mined power profiles are used in this case to
drive the lamp array.  The power distribution is
determined by optimizing the uniformity of de-
sired processes from wafer map measurements
and a chamber model.

Both methods give improved uniformity
with wafer rotation to smooth out azimuthal
variations in heat transfer. In systems with mul-
tiple lamp zones and feedback control, wafer
rotation is required to average the readings of
the temperature sensors. The controller maps the
system to a one-dimensional function of radial
distance and has a characteristic response time
that scales with the rotation period.

In single-sided heating methods, the tem-
perature sensors are usually located on the op-
posite side from the lamps. Interference from the
lamps is then readily suppressed either by a
combination of optical baffling and wafer ab-
sorption (Centura, pyrometry near 0.85 µm) or
by a cooled selective filter between the lamps
and the wafer (AG Starfire, hyrdroxyl doped
quartz filter for pyrometry near 2.7 µm).  A high
reflectivity plate is placed close to the wafer to
create a pseudo blackbody cavity by multiple
reflections [20]. Figure 3 shows a detail of a
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proximity sensor using this principle [21].
Modeling the effective reflectivity of the plate
as RPLATE, the effective emissivity of the wafer is
expressed as E [1 − RPLATE (1 − E) ] −1.  Effec-
tive emissivity approaches unity as RPLATE ap-
proaches unity. Extrapolation to unity is ob-
tained by using a pair of such sensors with two
different and pre-determined RPLATE < 1.

Earlier pyrometer designs for chambers
with dual-side heating lamps used a view port in
the quartz isolation tube surrounding the wafer
and operated at wavelengths where the tube
(pure or hydroxyl doped) absorbs the lamp ra-
diation. Curve I in Fig. 1 was obtained by such a
pyrometer. The main drawback of this approach
is the uncertainty in wafer emissivity, since a
fixed emissivity is used to obtain temperature.
Also, heat radiated by the quartz scatters into
the pyrometer. AG Associates developed a sepa-
rate sensor for the quartz tube to correct for drift
from quartz heating, but errors remain because
compensation varies with wafer reflectivity as
well as quartz temperature.

 A ripple technique was proposed at Ac-
cufiber to treat the lamp interference and wafer
emissivity problems together [22].  Two sap-
phire light-guide probes are arranged inside the
chamber: a wafer sensor oriented to collect ra-
diation from the wafer and a lamp sensor with
opposite orientation to sample incident radia-
tion. Figure 4 shows a ripple technique configu-
ration with sensor probes positioned outside the

quartz isolation tube. Rapid AC modulation in
the lamp power creates AC components in the
signals for the two detectors, the ratio of which
is related to wafer reflectance and thence emis-
sivity. The reflectance is also used to subtract
out reflected signals from the lamps. The
equivalent blackbody wafer signal is then used
to derive temperature.

Pyrometers with probes outside the process
tube near the oven wall were developed at Bell
Labs and have been tested in Lucent manufac-
turing lines [23].  Thermocouple wafers of var-
ied emissivity are used to profile the sensitivity
settings for the two sensors. Versions from
Luxtron, AST and Steag have extended the con-
cept of Fig. 4 with additional individual sensors
for the lamps [24]. Current ripple pyrometers
usually operate at a wavelength near 2.3 µm
where quartz absorption and emission can be
neglected. Optical transmission through Si (for
lightly doped Si wafers at temperatures below
650 oC) is detected by phase shifting the modu-
lation of selected lamps above the wafer.

Arc lamp RTA

Arc lamp heating, which has seen early use
in commercial RTP equipment, has been pro-
posed at Vortek as a practical alternative with
potentially significant improvement [25]. A
simplified schematic is shown in Fig. 5.  With
back side heating, the device structures are not

FIG. 4.  Configuration of sapphire light guide
sensors for a ripple technique in an oven
with AC-powered incandescent lamps and
quartz isolation tube  (after Ref. 22)

FIG. 3. Detail of a proximity sensor configu-
ration (one of a pair) for sensing wafer tem-
perature with partial compensation for wafer
emissivity, E  (after Ref. 21).
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exposed to direct optical excitation.

Higher deliverable optical flux and faster
lamp response time (a few µs for Vortek's water
wall electric arc lamps) allow for sharper spik-
ing effects (Fig. 1, curve A). A highly absorp-
tive chamber is used to eliminate unwanted
multiple reflections and to give faster radiative
quenching on cooldown. Uniform heating radia-
tion is projected onto the wafer and
guard/support ring from a primary high power
lamp within an appropriately designed reflector.
Temperature measurement with emissivity com-
pensated pyrometry is relatively easier to im-
plement. A camera is used to record digital pic-
tures of the whole wafer while the lamp is rap-
idly switched on and off [26]. The thermal emis-
sion, emissivity, and thus temperature patterns
on the wafer are derived from the differences.
Using signal processing information from the
camera, a secondary illuminator projects in real
time a negative correction image on the wafer to
yield uniform temperature.  A proximity reflec-
tor is used on the device side of the wafer to
manage cooling rates and device pattern effects.
Camera techniques are also amenable to meas-
uring wafer expansion and stress, which are in-
directly related to wafer temperature.

PROCESS CAPABILITY

Tool selection for RTA processing takes
into account robustness of design (modeled and

demonstrated), performance reliability data,
processing cost (calculated real cost per wafer),
and, most importantly, matching tool capability
with the process requirements. Taking tem-
perature as the primary process capability pa-
rameter, the process capability index Cp is the
ratio of the temperature range specified for the
RTA process and the 6-sigma temperature
variation of the RTA tool.  Defined similarly,
Cpk indexes the maximum deviation of the pro-
cess mean from the specification limit. Capable
processes require Cp > 1 and Cpk > 1.

The temperature accuracy specified for a
number of low temperature processes, such as
metal and dielectric anneals, is often sufficiently
broad that low cost drives decisions in special-
ized commercial applications. Silicidation proc-
essing requires a better temperature accuracy
because Si diffusion reactions are involved
(± 10 oC range is usually adequate).  Placing a
high premium on repeatability and uniformity
tends to favor furnace-based methods. Greater
temperature accuracy and uniformity are re-
quired for dopant activation and diffusion at
high temperatures where device characteristics
(junction depths and leakage, channel length,
threshold voltage) are more sensitive to process
temperature.

Accurate evaluation of the process capabil-
ity index, Cp or Cpk, rests on a good estimate of
the required temperature control tolerance.
Among available sources for process tempera-
ture specifications are the device and process
models for a given technology. As a simplifica-
tion, one could use models to focus on the criti-
cal parameters. For a MOS transistor, this may
be a length, L, like a junction depth or channel
length, that is affected by dopant diffusion. For
example, let us suppose that the device model
specifies that for a given level of device yield
the variation, ∆L, must lie within a ± 5% range.
Assuming square root dependence of L on a dif-
fusivity, with thermal activation energy EA, the
corresponding temperature control accuracy is
estimated as 2 EA

−1 kB T2 (∆L/L).  For a process
at 1000 oC governed by a typical EA = 4 eV , the
RTA temperature must then be controlled to
within a range of ± 3.5 oC or better for Cp ≥ 1.

FIG. 5. RTA chamber with water-wall arc
lamp and imaging wafer temperature sensor
(after Ref. 25).
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Information on tool performance is the
other consideration for process capability.
While data from device wafers are the most de-
finitive, preliminary information is gathered
from special wafers designed to be particularly
sensitive to temperature variations in RTA proc-
essing. Two common types of tests are presently
considered. To evaluate the independence of
temperature sensing systems to wafer emissiv-
ity, wafers are prepared with various film coat-
ings that vary the emissivity over a broad range
(e.g, back surface films for back surface py-
rometry).  Measurements of process results on
the device side of the wafers, discussed in more
detail in the next section, are used to deduce
temperature performance and 6-sigma variation.

 Tests to evaluate temperature uniformity
include monitors where the emissivity of the
wafer surface(s) exposed to the heating radiation
increases strongly with wavelength between 1
and 3 µm. Such wafers show reduced heating
efficiency relative to uncoated Si.  An example
spectral emissivity is shown in Fig. 6.  Here, the
total wafer emissivity (where half the spectral
weight is between 2.4 and 4.8 µm) exceeds total
absorptivity over an incandescent lamp spec-
trum (where half the spectral weight is between
1 and 2 µm). Imaging techniques were used to
show the related effect of temperature variations
on wafers caused by emissivity patterns [26].

Evaluation with monitor wafers plays a
particularly important role in research, devel-
opment, and generally in the course of intro-
ducing new processes.  These are stages where
device data are statistically less sensitive to
RTA performance in the presence of other proc-
essing variables.

PROCESS APPLICATION

The tasks for setting up RTA processes in
production include producing recipes for the
tool sets to execute the prescribed temperature
vs time cycles and formulating procedures for
monitoring production to assure that device data
remain statistically within specifications (i.e.,
Cpk > 1).

A basic consideration in production is the
maximum number of wafers an individual RTA
tool may process between routine preventive
maintenance procedures. For some low tem-
perature anneals, the interval may be largely a
mechanical capability of the RTA tool. For high
temperature processes, out-diffusion of dopants
from the wafers creates deposits on adjacent
quartz windows, wafer support parts, and re-
flectors. Changes in the optical properties of
these components cause drifts in uniformity and
errors in temperature measurement.   The suit-
able interval for cleaning such parts derives
from experience with the process and tool char-
acteristics and is adjusted according to the re-
sults of process monitor wafers.  Equipment is
periodically monitored for particles added (non-
heating test cycles, since thermophoresis re-
moves particles) and for contamination using
TXRF and carrier lifetime methods.

 Also, irrespective of facility and location,
process results must be equivalent and match the
given RTA specification. Required are proce-
dures for determining the accuracy of tempera-
ture measurement and control within each RTA
tool and the error in reproducibility from one
RTA tool to another. These errors reduce Cpk.
Even with sufficiently accurate temperature
measurement, adjustments in nominal tool tem-
perature are nevertheless occasionally used to
correct for errors of uncertain origin (e.g., com-

FIG. 6. Spectral emissivity at 1000 oC of Si
wafer coated with 70 nm poly-Si over 250
nm SiO2.
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pensation for systematic variation in other proc-
essing steps like dopant implants, film deposi-
tions, and oxidations). The next sections review
several topics associated with temperature
measurement and control.

Temperature profiling

The temperature sensors used in RTA are
profiled against either a portable secondary
standard or a reference involving basic physical
principles.  Sensors use pyrometry, as discussed
above, or thermocouple probes, which are
sheathed or coated with SiC for high tempera-
ture use.  Junction temperatures in thermocouple
probes lag and depart from wafer temperatures
because of thermal contact resistance and inter-
ference from the heaters. Shield plates are used
to reduce such errors.

 Wired thermocouple wafers with embed-
ded junctions (“TC wafer”, e.g., of the SensAr-
ray type) are a common method for profiling
pyrometer or thermocouple probe signals
against wafer temperatures.  Figure 7 shows
schematically a calibration jig for a thermocou-
ple probe sensor with a shield plate and optional
cover wafer. Profile signals are usually recorded
during steady temperature operation. Sensor
performance is evaluated by running a ramped
RTA cycle.  A method like in Fig. 7 is also used
to profile fixed-emissivity pyrometers in sys-
tems that use a shield plate.

 Accuracy with TC wafers is limited by
variations in the Seebeck coefficients of the

wires and heat flow near the junction attached to
the wafer, the latter being minimized by bonding
both the junction and some length of the wires
near the junction. Although they may not pro-
vide the best absolute accuracy available with Pt
and Pt-Rh materials, chromel-alumel (type K)
wires are often preferred because of high tensile
strength (allowing thin wires, e.g., 75 µm dia.)
lower thermal conductivity (because of alloy-
ing), and less reactivity with Si at high tem-
perature (reduced metal diffusion in bonding
cement). Temperature offsets under 1 oC be-
tween wafer and junction temperature can be
obtained by covering the TC wafer with a sec-
ond cover wafer, as shown in Fig. 7, and making
a furnace-like local environment.  Improved de-
signs for wafers with encapsulated or deposited
thin-film thermocouples are emerging as candi-
dates for portable temperature standards that are
traceable, e.g., to NIST standards [27].

Sensors using ripple techniques require
profiling of the signals from wafer and lamp
detectors for wafer emissivity and temperature.
A group of TC wafers with a broad range of
emissivities at the operating wavelength has
been used for this purpose. Profiling uses fix-
tures like Fig. 7, but without the shield. The
need for a cover wafer depends on the type of
TC wafers being used.

Pyrometers use photo-diode detectors and
metal-oxide film interference filters for stable
response to IR radiation. Si photo-diodes, nota-
ble for low dark current and high stability, are
ideal for operation at 0.8 to 0.95 µm. Extended
wavelength InGaAs (up to 2.3 µm) or InAs de-
tectors (up to 3.3 µm) are used in mid-IR.

A number of pyrometer systems use sap-
phire fiber optic probes (as in Figs. 3 or 4). Sta-
ble and reproducible sensitivity requires fixed
optical transfer coupling factors between adja-
cent components that include sapphire rods,
flexible silica fiber in some designs, lenses, fil-
ters, and photodetectors. The primary relation-
ship between detector signal and temperature is
obtained from ex-situ measurements with the
receptive end of a light pipe in a blackbody fur-
nace.  Since the pattern of wafer radiation that is

FIG. 7. Apparatus for sensitivity profile of a
thermocouple probe. TC wafer has embed-
ded thermocouple junction. Cover wafer, TC
wafer and shield plate are heated together
(oven, heater and quartz components not
shown).
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incident on the probe tip in the pyrometer con-
figuration differs from that in a blackbody fur-
nace, particularly for the backward direction, a
separate measurement of a "sensor factor" in the
installed configuration is required. An LED il-
luminator to mimic the thermal output of the
wafer has been used by Peuse et al. to reduce the
error of probes like in Fig. 3 to less than 2 oC
relative to the blackbody furnace baseline. [21].

In-line Monitoring

Process results from RTA in production are
monitored by in-line and final electrical test data
from devices on product wafers. The sheet re-
sistance of highly doped crystal and poly-Si van
der Pauw patterns and lines, for example, are
suitable as indirect process temperature sensors
for some of the high-temperature RTA proc-
esses. Solid phase diffusion and dissolution of
dopants (e.g., B or P) in crystal and poly-Si can
yield sheet resistances that decrease monotoni-
cally with anneal temperature and time, and are
sufficiently sensitive to RTA. Here, the tech-
nique is to use a measurement specification in
place of a temperature specification.

  Process control for individual RTA ma-
chines involves charting the results from peri-
odic processing of monitor wafers, which are
designed to be somewhat more sensitive to pro-
cess temperature than the device wafers. Over
the temperature range used for monitoring, the

sensitivity to anneal temperature of a resistance,
film thickness or other measurement, M(T), can
be represented by a dimensionless sensitivity
parameter, S = T∆M (M∆T)−1. This relates small
temperature deviations, ∆T, to measurement
deviations, ∆M. To be suitable for temperature
monitoring, one generally selects an annealing
reaction with high | S |.

 Monitors for use at high temperatures, ap-
proximately in the range 900 to 1100 oC, can use
high dose (5 × 1015 to 1016 cm−2) and relatively
shallow (~100 nm) B or As implants in n-type or
p-type lightly-doped Si, respectively. Annealing
produces an electrically conducting surface
layer, which is sensitive to temperature and iso-
lated by a diffused p-n junction. Specifications
on upper and lower limits on the process tem-
perature are used to determine limits on the
mean and standard deviation of the sheet resis-
tance of monitor wafers after RTA. The data are
obtained by mapping a discrete number of sites
across the monitor wafer (e.g., 50 to 100 points,
with 3 to 5 mm edge exclusion) with a scanning
4-point probe. Example data from an implant for
RTA monitoring is illustrated in Fig. 8.

Another convenient monitoring process is
thermal oxidation to grow thin SiO2 films (2.5
eV activation energy in pure O2), where the
measurable is oxide thickness from scanning
ellipsometry. Monitoring with thermal oxidation
entails lower expenditure for wafers, which are
readily stripped of the oxide and reused. A pre-
oxidation clean leaving a hydrophillic surface is
preferable for stable wafer storage with minimal
particle accumulation (e.g., strip oxide in HF,
then peroxide treatment by P-clean or SC2) [29].

A significant deficiency with monitoring
temperature by means of implant anneal or
thermal oxidation is that the function M(T) is
not unique, apart from dependence on RTA
time. For implant annealing, the post RTA sheet
resistance depends on implant energy, dose, and
the thickness of a screen oxide (often used to
control the dose and protect against out-
diffusion), making a universal M(T) impractical.
Oxidation is sensitive to wafer preparation and
moisture in the O2 ambient, in addition to larger

FIG. 8. Variation of resistance and sensitivity
parameter of an As implant for RTA tem-
perature monitoring. 25 keV, 1016 cm−2 im-
plant; 20 s RTA  (after Ref. 28).
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systematic errors in metrology for oxide thick-
ness, compared to sheet resistance.

Monitoring at lower temperature, e.g., for
silicidation processes, can use Ti silicidation
reactions as a temperature sensor. The sheet re-
sistance of metallic Ti deposited on clean Si
varies with temperature as Ti (and oxide) react
with N2 and Si.  The sheet resistance is a
strongly decreasing function of annealing tem-
perature in the range 600 to 700 oC.  However,
this method is also poorly suited as a stable ab-
solute temperature reference, owing to sensitiv-
ity to the Ti film thickness, deposition condi-
tions, and Si surface preparation.

Recently, Timans et al proposed using the
epitaxial regrowth of amorphous Si on crystal Si
as a reproducible physical process for tempera-
ture monitoring. Ellipsometry was used to
measure changes in layer thickness. The growth
velocity activation energy is 2.68 eV. The
method is applicable for ~500 to ~670 oC for
spike to 20-s annealing [30].

In addition to the above wafer-based meth-
ods, statistical process control techniques have
also been applied to data generated by the RTA
tool itself. Upper and lower limits are set for
operating parameters that are generally corre-
lated with wafer temperature. Control settings
are specific to the recipes and product codes run
in production.  Examples of statistical variables
are wafer to wafer excursions recorded for sen-
sor temperatures, emissivities, soaking heat (ei-
ther lamp power or elevator position), and off-
sets between redundant temperature readings
(e.g., pyrometers vs thermocouple probes).

CONCLUSIONS

The methods for rapid thermal annealing of
Si wafers employ either fixed-temperature fur-
naces with wafer movement during heating or
programmable heating lamps of the incandes-
cent or arc varieties.  Closed loop temperature
control, now the norm for rapid cycling, em-
ploys single or multipoint sensors based on in-
frared pyrometry with wafer emissivity compen-
sation or radiation shielded thermocouple

probes.  Various approaches are used to achieve
satisfactory heating uniformity. Among them are
modulated distribution of lamp power, multiple
input multiple output controllers, black or gray
inner chamber surfaces, and passively heated
shield plates and/or reflectors near the wafer.
Heating discontinuity at the wafer edge is mini-
mized by a support or guard ring. In order of
temperature responsiveness, arc lamp, incandes-
cent lamp, bell-jar furnace, and susceptor fur-
nace methods have been considered.  Process
control techniques include data from device
testing and blanket  monitor wafers.
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