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Abstract – It is known that significant intra-die thermal
absorption variation is caused by non-optimized rapid
thermal anneal (RTA) conditions and the variation
depends on the local pattern density of various types of
exposed stacks of the wafer. This variation can create
errors in the electrical measurement MOSFET gate length
itself. Two electrical methods for measuring gate length
will be discussed, namely, the resistive technique, where a
long-wide poly-silicon resistor is used as a normalizing
resistor; and the capacitive technique, where a long-wide
plate gate capacitor is used as a normalizing capacitor. It is
shown, that the capacitive technique is more immune to
errors introduced by RTA driven intra-die thermal
absorption variation. Methods of minimizing these
measurement errors are briefly discussed.
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Fig. 1. Schematic and table of different reflection co-efficient of different
exposed stacks in the absence of scattering effects [5].

significant variation of intra-die thermal absorption which
resulted in intra-die variation in threshold voltage, ringoscillator frequency etc. It is important to understand the teststructures and the test-chip of discussion to understand the
nature of variation. The following section provides a
description of the test-structures in the test-chip that was used.
The diagram on the left in Fig. 2 is a schematic of the testchip. Seven instances of one test-structure were placed on
different locations of the chip (locations are denoted as
“reference”, UR, LR,LC,UC,UL and ML) and two instances
of a separate test-structure (CAP1, CAP2) were also placed.
The seven solid oval shapes indicate the placement of the first
set of test-structures, each of which include devices to
measure long-wide poly-silicon (poly-Si) sheet resistance (RS)
, resistance of minimum width (minimum gate-length) poly-Si
lines, gate-capacitance of minimum gate-length features,
MOSFET. parameters (e.g. VT) and ring-oscillators frequency.

I. INTRODUCTION

It is clear from recent work [1] that variation in device
characteristics are becoming major yield limiters in deep
submicron technologies. One of the key sources of device
variability is the variability in gate-length since there is a very
strong dependence of gate-length to many key device
parameters like ION, VT etc as seen in [2]. Hence it is very
important to accurately measure the gate-length of the
MOSFET. It has been shown that there is significant intra-die
gate-length variation in sub-micron technologies [3]. The
degree of intra-die variation described in [3] is sufficient to
cause significant variation in MOSFET terminal
characteristics like ION, threshold voltage (VT) etc. In has been
shown recently that significant intra-die thermal absorption
variation is caused by non-optimized rapid thermal anneal
(RTA) conditions. It will be shown that this variation can even
create errors in the measurement of gate-length itself.
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Intra-die thermal variation
Intra-die thermal variation is due to local reflectivity
variation associated with different microstructures [4]. An
example of one test-chip that demonstrated such variation will
be discussed here [5]. Fig. 1 schematically illustrates the
difference in reflectivity. The accompanying table lists the
RTA-spectrum reflectance for different film stacks present on
the wafer in the absence of scattering effects. Exposed shallow
trench isolation (STI) stack had a markedly different
reflectance in this case. For the test-chip under discussion, this
difference created
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Fig. 2. Description of the test-structures in the test-chip and the degree of
poly-silicon RS variation due to thermal variation

The hashed blue oval shapes indicate the two placements of
the 2nd type of test-structures that include devices to measure
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gate-capacitance of a long-wide plate capacitor and the
overlap capacitance. The numbers in yellow boxes indicate the
amount of intra-die variation in the poly-Si RS of a long-wide
structure as measured from the reference location, indicating a
significant intra-die RS variation. The degree of this variation
can be modulated by the ramp rate (R.R.) of the spike anneal
process as indicated by the bar charts in Fig .2 (diagram on the
right). This variation was shown to be driven by intra-die
thermal absorption variation [5] which caused intra-die
threshold voltage and external resistance variation, which in
turn, caused intra-die ring oscillator frequency variation.

“capacitive technique” [7] figure on left in Fig. 5); the gatecapacitance is measured for “minimum LGATE” MOSFETs from
multiple locations on the chip and is normalized to the longwide “calibration” gate-capacitor to extract LGATE.. This paper
investigates if the “capacitive technique” is also impacted by
the intra-die thermal absorption variation or not. This will be
done by quantifying the intra-die variation of the calibration
capacitor and comparing that to the variation of the calibration
resistor.
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Fig. 3. Correlation between intra-die exposed STI pattern density and polysilicon RS variation [5]

Fig. 5. “Resistive” and “capacitive” method of measuring LGATE

Fig. 3 shows a good correlation between the poly-Si RS (a
thermal sensor) and the pattern density of “exposed STI” stack
despite scattering effects caused by microstructures that are
comparable or smaller than the wavelength in a typical RTA
spectrum[5]. This finding allows for a simple correlation
between RTA-sensitive electrical parameters and the
identified pattern density.

II. EXPERIMENTAL RESULTS

The locations of the test-structures are shown in Fig. 2. It
was not straightforward to estimate the amount of thermal
absorption variation between the two locations were the CAP1
and CAP2 test structures were present since those two did not
have the poly-silicon RS monitors near them, However, based
on the calculated exposed STI pattern density around the
locations of the CAP1 and CAP2 test-structures, and using the
correlation curve previously established in Fig. 4, one can
project the expected poly-Si RS difference between the CAP1
and CAP2 locations, as shown in Fig. 6. This figure indicates
that had there been devices to measure poly-Si RS in the CAP1
and CAP2 test-structures, there would have been a 7%
difference in its value between the two locations.

Gate-length measurement
Fig. 4 illustrates the critical dimension of the MOSFET
termed “LGATE”. This “bottom gate-length” of the MOSFET is
the primary focus of this paper.
GATE
SOURCE
Figure: 4

DRAIN
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Fig. 4. Schematic of the LGATE measurement of discussion in this work

In one popular traditional LGATE measurement method
referred to here as the “resistive technique”[6], (figure on right
in Fig. 5), the resistance is measured from a “minimum LGATE”
poly-Si line from multiple locations on the chip and is
normalized to the RS measured from one long-wide poly-Si
calibration resistor to extract LGATE. It is now clear that this
method is inherently prone to errors induced by the intra-die
thermal absorption variation since the thermal absorption
variation itself introduces variation in the RS. For another
popular LGATE measurement method, referred to here as the

Fig. 6. Estimation of RS delta between the CAP1 and CAP2 locations of the
test chip.

Experiments were done on a lot were most of the wafers
were processed with a non-optimized spike RTA with high
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ramp rate. Two wafers of the lot were processed with a spike
anneal process were the ramp rate was lower. Measurement
was taken off the various test structures of the test chip
described in Fig. 2. The results of some of these measurements
are shown in Fig. 3.
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Fig. 8. Dependence of various MOSFET parameters on the temperature of the
RTA process used. The data-points are wafer-median values of wafers run
with different RTA temperatures with same ramp rate. All the points are
normalized to the corresponding parameter values of the left-most wafer of
high-temperature experiments.
Fig. 7. Intra-die variation of different MOSFET parameters on an
experimental lot, where two of the wafers were processed with a spike anneal
with a lower ramp rate.

III. SIMULATION RESULTS

A simulation of inversion gate-capacitance was done using
a simulator named “SCHRED”. A gate doping concentration
of 1020 cm-3 and a gate-oxide thickness of 2.2nm were used.
To emulate a 10% difference in poly-Si RS due to thermal
absorption driven dopant activation, the gate doping
concentration was changed by 10% and inversion gate
capacitance values were compared to the result of the original
simulation. The simulated difference in inversion gate
capacitance for a corresponding 10% difference in poly-Si Rs
was only 1% (due to gate-depletion). Hence this first order
simulation result is consistent with the observation regarding
CAPINV in Fig. 8 and 9, which is that thermal absorption driven
poly-Si RS variation is much more than the corresponding
gate-capacitance variation.
To further demonstrate the minimal impact of the intra-die
thermal absorption on the capacitive technique of LGATE
measurement, compact model simulation of ring oscillator
frequency was performed for rings located in the “reference”
and the “UR” location of the die. The MOSFETs in those
locations had different threshold voltage and external
resistance due to the difference in thermal absorption. Hence
adjustments needed to be made for these parameters in the
compact model for the simulations. The results were compared
to a plot of LGATE vs ring-oscillator frequency as shown in Fig.
10. The measured frequency is plotted against the measured
LGATE of the same location of the chip (“UR” or “reference”).
The LGATE measurement was done using the capacitive
technique. The set of data points comes from different chips of
the wafer. The variation in LGATE comes from intentional,
across wafer, lithography-induced variation. The fact that the
model simulations match so well with the hardware data
further validates the accuracy of the LGATE measurement using
the capacitive technique.

Fig. 7 shows the intra-die variation of various key
parameters, overlap capacitance (N/P COV), inversion gatecapacitance (N/P CAPINV) and poly-Si RS (RS). In this figure,
the Y-axis shows , for all the parameters listed, the difference
between the values measured from different locations of the
test chip expressed in percentage terms. All the parameters
except the RS measurement come from the two placements of
the macros CAP1 and CAP2. The RS values come from the
“reference” and “LR” locations as noted in Fig. 1. There is a
significant variation (~10%) for the N/P COV between CAP1
and CAP2 in all but 2 of the wafers that were processed with
the lower ramp RTA process. This indicates that for the high
ramp RTA process, we would have measured a significant
difference in the poly-Si RS values between the CAP1 and
CAP2 locations had those locations had the RS measurement
device. Fig. 7 indicates that this RS delta is estimated to be
~7%. This estimation is further corroborated by another RTA
temperature experimental lot which shows, as indicated in Fig.
8, that a ~15% difference in N COV driven by RTA temperature
differences results in a ~12% difference in RS (poly-Si RS2).
Hence it is reasonable to assume a ~7% difference in RS for
10% NCOV difference. One important observation from Fig. 7
is that there is very little intra-die variation in inversion gate
capacitance between the CAP1 and CAP2 location despite
having significant thermal absorption and poly-Si RS variation.
This is consistent with the RTA temperature experiment
results (Fig. 8). In Fig.8, poly-Si RS2 was doped with half the
doping concentration of a typical MOSFET gate poly, whereas
poly-Si RS1 was doped with twice the concentration of a
typical MOSFATE gate poly-Si. Both showed significant
variation between the temperature experiments, whereas the
gate capacitance variation was negligible.
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Fig. 9. Measured data and simulation: ring oscillator frequency vs LGATE. The
LGATE measurement was done using the capacitive technique. The good
agreement between simulation and measured data indicates consistency and
accuracy in the measurement data of LGATE.
IV. CONCLUSION

From all the discussion, it is clear now that the LGATE
measurement using capacitive technique is more immune to
the intra-die thermal variation than the resistive technique
because the gate capacitance itself is less susceptible to intradie thermal variation than the poly-Si RS. By placing separate
calibration resistors near all the nominal line poly-Si teststructures and normalizing the nominal line poly-Si resistor to
its local calibration resistor, this measurement error can be
minimized. However, this comes at a cost of additional space
on the chip. On the other hand, the capacitive technique is
more costly in terms of test time. Ultimately the correct tradeoff between test time and chip area needs to be made among
other factors for the correct choice of LGATE measurement
technique.
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