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Abstract— In this paper, the impact of RDF on the static noise
margin (SNM) and read current margin (SINM) of a prototype
22nm 6T SRAM was investigated using TCAD modeling.
Individual device statistics of threshold voltages (V) and
transport related parameters were first extracted for NFETs and
PFETs. SNM and SINM characteristics of the corresponding
SRAM cells were then analyzed. Two methods to emulate the
impact of RDF were simulated — modulating gate work function,
and uniform scaling of the continuum dopant distribution.
Compared to RDF devices, both methods underestimated V;and
SNM variations.
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l. INTRODUCTION

Driven by the improvements on performance and cost of
today's integrated circuits, new generations of SRAM cells are
being aggressively scaled down to 22nm technology node and
beyond [1]. Continued advancement of the complementary
metal oxide semiconductor (CMOS) technologies reduce the
feature sizes closer to atomic dimensions, lowering supply
voltage and power consumption. Cells and systems based on
such devices are becoming more susceptible to variations and
mismatches, causing various scaling challenges [2]. One of the
most pronounced scaling effect is the threshold voltage (V)
variations caused by random dopant fluctuation (RDF) in the
channel region [3, 4].

RDF effect refers to the microscopic variations in the
discrete number and arrangement of the channel dopant as
device feature shrinks down dramatically [5, 6]. The effect
was first explored in the seventies [4], and later recognized to
be the major contributor to device variations at sub-100nm
dimensions [7, 8]. Since RDF is entirely intrinsic and cannot
be eliminated through careful control of the fabrication
process, it has become the functionality bottleneck for
minimum-feature device, such as area-constrained SRAM
cells [9].

In this study, dopant fluctuations were introduced into a
prototype 22nm 6T SRAM cell using Monte Carlo techniques.
The statistics of threshold voltages and transport related
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parameters of individual devices were first extracted and
presented in section 1. SNM and SINM characteristics of the
corresponding SRAM cells were then analyzed using mixed
mode simulation and summarized in section Ill. Two
alternative approaches—gate work function modulation, and
uniform scaling of the continuum dopant distribution—were
also studied to assess how well they can emulate the impact of
RDF.

Il. INDIVIDUAL DEVICE SIMULATION

Figure 1 illustrates the cross section of a prototype 22nm
planar device employed in this study, with an instance of RDF
doping profile. Statistical characteristics were analyzed
individually for Pull-down (PD) NFET, Pull-up (PU) PFET,
and Pass-gate (PG) NFET. Process simulations were
performed in TSUPREM-4 [10] using a prototype process
flow to generate the nominal device structures. RDF was then
introduced into the nominal structure with Monte Carlo
simulated doping profiles assuming Poisson distributions for
the dopants. The resulting linear and saturation threshold
voltage distributions of PD NFET are shown in Figure 2 as an
example. The structure parameters and the corresponding
statistical V, results of all three types of devices are
summarized in Table 1. As device width shrinks down, the
amount of channel dopant drops, making the device-to-device
fluctuations in discrete doping profile more prominent.
Therefore, PU PFET, with the smallest geometries and dopant
number, shows the largest threshold voltage variation (cVy)
among the three.

Figure 1 Cross section of the prototype 22nm NFET device with an
instance of random dopant fluctuation in the channel
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Figure 2 a) linear threshold voltage distribution b) saturation
threshold voltage distribution of RDF Pull-down NFETSs referenced

to nominal device results

TABLE 1

Standard deviations of threshold voltages for RDF devices at both
linear (Gvyin ) and saturation (oys ) regions using a sample size of

200.
Device Width | oygin (MV) ?m‘)
Pull Down NFET 8L 16.6 17.6
Pass Gate NFET 5L 175 17.6
Pull Up PFET 3L 28.4 36.7
Two alternative approaches were investigated

to

understand how well the effect of RDF could be emulated

without using discrete do

ping profiles.

Gate work function

modulation (WF) and continuum channel dopant scaling
(Continuum) were performed. Threshold voltage variations
were extracted for all three devices using both methods.
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Figure 5 DIBL vs linear AVt for all three cases. DIBL of WF devices
only showed 1mV fluctuations which was caused by the granularity
of data extraction.

Gate work function scaling captures oV, of RDF effect by
varying the gate work function of the nominal device, so that
the resulting threshold voltage range is the same as that of the
simulated RDF devices. This is the most intuitive way to
imitate the threshold voltage variations in RDF without
considering the doping number or location in the channel.
Scaling the channel dopant (Continuum), on the other hand,
accounts for the differences in the number of channel dopants;
however, it does not consider the discreteness of the dopant or
the random dopant arrangement in space.

The linear/saturation V; and carrier transport related
properties such as drain-induced barrier lowering (DIBL) and
overdrive current (lodlin) were summarized in Figure 4, 5 and
6 respectively. Since DIBL and R,, are affected by doping
variations, Continuum devices captured DIBL/Ron better than
WEF devices.
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Figure 4 Saturation AVt vs linear AVt referenced to the nominal
device values for all three devices: RDF, Continuum and WF. An
average Vt shift was observed between RDF devices and Continuum
devices.
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Figure 6 Linear overdrive current vs linear AVt. WF devices showed
no Vt dependency due to unvaried channel doping profile.
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Figure 7 Potential barrier at threshold voltage bias for nominal and

RDF devices having the same number of channel dopant. Inserts:
example of a a) nominal and b) RDF device doping profile.

In addition, a shift in V,exists between the Continuum and
RDF devices, which is evident in Figure 4. This phenomenon
was first observed in [7], where the average shift of the
threshold voltage was attributed to the inhomogeneity of
channel potential due to the randomness and discreteness of
the channel dopants. In Figure 7, an instance of potential
barrier vs channel location was graphed out for the nominal
and RDF devices having the same number of channel dopants
at threshold voltage bias. It is clear to see that due to the
random dopant distribution, the potential barrier profile of the
RDF device fluctuates along the channel region, causing the
maximum barrier height to be lower than that of the
Continuum device, in spite of the fact that they have the same
number of channel dopants.

I1l.  MIXED MODE SIMULATION

The stability and reliability of SRAM cells during read and
write operations are often characterized by the noise margins
that need to be maintained [9, 11]. The benchmarks for
accessing the SRAM cell stability are usually the static noise
margin (SNM) and current noise margin (SINM) during read
operation [4, 5, 6], during which the cell states are most
vulnerable to external signal perturbations. SNM is the
maximum tolerable DC noise voltage at a storage node
without causing a read disturbance, while SINM is determined
from an N-curve measurement [12].

In the mixed mode simulation, RDF, WF and Continuum
devices are used individually to create their corresponding
SRAM groups. For RDF SRAMs, each of PD, PG and PU
contributes 200 devices into the device selection pool with a
naturally Gaussian distribution in V; due to the Monte Carlo
generated doping profiles, and the devices are then randomly
selected to form the desired SRAM cells. The WF device pool
was created by using the nominal device threshold voltage as
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the average V,, and the RDF oV, was used to calculate the
range of work function required. The WF SRAM cells were
then randomly selected from the device pool with the same
Guassian probability seen in the RDF devices. Instead of
matching the oV, the Continuum devices used the nominal
device doping profile as the average device doping profile, and
the RDF dopant distribution to obtain the range of amount of
channel dopant required. Again, the dopant numbers follow
the same distribution as the RDF case.

22nm 6T SRAMs were then set up using RDF, Continuum,
or WF devices. The SNM and SINM were simulated using
sample size of 1000; statistic results are illustrated in Figure 8.
It is interesting to see that, in spite of the fact that only
Continuum devices were able to capture DIBL and Rq,
variations, SRAMs built using Continuum and WF devices
showed similar distribution in SNM and SINM; however,
neither of the simpler methods predicted the same results as
that of the RDF cells.
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Figure 8 SRAMs composed of WF and Continuum devices show
similar SNM and SINM, and both are larger than RDF cells.
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Figure 9 SNM and SINM for SRAMs composed of RDF, WF and

Shifted WF devices. Shifted WF cannot emulate the RDF behavior.



TABLE 2
a) SNM and b) SINM variations for SRAMs composed of RDF,
Continuum, WF and shifted WF devices.

(a)
SRAM device osnm (MV) SoS of SNM (mV)
RDF 10
Continuum 8.6 Approxmiately
WF 8.7 0.20
Shifted WF 8.5
(b)
SRAM device osinm (LA) SoS of SINM (nA)
RDF 5.6
Continuum 5 Approxmiately
WF 5.1 0.10
Shifted WF 5.22

In addition, since there is an average threshold voltage
shift between the mean RDF and the nominal device, the
comparison between RDF and the other two cases may be
distorted. In order to eliminate the contribution from this
average V. shift and focus only on the RDF effect, a new
group of SRAM cells having the same average V; as RDF was
simulated. Since previously WF and Continuum sets are seen
to show similar results in SNM and SINM variations, shifted
WF devices were chosen over shifted channel doping devices
to investigate this effect for a simpler simulation scheme. The
results are shown in Figure 9. With lower V,, shifted WF
devices showed a slightly smaller SNM and larger SINM,;
however, ssym and og v remained the same as the original WF
SRAMs. The results indicate that shifting the average
threshold voltage without considering the dopant distribution
cannot recreate the RDF results. Standard deviation of the
standard deviation (SoS) is used to evaluate the difference in
variations among the four cases to assess if they are significant
enough to be seen as statistically different. Shifted WF
SRAMSs, despite having the same average V; and oV, as the
RDF devices, still have a smaller standard deviation. The SoS
confirms that the differences among of the four SRAM sets are
significant (over 3o), as seen in Table 2.

IV. CONCLUSION

TCAD modeling of RDF impact on a prototype 22nm 6T
SRAM is presented in this paper. Statistics of V, variations
and transport related parameters were obtained for individual
types of devices. Two methods to emulate the RDF effect
were investigated—scaling of the continuum dopant
distribution, and gate work function modulation. Since the
Continuum  devices contained some channel doping
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information, they were able to capture DIBL and R,, better
than WF devices, however, neither could reproduce the RDF
effect adequately. Mixed mode simulations were then
employed to simulated 6T SRAM cells composed of three
different types of devices, and the corresponding SNM and
SINM characteristics were extracted. Continuum and WF
devices showed similar SNM/ogym and SINM/Gginm, in spite
of the fact that Continuum devices were able to deliver DIBL
& Ry, variations. From a statistical point of view, in order to
accurately examine the effect of random dopant fluctuations
within the 22nm SRAM cell, full scale Monte Carlo simulated
doping profile is necessary. WF and Continuum devices are
only capable of showing the general trend, but neither method
was seen to emulate the RDF effect satisfactorily.
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