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Abstract 

 
The statistical distribution of the natural threshold 

voltage (VT0) of 512k-bit NVM circuit arrays has been studied 
for two different technologies.  The major source of the VT0 
variation is dopant fluctuations of the NVM well.  An 
analytical model for the dopant fluctuations provides 
excellent agreement with the measured circuit VT0 variation 
and NVM cell mismatch for both technologies.  The 
reliability implications of the VT0 variation are considered 
using charge leakage models for data retention. 

 
Introduction 

 
 The intra-die VT variations in logic, SRAM, and DRAM 
circuits due to intrinsic dopant fluctuations is a major concern 
as devices continue to scale [1-4].   For NVM circuits, the 
intra-die natural or charge-neutral VT (the bitcell VT with no 
charges on the floating gate, VT0) variation can result in a 
large variation in the oxide electric-field under self-bias 
(proportional to (VT -VT0)). This creates a reliability concern 
since recent data retention studies of cycled NVM circuits 
have shown the charge leakage to have an exponential 
dependence on the oxide field [8-11].  The VT0 variation can 
also have a large impact on the read disturb field, and it sets 
the minimum width of the erase and program distributions 
prior to compaction.  Thus, it is important to understand the 
fundamental cause of the VT variations and how to model it. 
 

NVM Device VT Mismatch and Model 
 
 Figure 1 shows the VT0 distributions of a typical 512k-bit 
array from two different NVM technologies.  The NOR 
technology utilizes hot-carrier programming and source-side 
Fowler-Nordheim (FN) tunneling erase and was processed in 
a 0.25um embedded technology [5].  The Uniform-Channel-
Program-Erase (UCPE) technology uses FN tunneling for 
both programming and erase [6].  A UV-erase was carried out 
at the end of processing to remove any floating gate charges 
prior to the measurements.  As observed, the total VT0 
variation is over 350 mV for the UCPE array and over 700 
mV for the NOR array.    
 Histograms of the threshold voltage mismatch of adjacent 
NVM cells from mini-arrays with floating-gate access (FG) 
and with standard bitcells (control gate, CG) are shown in 
Figs. 2 and 3.  Each pair of cells shares the same drain 

contact and has separate gate and source lines.  The VT0 
mismatch distributions follow a normal distribution for both 
types of mini-arrays.  The standard deviation of the FG 
devices is 60% that of the CG bitcells, which is the same as 
the gate coupling ratio, αG.   
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Fig. 1. Natural VT (VT0) distribution of a typical 512k-bit array from two 
different NVM technologies. 
 

 

Fig. 2.  Histograms of VT0 mismatch distribution for the floating-gate access 
device with nominal gate length and width from test structures with the NOR 
technology. 
 
 

 Figure 4 shows the standard deviation of the VT0 mismatch 
of the FG and CG devices with different Leff for the NOR 
technology.   An excellent fit to the data is generated using an 
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analytical model for the standard deviation of VT0 due to 
dopant fluctuations [7]: 
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where NA is the well doping density, TOX is the tunnel oxide 
thickness, and Weff and Leff are the effective channel width and 
length.  For a matched pair of devices, the standard deviation 
of the VT0 mismatch due to dopant fluctuations, σ(∆VT0), 
should be 2 σVT0 since VT0 is normally distributed.  Then, 
the floating gate and control gate mismatches are modeled as 
σ(∆VT0,FG)= 2 σVT0 and σ(∆VT0,CG) = σ(∆VT0,FG)/αG.  
 
 

Fig. 3.  Histograms of VT0 mismatch distribution for the control gate device 
with nominal gate length and width from test structures with the NOR 
technology. 
 
 

40

60

80

100

120

140

160

180

0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

St
d

 D
ev

 o
f 

V
T
 M

is
m

at
ch

 (
m

V
)

Leff (um)

NOR Cell
Symbols = σ(∆σ(∆σ(∆σ(∆ V

T
) meas

Theory: σ(∆σ(∆σ(∆σ(∆ V
T
) = σσσσV

T
*sqrt(2)

Control
Gate

Floating
Gate Access

Theory

Theory

Alpha,g=0.6, Tox=120A, Weff=0.36um, Na=1e18

 
Fig. 4. Standard deviation of VT0 mismatch for the NOR cell with Leff for 
both the control gate and floating gate access cells.  The theory shows 
excellent agreement with the measured data. 

Modeling of the Circuit Vt Distribution 
 
 In order to model the circuit VT0 distribution, the VT0 
variation from intra-die process variation must be considered 
as well.  The expected bitcell VT0 variation with active width, 
gate length, and floating gate width variations is much less 
than the expected VT0 variation from the dopant fluctuations 
for both technologies (Figs. 5 and 6).  Other intra-die process 
variations, such as tunnel oxide and ONO thickness, should 
have even less effect.  The σVT0,CG=σVT0/αG of the UCPE 
technology is less than half that of the NOR technology 
primarily due to the difference in well doping.  The UCPE 
technology uses the HV PWell while the NOR technology 
has about 6X higher doping density to provide adequate 
short-channel effects for the programming operation.     
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Fig. 5.  Bitcell VT variation for the NOR technology due to dopant 
fluctuations and process variations.   The active, floating gate, and gate 
length dimensions are assumed to have a +/- 20 nm variation across the 
512k-bit block. 
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Fig. 6.  Bitcell VT variation for the UCPE technology due to dopant 
fluctuations and process variations.  The active, floating gate, and gate length 
dimensions are assumed to have a +/- 20 nm variation across the 512k-bit 
block. 
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 Statistical simulations of the VT0 distribution for 512k-bit 
arrays show excellent agreement with the measured VT0 
distributions for both technologies, as seen in Figs. 7 and 8.  
The four components of variation in Figs. 5 and 6 were used 
in the simulations.  For the NOR technology, the measured 
σVT0,CG of the array is about 80 mV, while, for the UCPE 
technology, the measured  σVT0,CG is about 39 mV.  The 
array VT0 variation is dominated by the dopant fluctuation 
component as the calculated σVT0,CG due to dopant 
fluctuations alone is 76 mV for the NOR technology and 34 
mV for the UCPE technology.   For a 512k-bit array, there 
are ±4.6 σ’s, so the total VT0 variation for the NOR 
technology due to dopant fluctuations is 9.2•(σVT0,CG) = 700 
mV. 
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Fig. 7.  Comparison of the measured and statistically simulated natural VT 
distribution for a 512k-bit array with the NOR technology.  The measured 
σVT0,CG of the distribution is 80 mV and is dominated by the dopant 
fluctuation component. 
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Fig. 8.  Comparison of the measured and statistically simulated natural VT 
distribution for a 512k-bit array with the UCPE technology.  The measured 
σVT0,CG of the distribution is 39 mV and is dominated by the dopant 
fluctuation component. 

Implications for NVM Data Retention 
 
 After cycling, the charge leakage and TTF (Time-to-Fail) 
of Flash cells at low temperature can be described as 
 

   I = A exp ( EOX / B )                                 (2) 
 

  ( )BVEABTCTTF TFOXOXT /)(exp)/( −=               (3) 
 

where A (a statistical distribution) and B are model 
parameters, CT is the total cell capacitance, TOX is the tunnel 
oxide thickness, VTF is the fail threshold voltage, and the 
oxide electric field is calculated as EOX = αG (VT - VT0)/TOX [8-
11, X=-1 in 9,11].  Equation (3) is shown in reduced form, 
excluding the initial VT term that has little contribution [9].  
As seen in (3), the TTF has an exponential dependence on the 
oxide field, which in turn is normally distributed due to VT0. 

 Fig. 9 shows the modeled drop in VT due to charge loss 
from a self-bias field for the same A and B parameters but 
with a 1V VT0 variation.  For a given sense amp trip or fail 
point, the time-to-fail (TTF) varies by 20X for a 1V VT0 
variation as seen in Fig. 10.  Although the TTF improves 
significantly as the fail VT decreases, the TTF dependence on 
VT0 remains the same since VT α ln(t) once significant charge 
loss sets in.    
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Fig. 9.  VT drop with time due to self-bias charge-loss for 3 bits with 
different VT0.  The leakage parameters are fixed to that of a worst-case bit 
from a 512k-bit block.  Lower VT0 reduces the time to reach a fail VT due to 
increased Eox (Eox α (VT - VT0)), while higher VT0 increases the time to 
reach a fail VT due to decreased Eox.  Note that the programmed VT is 
assumed to vary with VT0, as seen at T=1. 
 

 The effect of the VT0 variation on the circuit-level TTF is 
studied in Fig. 11.  With fixed charge-loss parameters 
corresponding to the typical worst-case bit of a 512k block 
after 1000 cycles, the TTF is calculated using only the VT0 
variation that is expected with an increasing number of 
blocks.  The expected first fail time from 1000 blocks is 
about half of the expected first fail time from a single block 
for σVT0 of 80mV.  This is much better than the predicted 
first fail time of less than 0.05X, as seen in Fig. 12, for 1000 
blocks using an extracted A distribution [11, with X=-1], 
indicating that the charge-loss statistics are dominated by the 



variation in the trap-assisted-tunneling conduction of the 
leaky paths [10,12] rather than the VT0 variation which plays a 
much smaller role. 
 

Conclusion 
 
 The major component of the natural VT variation of NVM 
circuits is the intrinsic dopant fluctuations of the well doping.  
Existing analytical models for the VT0 variation with dopant 
fluctuations provide excellent agreement with both circuit 
and device data.  The implications of the VT0 variation on 
data retention are studied and quantified using charge-loss 
models.  
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Fig. 10.  Comparison of the time-to-fail (TTF) for two different fail VT 
levels.  The leakage parameters are representative of a worst-case bit from a 
512k-bit block.  A 1V range in VT0 leads to a 20X variation in TTF for the 
same leakage parameters. 
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Fig. 11.  The first-bit TTF for increasing number of 512k-bit blocks.  The 
leakage parameter values (A, B) are fixed at those of the worst-case bit from 
one block.  Then, the worst-case VT0 (lowest) out of the blocks is decreased 
statistically from its average value as the number of blocks increase. 
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Fig. 12.  The first-bit TTF for increasing number of 512k-bit blocks.  The 
upper curve corresponds to only the VT0 variation with the leakage 
parameters (A,B) fixed while the lower curve uses the extracted A 
distribution (VT0 is fixed at the average VT0 value).   The VT0 variation is 
observed to play a small role in the overall TTF degradation. 

 


