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Abstract—The effect of the activated floating-gate (FG) im-
purity concentration on the programmed threshold-voltage (Vt)
distribution was newly investigated and analyzed. The lower FG
impurity concentration leads to a wider threshold-voltage distri-
bution, which is explained by the time-dependent tunnel-oxide
electric-field enhancement effect induced by the reduction of the
depletion region in the FG as the programming time is length-
ened. Initially, the FG is deeply depleted at the interface of the
tunnel oxide. However, as the programming time is prolonged,
electrons by Fowler–Nordheim (FN) tunneling in the FG gener-
ate electron–hole pairs, and generated holes are gathered at the
interface of the tunnel oxide, which reduces the depletion region,
and enhance the oxide electric filed. The enhancement effect of the
electric field for the tunnel oxide is coupled to the FN tunneling
statistics and enlarges the distribution of the programmed Vt .
This effect is more clearly observed at the lower FG impurity
concentration, which gives the limitation of the minimum impurity
concentration in FG. Monte Carlo simulations considering both
the tunnel-oxide electric-field enhancement effect and FN tunnel-
ing statistics were carried out and showed good agreement with
the experiments.

Index Terms—Electron injection statistics, Flash memory de-
vices, Fowler–Nordheim (FN) tunneling, program efficiency, semi-
conductor device modeling.

I. INTRODUCTION

IN NAND Flash memory devices, the Fowler–Nordheim
(FN) tunneling mechanism has been used for programming

and erasing operation in order to realize high reliability and
low power consumption, which enable more than 4-kB page
programming at once [1]. Recently, the multilevel (2 bit or
3 bit/cell) technology has become indispensable to achieve
high-density NAND Flash memory devices [2]. For multilevel
NAND Flash memory devices, it is essential to achieve the
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tight threshold-voltage (Vt) distribution in each state. When
the threshold-voltage distribution becomes narrower, the Vt

margin between neighboring levels can be relatively wider, and
higher reliability can be obtained. In order to secure the tight
Vt distribution for programming, a step-up program scheme is
commonly used to serve a constant FN current per each step [3],
[4]. In the step-up programming method, the control gate (CG)
voltage is not kept constant but increases as a staircase with a
fixed step amplitude of Vstep. After each step of the staircase,
the programmed Vt of the cell is sensed and compared with
a verify level. If the sensed Vt is larger than the verify level,
the programming is concluded; otherwise, another CG step is
applied to the memory cell. This allows the tight Vt distribution.
When the applied CG voltage is kept constant, the tunnel-oxide
electric field is reduced due to the increasingly stored charges
in the floating gate (FG) after the program time becomes longer.
However, by applying the staircase programming pulse with the
fixed step amplitude, the tunnel-oxide electric field can be kept
constant and results in the almost constant FN current from the
substrate to the FG in each step. Therefore, the Vt increase per
each short pulse is almost constant, and Vt increases propor-
tional to the number of steps due to the constant FN-current
programming steps. Moreover, the Vt increase per each step
is nearly equal to the CG step-up height. This result comes
from the FN-tunneling programming characteristics [5]. For
ideal case, the Vt distribution width should become the same as
Vstep. However, the real Vt distribution width becomes larger
than Vstep, due to the noise during programming and reading.
The main program noise is the FN tunneling statistics [6]–[9],
and the main read noise is the random telegraph noise (RTN)
[10]–[13]. Due to the low probability of electron tunneling, the
FN tunneling probability is considered to follow sub-Poisson
statistics [7]. The effect of electron tunneling current fluctuation
is becoming serious as cell size scaling due to the reduction of
the capacitance between the CG to the FG. The Vt deviation
from the neutral one is expressed as the injected charge in the
FG divided by FG–CG capacitance δVt = δQFG/CPP, where
QFG is the charge in the FG and CPP is the capacitance
between the FG and the CG. Therefore, when the capacitance
of CPP is reduced, the Vt variation becomes larger, i.e., propor-
tional to the inverse of CPP. In this paper, we newly investigate
the effect of the FG impurity (phosphorus) concentration on the
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programmed ΔVt distribution. We show that the Vt distribution
width after programming has strong dependence on the FG
impurity active doping concentration, and the Vt distribution
width becomes wider at the lower active FG doping. Here,
the definition of doping is the same as the active phosphorus
doping in the FG as a matter of practical convenience. It
was reported that the erase efficiency has both temperature
and erase pulsewidth dependence, which was explained by the
FG polysilicon deep-depletion effect during erasing [14]. In
the case of high temperature and long erase pulsewidth, the
thermally generated holes are stored in the FG. These holes
reduce the depletion width in the FG so that the erase efficiency
is recovered. The deep-depletion effect in FG also needs to be
considered for programming. The Vt distribution broadening
at the lower phosphorus doping closely relates to the time-
dependent variation of band bending in the FG depletion region
at the interface of the tunnel oxide during programming. At
the early stage of the one-shot programming pulse, a wide
band bending in FG occurs and reduces the electric field of
the tunnel oxide, which results in the reduction of the program
efficiency. However, as the programming time becomes longer,
the FN tunneling electrons in the FG generate electron–hole
(e–h) pairs in the FG; these holes form an inversion layer at the
tunnel-oxide interface, and the amount of the band bending is
reduced. This mechanism of the e–h pair generation in the FG
for programming is different from that of erasing. In the case
of erasing, only the thermally activated e–h generation occurs.
However, in the case of programming, the tunneling electrons
into the FG become hot and then create e–h pairs.

This reduction of depletion width makes the tunnel-oxide
field reduction slower. As FG doping is lowered, the band
bending in the FG becomes larger. Therefore, the tunnel-
oxide field enhancement effect appears more clearly than that
with the higher FG doping. This feedback mechanism in the
case of the lower phosphorus doping causes the broadening
of programmed Vt distribution. In this paper, we propose the
analytical model to explain these phenomena considering both
effects of FN tunneling statistics and oxide field enhancement
by the hole amassment in the FG. A numerical calculation
was done by the Monte Carlo method, which showed good
agreement with the measured data. It has been well known
about the relationship between phosphorus concentration in the
FG and cell reliability. Generally, the high concentration of
phosphorus must be poured in the FG in order to get the active
high doping state, which degrades the tunnel-oxide quality [15],
[16]. Therefore, the phosphorus dosage in the FG must be
carefully designed, considering both two important effects of
the reliability and the Vt distribution margin.

II. EXPERIMENTAL DATA

We conducted an experimental investigation of the Vt distrib-
ution spread using the step-up programming scheme, as shown
in Fig. 1. The measurements of the programmed Vt distributions
have carried out by using the 40-nm-feature-size 16-Gbit NAND

Flash device.
Fig. 2 shows the Vt distributions of one page (4 kB), which

were arrayed in the same word line and programmed at the

Fig. 1. Program sequence of the step-up programming. Step-up programming
pulse with verify read is applied to the 40-nm-rule NAND device. The staircase
program pulse is applied to the CG where pulsewidth is fixed at 20 μs. The
verify read sequence is inserted to monitor if each cell Vt exceeds the verify
level or not, i.e., between two program pulses.

Fig. 2. One-page Vt distribution with verify programming is shown with a
fixed Vstep value. NAND cell array with low FG phosphorus doping shows a
wider Vt distribution than that with high doping.

Fig. 3. Example of ΔVt transients measured on the 40-nm-rule NAND cells.
Left- and right-hand graphs show the data using low and high FG phosphorus
doping, respectively.

same time using the step-up programming, where the step-up
height of Vstep is constant and the program pulsewidth of τs is
20 μs. Vt distributions with the higher and lower FG phosphorus
doping are compared. For a fair comparison, exactly the same
fabrication processes were done except the FG doping, and
exactly the same program sequence, which consists of the initial
CG voltage, step-up height, pulsewidth, and verify level, was
used. The Vt distribution with the lower FG doping is wider
than that of the higher one. Fig. 3 shows the Vt transients of
several cells applying the step-up programming pulses from the
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Fig. 4. Bit-by-bit Vt transient (ΔVt) distribution from i to i + 1 staircase
programming pulses. ΔVt distribution sampling points are accumulated by
adding the data of i = 12 ∼ 17. Vstep is 400 mV. The NAND cell array with
low FG phosphorus doping shows wider ΔVt distribution than that with high
doping.

12th to the (12 + i)th, where Vt(j) means the Vt after the jth
number of program steps. The average increment of the Vt in
both FG doping is almost the same as Vstep. Fig. 4 shows the
cumulative ΔVt distributions in one page, where ΔVt means
the Vt shift from j to j + 1 step-up programming pulses; and
[ΔVt ≡ Vt(j + 1) − Vt(j)], where j is 12–17. For the ideal
case without the program noise and the read noise, ΔVt should
become almost the same as Vstep. However, the distribution
spreads wider than Vstep due to program noise and read noise.
Moreover, the ΔVt distribution of the low FG doping shows
wider spread than that of the high doping, and tail bits are
observed at the higher bound in the case of the low FG doping.

In order to avoid the Vt distribution increase due to erratic
bits, a NAND integrated circuit without W/E endurance is used
to measure. Accordingly, as shown in Fig. 4, the data of ΔVt

distribution have no discontinuous bits, which are usually mon-
itored when erratic bits exist. Therefore, the ΔVt distribution
characteristics should be analyzed not by tunnel-oxide quality
but by statistical point of view.

III. MODEL FOR THE ELECTRON INJECTION PROCESS

The constant-current FN programming of the NAND Flash
device is achieved by the application of a staircase CG voltage
of the VCG waveform with the fixed step amplitude of Vstep

and pulsewidth τs. The periodic increase in VCG during a ramp-
programming scheme is intended to balance the field reduction
that follows the electron injection into the FG, maintaining
a nearly constant tunnel-oxide electric field. The dosage of
phosphorus in the FG is usually in the order of 1020/cm3, and
some of them become electrically active doping. The detail of
the time dependence of the FG potential is considered in each
programming step. At the beginning of the N th programming
pulse duration, the tunnel-oxide interface in the FG is deeply
depleted due to the large electric field at the tunnel oxide and
has a large band bending, as schematically shown in Fig. 5(a).
The tunneling electrons become energetic at FG and generate
e–h pairs. These generated holes are gathered at the interface
of the tunnel oxide. Therefore, as the programming time has
become longer, gathered holes create the inversion layer and

Fig. 5. Schematic 1-D band diagram for the NAND cell during programming.
(a) Band diagram at the initial stage of programming and the process of FN
tunneling currents that generate e–h pairs. Generated holes move to the tunnel-
oxide interface, and generated electrons move to the interface of ONO. (b) Band
diagram after the passage of programming time. The inversion layer of holes
has formed and degenerated the deep-depletion region (Band bending height
becomes smaller, as compared with that of initial case).

reduce the depletion width in the FG, which results in the
reduction of the band bending voltage Vbend. Generally, after
the programming time is prolonged, the charges stored in
the FG reduce the tunnel-oxide electric field. However, the
Vbend reduction makes the tunnel-oxide field reduction slower.
This Vbend reduction is schematically shown in Fig. 5(b).
Thereby, the electric-field enhancement through the tunnel
oxide increases the FN tunneling current at the latter period
of the N th programming pulse duration. Before applying the
next N + 1th programming pulse, a verify read sequence is
inserted. Then, generated holes during programming diffuse
into the whole FG area and will almost recombine with elec-
trons during the long verify read period. Therefore, the deep
depletion in the FG repeatedly occurs at the beginning of the
next N + 1th programming pulse duration. This electric-field
enhancement effect through the tunnel oxide appears more
severely in the case of lower phosphorus doping in the FG
because of the larger Vbend at the beginning of the programming
pulse duration. The wider ΔVt distribution in the lower doping
FG can be analyzed by this effect. The tunnel-oxide field is
expressed as

VFG − Vbend = Eox · tox (1)

where VFG is the FG voltage at the edge near to the CG, Vbend

is the band bending value of the FG at the interface of the tunnel
oxide, tox is the tunnel-oxide thickness, and Eox is the electric
field of the tunnel oxide.

The electric field in the FG–CG interpoly dielectric (EONO)
is expressed as

VCG = VFG + EONO · tONO (2)

where tONO is the thickness of the interpoly dielectric.
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The charge stored in the FG QFG is expressed as

QFG =Cpp(VFG − VCG) + Cox(VFG − Vbend)

+ Cα(VFG − Vα)

=Ctot · VFG − Cpp · VCG − Cox · Vbend

+ constant (3)

where Cox is the capacitance between the FG and Sub
(source/drain (S/D) + channel capacitance), Cα is the capac-
itance between the FG and the other node of neighboring cells,
and Ctot is the total capacitance between the FG and the others.
Bias Vα at the neighboring cells has no time dependence during
programming. Thus, Vα is treated as a constant voltage. Vbend

is expressed as

Vbend =
q

εox

Xd∫

0

xNFG(x)dx (4)

where Xd is the depletion width in the FG and NFG is the
activated phosphorus concentration in the FG. During program-
ming, electrons are injected from the substrate by FN tunneling,
become hot electrons after passing the tunnel barrier, and arrive
to the FG. These hot electrons generate e–h pairs. Auger recom-
bination will reduce the number of holes. However, remaining
holes move to the interface of the tunnel oxide and form the
inversion layer, which reduces the depletion width of Xd in
the FG. The generation rate of e–h pairs can be measured
by using the charge separation method of the MOS transistor
applying negative bias to the gate with the p-type substrate
(p-substrate) grounded. The monitored p-substrate current is the
net hole current, which is deducted by Auger recombination.
The number of generated holes is fixed to 1.5 times FN-injected
electrons JG [17] by hypothesizing that the low-doping Si
substrate case can be extended to the FG case.

Using this value, we can estimate the gathered holes per
cm2 (Qhole) at the interface of oxide as

Qhole = 1.5

τs∫

0

JG × dt. (5)

Then, the relation between Qhole and the band bending in the
FG is expressed as

εox

tox
(VFG − Vbend) =

Qhole

Aox
+ q

Xd∫

0

NFG(x)dx (6)

where Aox is the FG tunneling area faced to the S/D and the
channel.

From (1)–(6), we can analyze the time-dependent charge
amassment in the FG by FN tunneling current, where the
tunneling current is expressed as JG = AE2

ox · exp(−β/Eox)
and A and β are fitted by the measured tunneling current. In
order to estimate the ΔVt spread for programming, we need to
consider the electron tunneling statistics [5], [6]. FN tunneling
is assumed to follow the Poisson statistics. Combining the

Fig. 6. Measured FG resistivity as a function of the p-substrate bias with a
thick gate oxide (∼40 nm). Both FG resistances with low FG and high FG
phosphorus doping are compared.

effect of the band bending reduction due to the holes stored
in the FG and the FN tunneling statistics, we can analyze the
ΔVt distribution of each step-up program pulse. Monte Carlo
simulation was carried out where each program pulse is divided
into many small segments, and the calculation is carried out by
each segment. At the first segment, there is no hole in the FG.
Thus, the tunnel oxide filed is derived as a function of charges
in the FG and the band bending without hole amassment. In
this first segment, the probability of FN tunneling follows the
Poisson statistics, and Monte Carlo calculation are used to
evaluate the FN tunneling probability. In the next segment, the
band bending value is modified according to the generation of
holes by the injected electrons in the FG at the first segment.
The tunnel-oxide field has a feed back of charges in the FG as
well as the band bending in FG. Then, FN tunneling probability
is calculated again. These procedures are repeated.

IV. ESTIMATION OF PHOSPHORUS

CONCENTRATION IN THE FG

In order to execute a numerical calculation of ΔVt distribu-
tion, we must know the phosphorus doping concentration in the
FG, which is electrically activated. Two methods were used to
evaluate the phosphorus doping. One is the C–V measurement
method. The other is to measure the gate resistance variation
dependent on the p-substrate bias, as shown in Fig. 6. Both
of them can monitor the gate depletion effect, where the gate
materials are the same as the FG. In the case of an n-channel
MOS capacitor, the inversion layer is formed, and the value
of the capacitance increases when the gate bias is swept from
negative to positive with the S/D grounded. However, as the
gate bias is over ∼3 V, the gate at the oxide interface is depleted,
and the value of the capacitance turns to be reduced. Therefore,
from the C–V data, phosphorus doping can be estimated. 1-D
simulation is done to calibrate the channel boron profile and is
fitted to the experimental C–V data. The estimated value is also
supported by the resistance measurement method. When the
negative bias is applied to the p-substrate, the gate-depletion-
area spread and the depletion area will not contribute to the
resistor. Therefore, the gate resistance becomes larger as the
p-substrate bias shifts to the negative side. From the resistance
increment ratio as a function of the p-substrate bias, FG doping
can be also estimated.
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Fig. 7. Calculated ΔVt distribution considering the effect of FN tunneling
statistics in both cases with low and high FG phosphorus doping.

Fig. 8. Calculated time-dependent FG band bending in both cases with
low and high FG doping. This graph shows the average value of the time
dependence of Vbend.

V. RESULTS

The calculated ΔVt distributions with high and low FG
phosphorus doping are shown in Fig. 7. It is clear that ΔVt

distribution with the low FG doping shows a wider spread
in comparison with the case of the high doping, due to the
tunnel-oxide electric-field enhancement effect. Fig. 8 shows
the calculated result of the average Vbend as a function of
programming time. As the programming pulsewidth becomes
longer, the band bending of Vbend is monotonically reduced
due to the hole amassment in the FG. The reduction of band
bending ΔVbend is larger at the low FG doping, which causes
the larger tunnel-oxide electric-field enhancement effect and
results in the wider ΔVt distribution. Before the comparison of
ΔVt distribution with the experimental data, we need to taken
into account the effect of the RTN. In the case of the 40-nm cell
feature size, the Vt fluctuation due to RTN cannot be neglected,
as shown in Fig. 9. The probability of ΔVt considering both
effects becomes

Ptot(Vt) =
∫

PRTN (V ′
t ) · PFN (Vt − V ′

t ) · dV ′
t (7)

where PRTN and PFN are the probability of ΔVt variation come
from RTN and FN tunneling statistics, respectively.

A. Comparison With Experiment and Calculated Results

Finally, the calculated ΔVt distributions considering both
effects of FN current statistics and RTN are obtained, as shown

Fig. 9. Measured RTN noise amplitude of a 40-nm-feature-size NAND cell
array. Noise levels between low and high FG phosphorus doping have no
difference.

Fig. 10. Measured and calculated ΔVt distributions. Results refer to the
40-nm-feature-size NAND technology. Both effects of FN tunneling statistics
and RTN are considered for the calculation.

Fig. 11. Calculated σ(ΔVt) as a function of FG phosphorus doping. Vstep is
fixed to 400 mV.

in Fig. 10. The calculated results agree well with experiments
in both cases of the high and low FG doping, which verify the
accuracy of the model. Fig. 11 shows the phosphorus doping
dependence of σ(ΔVt), where the feature size of the memory
cell and Vstep is fixed at 40 nm and 400 mV, respectively. In this
calculation, the effect of FN tunneling statistics is considered,
and the effect of RTN is not considered. The value of “high” and
“low” doping used in Figs. 2–4, Figs. 6 –10 is also illustrated
in Fig. 11. The ΔVt distribution significantly spreads with the
reduction of the FG phosphorus doping. This ΔVt distribution
widening mainly comes from the existence of the tail bits at the
high ΔVt side, as shown in Fig. 7. Reversely, the amount of
tail bits at the high ΔVt side can be reduced as the FG doping
increases. It means that, when the FG doping becomes heavier,
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Fig. 12. Measured ΔVt distribution with different temperature in both cases
with low and high FG phosphorus doping.

Fig. 13. Calculated σ(ΔVt) as a function of technology nodes. σ(ΔVt)
values with low and high FG phosphorus doping are compared, where Vstep

is fixed 400 mV.

the σ plot of the ΔVt distribution shows clearer linearity, as
shown in Fig. 10. This result provides one new guide line for
the design of NAND cell process/integration.

B. Temperature Dependence of ΔVt

Fig. 12 shows a measured ΔVt distribution in both high-
and room-temperature cases. The ΔVt distribution in high
temperature becomes narrower in comparison with that in room
temperature, i.e., in both cases of the low and high FG doping.
At high temperature, the thermal generation of e–h pairs in the
depletion region of the FG occurs, which enhances not only the
amassment of holes in the FG but also the generation of e–h
pairs by FN tunneling electrons. Therefore, the reduction of the
depletion region is accelerated and makes the ΔVt distribution
tighten [14]. The ratio of ΔVt distribution width reduction at
high temperature is slightly larger at the lower FG doping case.
The wider depletion region at the lower FG doping will help
the thermal e–h pair generation. Therefore, the ΔVt distribution
widening by the tunnel-oxide electric-field enhancement effect
becomes relatively smaller at high temperature.

VI. SCALING PROJECTIONS

Generally, the miniaturization of the NAND cell involves the
reduction of Cpp, which determines an increase in σ(ΔVt).
Furthermore, the tunnel-oxide electric-field enhancement effect
at the lower FG impurity doping accelerates the increase in
σ(ΔVt) as the cell size scaling, as shown in Fig. 13, where
the effect of FN tunneling statistics is considered. The rapid
increase in σ(ΔVt) resulting from the figure introduces a new

reliability constraint to the design of the Vt levels of the future
NAND technologies. The upper limit of the impurity doping will
come from the tunnel-oxide reliability degradation. Conversely,
the lower limit may come from this ΔVt distribution spread.

VII. CONCLUSION

This paper has investigated the effect of the activated FG
impurity doping on the NAND Flash programmed Vt distri-
bution and provided the accurate physical model to explain
the phenomena. NAND cells show the wider threshold-voltage
distribution as FG impurity doping lowers. The phenomenon is
explained by the time dependence of the band bending in the
FG. At the beginning of the programming pulse applied, the
FG is in deep-depletion condition. However, as the program-
ming time is prolonged, FN tunneling electrons generate e–h
pairs, and then generated holes form the inversion layer, which
reduces the depletion region and enhances the oxide electric
filed. Therefore, FN tunneling current recovered as electrons
are accumulated in the FG. The NAND cells with the lower
impurity doping have a wider depletion region, and the tunnel-
oxide field enhancement effect appears more severely. Monte
Carlo simulation considering the tunnel-oxide electric-field
enhancement effect and FN tunneling statistics were carried
out and showed good agreement with the experiments. The
analysis of Vt distribution broadening strongly correlates with
FG impurity doping and gives the new aspect for the NAND cell
design.
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