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A Simple Punchthrough Voltage Model for
Short-Channel MOSFET's with Single
Channel Implantation in VLSI
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Abstract—Based on the step-profile approximation and geometrical
analysis, the punchthrough voltage of short-chanmel enhancemeut
n-channel MOSFET’s with single channel implantation has been de-
rived by defining a punchthrough depth. The punchthrough depth,
which represents the distance of the two-dimensional potential ridge
from the SiQ,-Si interface, is calculated by the surface potential of the
punchthrough point. Therefore, the derived punchthrough voltage
model is then analytically expressed in terms of device geometries and
implant parameters. Comparisons between the developed model and
the experimental devices have been made and excellent agreement has
been obtained.

I. InTRODUCTION

TH THE ADVENT of fine-line lithographic tech-

niques, MOSFET’s can be scaled down to such an
extent that they are approaching the physical limits of op-
erating principle [1]-[3]. It is also known that the circuit
speed and packing density are much improved if the scaled
down MOSFET’s are used. It has been shown, however,
that many deleterious phenomena will occur, which are
hardly observed from larger dimension devices. Among
these deterious phenomena, punchthrough and avalanche
breakdown have been recognized to be the most important
phenomena for short-channel MOSFET’s [1]-[6]. The
punchthrough breakdown of a MOSFET will limit the op-
erating drain voltage to a small value and result in the
unreliable operation of integrated circuits.

A simple  one-dimensional analytic model for the .

punchthrough voltage was first developed by Taylor {7] in
which the punchthrough point is assumed to be located at
the SiO,-Si interface. More recently, a more elaborate

model based on geometrical analysis has been proposed
by Hsu ef al. [8)]. This model, however, is only valid for

a uniformly doped substrate which does not exist for pres-
ent and future MOSFET’s. Due to the complexity of anal-
ysis, two-dimensional numerical analyses for the punchth-
rough effect have been carried out by several authors [9],
[10], and the punchthrough voltage is defined by a certain
current level by considering the effect of drain-induced
barrier lowering. Until now, there has not been an analytic
model for the punchthrough voltage of channel-implanted
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Fig. 1. (a) A double-step profile approximation for single channel implan-
tation; (b) the geometric model for a single channel-implanted MOSFET.

MOSFET’s, which are the practical devices used in VLSI.
In this paper, an analytic model for the punchthrough volt-
age is presented, in which a channel-implanted profile is
approximated by a step profile. Based on simple geomet-
rical analysis, the punchthrough voltage is derived in terms
of punchthrough depth and device parameters, and the
punchthrough depth is calculated in terms of applied
biases through surface potential. Comparisons between the
experimental data and the developed model have been
made, and good agreement has been obtained. Therefore,
the developed model can be used as a design aid for short-
channel MOSFET’s in VLSI. :

1. MopEL DEVELOPMENT

Assuming a step profile approximation for a single
channel-implanted substrate as shown in Fig. 1(a), if the
punchthrough point is located in the implanted region as
shown in Fig: 1(b), a new definition for the punchthrough
condition can be expressed by

Ly — Ay, — Ay; =0 ¢))

where L is the effective channel length, Ay, (Ay,) is the
surface distance between the punchthrough point and the
edge of source (drain) diffusion island.
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Based on geometrical analysis, we may obtain

Ay, = [(r; + W) — x1"* — 1 )

3

where 7; is the source (drain) junction depth, x,; is the
punchthrough depth, and W, (W, is the depletion width
of the source (drain) implanted layer junction.

From (2) and (3) it is clearly seen that if x; = O, i.e.,
the punchthrough point is located at the SiO,—Si interface,
then Ay, = W,, Ayy = W,. If x,is increased, Ay, and Ay,
are decreased, then the applied drain voltage needed to
satisfy the punchthrough condition is increased.

If we assume that the source (drain) implanted layer
junction can be treated as an abrupt p-n junction, then W,
and W, can be easily written as

W — [2%(1/31' + VBG)]UZ
* gNs

—_— {2@(1/&- + Vi + VDS)]”Z
! qNs \

Ay =10y + W* = x1 = 1)

@)

&)

where N is the doping concentration in the implanted re-
gion, which is equal to Nz + Nyg, and Vg, is the built-in
voltage across the source (drain) implanted layer junction,
which can be easily written as

= k_len <ND£VS>_
q n;

Note that Nj is' the doping concentration in the source
(drain) diffusion island and #; is the intrinsic carrier con-
centration of silicon.

Putting (2)-(5) into (1), we obtain the punchthrough
voltage as ' '

VBi

©)

N,
Vor = 22 {0y + 20)° = 2L + 21)
5

o + WY — xR+ 2w

+ 217 = 21 [Lee + 1)

— 2Leg + 2rL(r; + W) — x /1"

+ 2 W, + W2+ 1 @)

From (7) it is clearly seen that if x;, = 0, (7) can be

reduced to
L [2es(VB,- + VBG)]”Z ’
2Es ¢ qNS

— (Vi + Vio)- (8)

It is clearly seen that (8) is the same as that derived by
Taylor [7] if Ny = N4p.

Since the channel implanted depth becomes deeper for
MOSFET’s in VLSI, in order to increase the punch-
through voltage, the punchthrough point is assumed to be
located in the implanted region for zero back-gate bias.
Therefore, the applied gate voltage can be related to the

Vpr =
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Fig. 2. Doping profile and step profile approximation for single channel
implantation used in [10].

surface potential by the following equation:

q(Nag + Nyg)
Lras T N4

Vos = Vg + ¢ + C.

®
where Vyy is the flatband voltage and C, is the gate oxide
capacitance per unit area. v

“The punchthrough depth x, can be calculated by using
Poisson’s equation. The result is ‘

2e 12
oo
qWN4g + Nyg)

kT

N 1/2
. [¢s + Ve + 7ln —"§>] (10)

1+
< Nyp

where kgT/q In (1 + N45/N4p) is the built-in voltage of
high-low junction formed by channel implantation.

Combining (9) and (10) we may obtain an explicit form
for x; as follows:

2e 12
[Q(NAS + NAB)}

Xqg —
172 1/2
44
R
2 rl
kgT N
A = Vs + Vag — Vg + ——In <1 + ﬁ) (12)
q Ny
o= ZfI(NAs + AB)ES' 13

2
Co
III. ExXPERIMENTAL RESULTS AND COMPARISONS

In order to verify the accuracy of our developed model,
the experimental results measured by Barnes et al. [10]
are used to compare with our model. The implant profile
used in [10] is shown in Fig. 2 and the process data and
parameters used in the step profile are shown in Table 1.
The I-V characteristic of the measured devices (L =
0.79, 0.9, and 1 um) for Vg = Ve = 0 is shown in Fig,
3. Based on the current level definition [10], the punch-
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Fig. 3. The I-V characteristics of the fabricated short-channel MOSFET’s
presented in [10]. .

TABLE I
DEVICE PARAMETERS USED FOR SIMULATIONS
Parameters
Values
Region Shape Quantities
Maximum 3 19
Concentration NSMax(cm ) 1.0x10
Source
and Gaussian g::?diign ag_{um) 0.065
Drain : 1a S
Junction
Depth xj(um) 0.28
Maximum ’ -3 16
Concentration| NaMax{cm )| 2.9x10
; Standard
Channel Gaussian Deviation cc(um) Q.17
Range R 0.0
g P
Substrate Doping Concentration NAB(cm_3) 1.0x10%°
Gate Oxide Thickness tox(nm) 40
VFB(V) -0.3
Simulated
parameters ¥ (um) 0.2942
(step profile)
- .16
Nygflem 7) 2.10%10

through voltages of these three devices are compared with
our model and are shown in Fig. 4. It is clearly seen that
good agreement between the experimental results and our
simple model has been obtained. Moreover, in order to
further verify the accuracy of our simple model, short-
channel devices were measured which were fabricatec on
a production line. The basic parameters extracted from
the threshold voltage measurements and the process pa-
rameters are listed in Table II. The I-V characteristic of
the measured devices (L. = 1.20, 1.30, and 1.35 um) are
shown in Fig. 5. Similarly, based on current level defini-
tion (10‘6 A) [10], comparisons between our experimental
measurements and the theoretical model are shown in Fig.

6. Again, good agreement between these comparisons has-
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Fig. 4. Comparisons between the measured punchthrough voltage (from
Fig. (2)) and the developed model. The parameters used for simulation
are cited in Table 1.

162 T
o 4A EXP.(7389-6)
Vo= Vpg=0 volts g

%

p)

. IDs(am

8,

DRAIN CURRENT

Left=t2um 135m
2 . . .
0 5 10 15 20
N DRAIN VOLTAGE , Vy{valts)

Fig. 5. The I-V characteristics of the fabricated short-channel MOSFET’s
(wafer 7389-6).
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Fig. 6. Comparisons between the measured punchthrough voltage (from
Fig. (3)) and the developed model. The parameters used for simulation
are cited in Table II.
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TABLE 11
DEVICE PARAMETERS OF WAFER 7389-6 USED FOR SIMULATIONS
Wafer No.
7389-6
Specification
Source And Drain
Junction Depth 0.4
(1m)
Gate Ox1?§)Th1ckness 602
Substrate Doping - 14
Concentration 9.50%10
-3
(cm 7)
Effective Channel Width )
(im) 48.35
Source And Drain 20
Doping Concentration 1.00x10
(en™ )
gg;?::t Energy (Kev) 30
t —
éigggfs Gate Dose’ (cm 2) 3.l><10ll
vFB (volt) -0.89
Simulated
Parameters
(Stope vg (um) 0.18
Profile)
Nyg (em™?) 1.67x10%0

been obtained, which strongly supports the accuracy of
our simple model. Moreover, comparisons between the ex-
perimental data and the results of Taylor’s model are shown
in Fig. 6, in which N, = N, = 9.5 X 10"*/cm® is used in
(8). It is clearly seen that a large discrepancy is obtained
by using Taylor’s model.

It should be noted that the developed s1mp1e model is
not valid as the punchthrough point is located in the sub-
strate region. This situation will occur when the back gate
is applied. The analysis of this case is sliglitly complicated
and will be presented elsewhere. As the back-gate bias is
applied, however, the punchthrough depth becomes deeper
and the punchthrough voltage is increased. Therefore, the
punchthrough voltage at zero back-gate bias becomes the
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worst case for the MOSFET’s, which is important for a
device designer.

IV. ConNcLusioN

- This paper has presented a simple model for the
punchthrough voltage of n-channel enhancement MOS-
FET’s fabricated with single channel implantation. In or-
der to verify the developed model, comparisons between
the experimental measurements and the developed model
have been made. It is shown that excellent agreement has
been obtained. Although the developed model is only valid
for the case where the punchthrough point is located in the
channel-implanted region, it can be used to predict the
worst case of the punchthrough voltage for short-channel
MOSFET’s (below 1 um) in VLSI. '
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