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ABSTRACT

A comprehensive study of hot-electron induced substrate
and gate currents in deep-submicrometer MOSFETS is presented.
The I, and Ig,, characteristics for devices with channel
lengths as small as 0.2um and oxide thicknesses as thin as 55K
are examined. Implications concemning MOSFET reliability and
EPROM programming are discussed. In the deep-submicrometer
regime, established hot-electron concepts and models are found to
be applicable; however, consideration of the finite depth of the
current path and current-crowding induced weak gate control
becomes much more important. With these modifications, physi-
cal analytical models for Ig, and /g, are developed and
verified for deep-submicrometer devices.

INTRODUCTION

As MOSFET dimensions diminish without a corresponding
reduction in power supply, hot-carrier effects continue to impose
reliability limitations on device scaling [1]. The two most visible
manifestations of high-field effects, substrate and gate current,
have been shown to correlate with device degradation for n— [2]
and p— [3] channel devices. Because /g, and /;,, are sensitive
functions of several parameters (such as oxide thickness, junction
depth), physical understanding of these currents is useful in
evaluating and comparing different device designs and structures.

This paper examines and models the substrate and gate
currents in deep-submicrometer MOSFETs. Implications of dev-
ice scaling on MOSFET hot-electron reliability and EPROM pro-
gramming are discussed. Established longer-channel hot-electron
concepts and models (4,5] are examined and found to be applica-
ble. However, the finite depth of the current path and the effects
of current-crowding induced weak gate control are additional
mechanisms that must be taken into consideration. Physical
analytical models for /g, and /g, are developed and verified
using deep-submicrometer MOSFETs fabricated using a
photoresist-ashing technique [6].

SUBSTRATE CURRENT

Hot-Electron Reliability Implications: Fig. 1 shows that,
as expected, peak substrate current increcascs with decreasing
channel length and decreasing oxide thickness. It is well known
that peak /g,, has a close correlation with hot-clectron degrada-
tion [1]. Fig. 2 shows the extrapolated maximum allowable
power supply voltage to insurc 10 years of lifetime as a function
of L, for devices biased at peak I,,. Device lifetime is
defined as the time to reach a 10% reduction in the forward
linear current drive for a bias of Vg, =3V and Vp,,;,, =0.1V.
For a given Ig,,, MOSFETSs with thinner gate oxides exhibit less
drain-current degradation than those with thicker oxides [7].
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However, for a given drain bias, MOSFETs with thinner gate
oxides also exhibit greater peak /g, than those with thicker
oxides (Fig. 1). These two counteracting trends explain why the
hot-electron power supply voltage in Fig. 2 is roughly indepen-
dentof T,,.

Modeling Is,;,: Using quasi-two-dimensional analysis, an
expression for the maximum lateral electric field has been derived
[1,4,8]

E nax = (Vprain — Vpsar )l (¢))

where Vpg,r is the drain saturation voltage and [ is the length of
the velocity-saturation region, which is a function of T,, and x;.
Substrate current can be expressed as [4]

Isup = IDrain (0 /B; XE maxll e @

where o; and B; are the impact ionization coefficients. Typical
values for o; and PB; are o; = 2.5x10%m™ and B; = 2x10%V/cm
[1,9].

In order to account for nonlocality of the impact ionization
coefficient, modifications to Eq. 2 have been made. Based on
Monte-Carlo simulations and theoretical considerations [10], it
has been proposed letting o; = y/ where Y= 3x10'%m=2. By
treating nonlocal effects as a weak parameter dependence in «;,
the basic functional form of the /5,, model is left unchanged.

Scaling of the Velocity-Saturation Region Length, /:
Using Egs. 1 and 2, the parameter ! can be extracted from the
slope  of a plot of I5,/Upsuin(Vprain = Vpsar)]  versus
1(Vp,ain — 12,“?) [11] as shown in Fig. 3. The relation
[=022T,,"%x;" [11,12) has been observed for long-
channel/thick-oxide devices; similar dependences are also seen in
theoretically derived / [4,8]. The linearity of the experimental
data in Fig. 3 suggests that the simple electric field and substrate
current model underlying Egs. 1 and 2 is valid even for deep-
submicrometer devices. In Fig. 3, I is observed to decrease sub-
linearly  with L., (I e L,;;"%) for L,;; <05wn. This
behavior is probably due to the encroachment of the linear region
into the velocity-saturation region as L,s; decreases.

~BilE max

In Fig. 4, [ is observed to become a less sensitive function
of oxide thickness (I o T, ') for 7, < 150&. One explana-
tion for this behavior is the non-negligible depth of the current
path. In [4,8], impact ionization is assumed to occur at the sur-
face. However, in saturation, peak impact ionization actually
occurs hundreds of angstroms below the surface. Thus according
to the quasi-two-dimensional model, ! should scale with an
"effective” oxide thickness consisting of T, and the depth of the
current path. Only when T, becomes comparable to the current
path depth, does ! become less sensitive to the oxide thickness;
Illn's explains why the T, "% dependence is not observed in
[11,12].
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In Fig. 4, the separation between the groups of data points
is due to differences in junction depth. Using PISCES II [13], the
dependence [ o< x,'” is found to remain unchanged even for
deep-submicrometer devices. Thus, for L, <O0.5um and
Ty < 1508, the following relation for / should be used

- 5
= 1.7x1072T,, 8%, 3L, (3)
where I, Ty, x;j, and Loy are all expressed in units of cm.

Current-Crowding Induced Weak Gate Control: Fig. 5
shows that as L., is reduced, Iy, decreases less rapidly with
increasing Vi,,. One explanation for this behavior is current-
crowding induced weak gate control (illustrated in Fig. 6). When
a large amount of current (either from high gate bias, thin gate
oxide, or short channel length) is forced to flow into a shallow
junction, the mobile carrier concentration Q,,,, becomes compar-
able to the doping concentration in a portion of the drain outside
the full gate-controlled region, thus forming a weak gate-
controlled region of length Lp. The high lateral electric field
arising in Lp results in increased Ig,, [14]. As illustrated in Fig.
6, the same drain-junction technology that yields good gate-
control for long-channel devices can produce weak gate-control
behavior in short-channel or thin-oxide devices.

The length of the weak gate controlled region is a function
of the drain doping profile, the gradient of the drain doping
profile, and Q,,,,. The increase in the maximum lateral electric

field can be modeled as
L, Ipyai
AEmax = L ] [m‘ - NDmin ] (4)

& XjVsar

where vy, is the carrier saturation velocity, €; is the silicon
dielectric constant, and Np,,;, is the drain junction doping.

Analytical I5,, Model Results: An analytical substrate
current model based on Eq. 2 and incorporating Egs. 3 and 4 has
been developed. A hot-electron based drain current model is
used for Ip,,;, (15). Fig. 7 shows that a value of L = 508 pro-
duces agreement with the experimental results. In Fig. 8, good
agreement is observed between the I, model and measured
results for a wide range of L.

GATE CURRENT

EPROM Programming and Scaling Implications: Fig. 9
displays the bias Vgae = VDrain) necessary for
IGateWess = 100pA as a function of L, for differing T,,. It
appears that 5V EPROM programming may requirc as small as
0.4um devices for reasonable programming speed. In addition,
Fig. 9 suggests an upper bound to the power supply for normal
device operation in order to prevent excessive gate hot-electron
leakage current.

In Fig. 1 and 9, T, is observed to have different effects on
the hot-electron currents. Reducing T,, diminishes ! (Eqn. 3)
which enhances E,, (Eqn. 1). However, at high V,,, , reducing
T, also increases Vpgar [15] which reduces E,. (Egn. 1).
These two counteracting mechanisms explain why peak Ig,,;,,
which occurs primarily at low Vg,,, increases with decreasing
T, whereas Ig,,, measured at Vg, = Vp,.,, decreases with
decreasing T, .

Fig. 10 shows that, for deep submicrometer devices, /54,
does not decrease with increasing Vi, as is observed in longer-
channel devices. The mechanism of current-crowding induced
weak gate control also explains this behavior. Because E,,
does not decrease as rapidly with increasing Vg,, as in long-
channel devices, and because oxide-barrier lowering [16] with
increasing Vg,,, remains unchanged, /s, increases.

Model for I;,,: An expression for gate current based on
the lucky-electron model has been developed (5]

[Galc = F(Eax )IDraine_‘DB/(quM) (5)
where F(E,,) is weak function of the oxide field and ®p is the
effective barrier height (including barrier lowering). However,
IGae has been measured at drain voltages well below ®p [17];
this phenomenon has also been observed in this study. This fact
would tend to suggest that an effective-temperature rather than a
Iucky-electron model be used. If an effective-temperature model
is adopted, then a similar expression to Eq. 5 can still be
obtained by making the substitution T, = gE .Mk [17].

According to Egs. 2 and 5, a correlation is expected
between Iy, /e, and Ig,,/lp,, [5); this is illustrated in Fig.
11. The fact that the correlation still applies for deep submi-
crometer devices, suggests that the basic Ig,, and /g, models
are still valid in that regime.

Analytical /;,, Model Results: An analytical gate current
model based on Eq. S, incorporating Eqs. 3 and 4 and a hot-
electron based /p,,;, model [15}, has been developed. In Fig. 12,
good agreement is observed between the /;,, model and meas-
ured results for a wide range of L.

CONCLUSIONS

In this study, the hot-clectron currents in deep-
submicrometer MOSFETs have been comprehensively analyzed.
With appropriate modifications , existing /g, and Ig,, concepts
and models are found to be applicable for deep-submicrometer
devices.
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Figure 1. Peak  substratc  current  versus Ly  for
To. = 55K, 85K, 156&. The drain voltage is 3.5V.
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Figure 2. Voltage required to insure 10 years of device life-
time for T, = 568, 86&, 156X.
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Figure 3. Plot of  10g(Isyy/Iprain(Vp — Vpsar)] Versus
1/(Vp ~ Vpsar) for Leg= 0.2um, 0.4um, 0.7um,
1.0um. The oxide thickness is 858.
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Figure 4. The velocity-saturation region length / as a function
of oxide thickness. Separation between the groups
of data points is due to differences in x;.
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Figure 5. Substrate current versus VGate for

Legr = 0.3um, 0.5um, 0.8um, 1.5um. The oxide
thickness is 85&. The drain voltage is 3.5V.
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Figure 6. A physical model for the weak gate-controlled
region. Ly, represents the extension of the velocity-
saturated region of the channel / into the drain.
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Substrate current versus Vgue for To = 858 and
Vp = 3.5V. The model for 3 values of Lp is com-
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Leg = 0.2um, 0.5um, 1.4um. The oxide thickness is
55A. Model and experimental results are presented.
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Figure 10. Gate current versus Vg, for Leg=0.8um
Vp =5V and L, =04um Vp=4V. The oxide
thickness is 156A.
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Figure 11. Igue/Ipmin versus Is,/Ipqin for constant Vg — Vp.
The channel length is 0.3pm. The oxide thickness
is 854.
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Figure 12. Gate current versus VDrain for for

Legr = 0.3um, 0.5um, 0.8um. The oxide thickness
is 85K. Model and experimental results are
presented.
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