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348 SILICON PROCESSING FOR THE VLSI ERA - VOLUME II
5.6 HOT-CARRIER EFFECTS IN MOSFETs

If device dimensions are reduced and the supply voltage remains constant (e.g., 5 V), the
lateral electric field generated in MOS devices increases. If the electric field becomes
strong enough, it can give rise to so-called hot-carrier effects in MOS devices. This has
indeed become a significant problem in NMOS devices with channel lengths smaller
than 1.5 um (and in PMOS devices with submicron channel lengths).30 Hot-electron
effects are more severe than hot-hole effects because of the higher electron mobility.
Therefore, we begin our discussion by considering hot-electron effects in n-channel
devices. At the end of this section we will also discuss the impact of hot-carrier effects
on p-channel devices.

The maximum electric field, Epf, in a MOSFET occurs near the drain during
saturated operation. A rigorous calculation of the field near the drain is a complex
procedure, requiring a computer-aided solution of the two-dimensional Poisson equation,
with the results of one such analysis being shown in Fig. 5-26. Nevertheless, the
value of Ep can be estimated from>2

EM =(VDS - Vpsa)/m (5-19)
where

m = 0.22 tox 13 / xy12 (5-19a)

and tox is the gate oxide thickness and x;' approximately corresponds to the source/drain
junction depth. Although Vpga; depends on Legy, the dependence is weaker than a linear
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Fig. 5-26 Magnitude of the electric field at the Si-SiO9 interface as a function of distance:
L=1.2um, VDg =85 V, Vgs = V.38 (© 1980 IEEE).
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Fig. 5-27 Hot-carrier generation and current components.@- Holes reaching the source.
(- Electron injection from the source.(3) - Substrate hole current.(#)- Electron injection into
the oxide.

relationship (especially if Legr >1 um). Thus, we can see that Epf increases as device
dimensions shrink, but this is due to thinner gate oxides and shallower junctions, as
well as to the reduction in Legf.

Regardless of the factors that increase their magnitude, such high electric fields cause
the electrons in the channel to gain kinetic energy and become "hot" (i.e., their energy
distribution is shifted to a much higher value than that of electrons which are in thermal
equilibrium with the lattice). Such hot electrons (which become hot near the drain edge
of the channel, since that is where Ep exists) can cause several effects in the device.
First, those electrons that acquire 21.5 eV of energy can lose it via impact ionization,
which generates electron-hole pairs. The total number of electron-hole pairs generated
by impact ionization is exponentially dependent on the reciprocal of the electric field, -
1/Ep. In the extreme, this electron-hole pair generation can lead to a form of avalanche
breakdown (Process 1, shown in Fig. 5-27). Second, the hot holes and electrons can
overcome the potential energy barrier between the silicon and the SiO7 (~3.1 eV),
thereby causing hot carriers to become injected into the gate oxide. Each of these
events brings about its own set of repercussions.

5.6.1 Substrate Currents Due to Hot Carriers

When electron-hole pairs are created by impact ionization, the electrons are normally
attracted to the drain, and they add to the drain current. The holes, on the other hand,
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350 SILICON PROCESSING FOR THE VLSIERA - VOLUMEII

enter the substrate and constitute a part of the parasitic substrate current (Process 3 in
Fig. 5-27). This substrate current, Ig,p, can itself produce several problems:

* If a substrate bias-generator circuit is included on-chip, the output of the bias
generator will be less negative with increasing substrate current.

° If some of these holes are collected by the source (instead of by the body
contact), and this collected hole current causes a voltage drop in the substrate
material on the order of 0.6 V, the substrate-source pn junction will conduct
significantly. Electrons will then be injected from the source to the substrate,
just like electrons injected from emitter to base of an npn transistor (the forward
injection shown in Fig. 5-27). These electrons can, in turn, gain sufficient
energy as they travel toward the drain to cause additional impact ionization and
create new electron-hole pairs. A positive-feedback mechanism thus exists, one
that can sustain itself if the drain voltage exceeds a certain value. This is
observed externally as a form of breakdown, referred to as a snapback breakdown.
A vparticularly clear explanation of this effect, including the reason for the
negative-resistance, or "snapback,” portion of the curves, is given in reference 3.

° As some of the holes are accelerated through the drain-substrate depletion
region, they may acquire enough energy to cause secondary impact ionization.
This will create electrons far from the drain region. Some these electrons,
instead of being collected by the drain, may escape the drain field and instead
travel (sometimes hundreds of microns) to other nodes on the chip. This may
lead to a reduction of the storage time of dynamic circuit nodes in DRAMs (i.e.,
manifested as a degradation of the refresh time).33 This excess electron current is
reported to be around 104 times smaller than the substrate ionization impact
current itself.

® Jsub may induce latchup in CMOS circuits.

The magnitude of the substrate current depends exponentially on the value of EpM. An
example of how Igyp, depends on decreasing channel length is seen in Fig. 5-28.34
This shows the maximum Ig,p generated at a voltage of 5 V versus the effective

channel length for MOS transistors processed with the same technology. The
magnitude of Isyp would increase even more rapidly with shrinking Legr if the oxide

thickness and junction depth were scaled together with the channel length.
5.6.2 Hot-Carrier Injection into the Gate Oxide

The hot holes and electrons that are injected into the gate oxide cause another set of
problems. First, some of these carriers pass to the gate electrode (mostly hot holes)
and thus constitute a gate current, Ig, typically in the fA (1015 A) range. For higher,
but sitzill nondestructive, biases, the gate current can grow rapidly to become several pA
(10714 A).
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MOS DEVICES AND NMOS PROCESS INTEGRATION 351

However, some fraction of the hot carriers injected into the gate oxide do not reach
the gate electrode. This is because the gate oxide contains empty electron states (also
known as traps), which can be filled by the injected hot carriers. Such occupied traps
generally become electron traps, even if they are initially filled with holes. As aresult,
there is a negative charge density caused by the trapping of the hot carriers in the oxide.
This trapped charge acts like a contribution to the fixed oxide charge term in the
expression for the device threshold voltage. Furthermore, the trapped charge accumulates
with time. Due to the polarity of the trapped charge, the resulting shift in the n-
channel device threshold voltage is positive (i.e., VT increases in NMOS devices). If I
becomes of the order of pA, the trapping of a fraction of the electrons injected into the
oxide can become a significant effect (the fraction that gets trapped is ~1 in 100 injected
electrons). As a result, this increase in negative stored charge can lead to a permanent
change in V7 in the MOSFET. (The means by which charge in the oxide impacts Vr

was described earlier.)

EXAMPLE 5-6: VT Shift due to Hot-Electron Effects. Given a short-
channel NMOS device with tox = 20 nm, a gate width of 5 pm, and a gate current of 1
nA that is momentarily caused by hot carrier injection. The current flows through a
region of the gate oxide near the drain end which is 5 um wide, and 0.2 um long.

Assume that 1 in 106 electrons of the gate current becomes trapped at an average
distance of 0.1 tox from the Si-SiO interface. How long does the gate current have to

flow to change VT by 0.1 V in the region where the injection is occurring?
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Fig. 5-28 The maximum substrate current due to impact ionization produced at a drain
voltage of 5 V vs effective channel length for 250A gate oxide transistors. 34 (© 1986 IEEE).
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468 SILICON PROCESSING FOR THE VLSI ERA —~ VOLUME II

where x¢ is the thickness of the epi layer from the metallurgical C-B junction to the
edge of the epi/buried-layer boundary.

The increase in base width leads to an increase in GNg, and hence to a decreased
current gain at high collector currents. In addition, the larger base width reduces fr and
the transistor speed. The transistor doping profiles must thus be optimized with this
effect in mind. Once a transistor structure has been designed, operation at current levels
above J¢y for the device should be avoided.

From the equation used to calculate Jcy, it is seen that this value can be raised by
increasing the doping in the collector. Unfortunately, this also produces a decrease in the
BVcpo and BVcgQ of the device, as well as an increase in the collector-base junction
capacitance, Ccp. Since transistors cannot be fabricated with smaller breakdown
voltages than those required by the system power-supply voltage levels, the breakdown
voltage constraints will set the maximum value of Nep;.

On the other hand a tradeoff between Joi and Ccp can be made, based on the
operating point of the transistor. That is, if the transistor is to be operated at low
current densities, the speed will be limited by Ccg. Thus, Ccp should be minimized
(by reducing Nepi), since the Kirk effect will not impact the speed performance.
However, for high-current applications, the speed will be limited by high-level injection
effects, and Ccp can thus be allowed to rise when Nep; is increased in order to minimize
speed degradation due to the Kirk effect.

Finally, it should be noted that in digital ICs, where BVcEQ is smaller than in
analog ICs, a larger value of collector doping can be tolerated. This also implies that
higher collector currents can be sustained in such devices without the onset of the Kirk
effect.

7.3.4 Operating-Voltage Limits in Bipolar Transistors

The mechanism of avalanche breakdown in a pn junction limits the maximum reverse-
bias voltages that can be applied to a junction and is also responsible for some of the
maximum operating voltage values in bipolar transistors. The breakdown voltage of the
C-B junction with Ig = 0 (BVcpQ) is due to this mechanism. The doping on the
lightly doped side of the collector typically determines BVcpo (except in cases of
reachthrough, as will be discussed in section 7.2.4.1).

In C-B junctions in planar bipolar transistors, however, the pn junction is formed by
diffusion into the silicon at openings in the surface SiO7 layer. Thus, impurities will
diffuse downward and sideways under the edges of the SiO layer. Hence, the junction
has a plane region with nearly cylindrical edges (as can be seen in Fig. 7-4c). Such
junction curvature enhances the electric field in the curved part of the depletion region
(see chap. 5, Fig. 5-10a), which reduces the breakdown voltage below that predicted by
one-dimensional junction theory. Figure 5-10a also shows that as the junction depths
get shallower (making the radius of curvature, rj, of the spherical and cylindrical
structures smaller), the breakdown voltage is significantly reduced, especially for small
substrate-impurity concentrations. Thus, the measured value of BVCBQ is less than the
value of the breakdown voltage that would be predicted if the junction were only one-
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BIPOLAR AND BICMOS PROCESS INTEGRATION 469

dimensional (as would be the case if the transistor had a structure like that shown in
Fig. 7-1a).

gThe: breakdown voltage of the E-B junction with Ic = 0 (BVERQ) is also limited by
avalanche breakdown. Since the emitter is so heavily doped, it is the base region that is
the lightly doped side of this junction. Since the base is more heavily doped than the
collector, BVEg( is much smaller than BV and is typically 6 — 8 V. Since the
base is formed by diffusion from the surface, the doping in the base region is highest
there so the E-B junction will undergo breakdown first in this area. One of the reasons
for performing a drive-in step following predeposition when a diffusion step is used to
form the base is to reduce the surface concentration of boron, which thus increases
BVEROQ to a sufficiently high value.

While high doping in the base region adjacent to the emitter sidewalls is
advantageous for reducing the base series resistance, Rg (see section 7.5.2.6), if the
doping is too high, BVEg( becomes too small. Tradeoffs must therefore be made in the
selection of the doping value in this region. The curvature of the junction enhances the
electric field and reduces BVEp( in the same manner as described for BVcgo.

For a bipolar transistor with a voltage applied between the emitter and collector and
in which Ig = 0, breakdown occurs at BVcEQ. In this situation, the breakdown may be
due either to avalanche breakdown multiplied by the effect of transistor action, or to
punchthrough.

In the first instance, the E-B junction will be very slightly forward-biased as a result
of the base region's acquiring a potential that is intermediate between the potentials of
the collector and emitter. Thus, the collector current will also be greater than Icgo (the
leakage current of the C-B junction when Ig = 0) because most of the carriers injected
from the slightly forward-biased E-B junction will be collected by the collector. This
increased current will precipitate avalanche breakdown at a smaller applied C-B voltage,
which implies that BVcg must be smaller than BV o, An empirical expression has

been derived that relates BVcEgQ and BVcpo (plane): 11

BVcpo = BYCBO llane) (7-13)
(B)n

where BVcRo (plane) is the collector-base breakdown voltage along the planar (flat)
portion of the base region. The empirical parameter n has been found to have values of
between 3 and 6.

7.3.4.1 Reachthrough Breakdown. Since most bipolar transistors used in
ICs are fabricated with collector regions that consist of a lightly doped epitaxial layer
over a heavily doped buried layer, BVcgo may in some cases be limited by
reachthrough breakdown. If the epitaxial-layer thickness, tepis is too small, under
increasing reverse-bias voltage the depletion region of the C-B junction will entirely
penetrate (or "reach through") the epitaxial layer before the predicted BV cpo voltage has
been reached. If the voltage is increased beyond this point, the depletion region must
enter the heavily doped buried layer, resulting in BVcpo values smaller than those
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Fig. 7-10 (a) Collector-base-junction breakdown voltage as a function of collector-doping
concentration with collector-base junction depth and punchthrough limits as pararneters.125
Reprinted by permission of the publisher, The Electrochemical Society, Inc. (b) Epitaxial
layer thickness dependence of cutoff frequency, fT, breakdown voltage BYCEQ, and knee
current, IK.I2 (© 1987 IEEE).

predicted merely by the doping in the epi layer. Figure 7-10a gives the collector-base
junction-breakdown voltage as a function of the collector-doping concentration, with the
collector-base junction depth and the thickness of the lightly doped region of the epi
layer (xBL - XgC) as parameters.125 Figure 7-10b shows how a decrease in tep; causes
BV(CEQ to decrease in a bipolar transistor designed for use in 5-V digital ICs.1Z Section
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BIPOLAR AND BICMOS PROCESS INTEGRATION 471

7.12.1.2 gives another example of a BVcgQ calculation in which this effect is
considered.

7.3.4.2 Punchthrough Breakdown. In some cases the value of BVoEgo can
be limited by punchthrough rather than by avalanche breakdown. If the base width is too
narrow and/or the doping level in the base is too small, the depletion region of the C-B
junction will penetrate the base region and join the E-B junction depletion region before
the avalanche-limited value of BVcEgQ has been reached. (Section 7.2.2 describes such
base-width modulation.) If the collector voltage is increased beyond this value, the
potential-energy barrier at the E-B junction will be lowered by AV, as shown in Fig.
7-11. As aresult, a large emitter current (and correspondingly, a large collector current)
can flow in the device, even with no avalanche breakdown. (Note that a large current
flow across the C-B junction when both the E-B and C-B junctions are reverse biased is
a manifestation of breakdown.)

Only a slight increase in the collector voltage beyond that needed to merge the two
depletion regions is required for a large increase in Ic. Thus, punchthrough appears as a
form of device breakdown. To prevent punchthrough, appropriate combinations of base
doping and base width for the circuit operating voltages must be used. Most bipolar
transistors are designed so that avalanche breakdown of the C-B junction will occur
before punchthrough.

Depletion layers

R % p
21’% n n* —o

o
N
AN

Before punch-through

(b)

After punch-through \

W <-

Fig. 7-11 Punchthrough in an npn transistor: (a) space-charge regions before
punchthrough, (b) energy-band diagram (and space-charge regions) after punchthrough.
Copyright, 1988, McGraw-Hill Book Company. Reprinted with permission from ref. [2].
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7.3.4.3 Breakdown Voltage and High-Level Injection Limits in
Advanced Bipolar Transistors. To maintain the sufficiently high current
levels needed to achieve minimum gate delays (see section 7.3.8), the current density is
increased as the emitter area is scaled down. Higher collector doping levels must be used
to avoid the Kirk effect. Furthermore, higher doping concentrations in the base are
needed to avoid punchthrough of the narrow base regions. Thus, as of 1990, the base
and collector doping concentrations in advanced bipolar devices are typically on the order
of 1x1018 cm-3 and 1x1017 cm-3, respectively. The resulting peak electric field in the
C-B junction is high enough to produce intolerably large avalanche-multiplication
currents at low C-B reverse bias voltages (e.g., less than 3 V). Lu and Chen describe
this problem in detail in reference 13.

7.3.5 Parasitic Series Resistances
in Bipolar Transistors

Due to the planar structure of IC transistors, the current that flows from the emitter to
the collector must travel parallel to the surface of the wafer after it has been transported
vertically through the base. It must then flow upward to a contact at the wafer surface.
Because the current-flow paths within the transistor have significant resistivity, parasitic
series resistances exist in each of the three bulk regions of the device: a collector series
resistance, R¢; a base series resistance, Rg; and an emitter series resistance, Rg. Each
must be as small as possible.

7.3.5.1 Collector Series Resistance, Rc. A low value of Rc is important
in both high-frequency ac circuits and high-speed digital circuits. In the former, a large
R¢ value would decrease the cutoff frequency and introduce a voltage drop that would
increase VCEsat. In the latter, a large R¢ value would reduce both fT (see section 7.3.7)
and the maximum current-drive capability. Figure 7-12 shows the components of R¢.
Several approaches are used to minimize Rc. First, the lightly doped epitaxial layer
used as the collector is doped as much as can be tolerated with regard to breakdown-
voltage and junction-capacitance considerations. This means that in low-voltage digital
devices (in which a low value of V(Ega; is critical but lower operating voltages are

Fig. 7-12 Components of collector resistance, R¢. Copyright, 1984, John Wiley and
Sons, Inc. Reprinted with permission from ref. [10].
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