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Abstract

This work investigates the screening of Si–H bonds at the Si–SiO2 interface in an n-channel MOSFET due to plasma

charging damage. Since CMOS devices are subjected to high field electron injection during plasma processing, this

condition was emulated by subjecting the devices to current stress (both gate injection and substrate injection). With the

source and drain terminals reverse biased by a screening potential during stress, representing the impact from source

and drain antenna, a decrease in stress-induced interface state density formation was noticed. Observed interface state

density Dit before and after the high field injection, therefore, demonstrates an effective screening of the source and the

drain edges. During gate injection the Si–H bond concentration, estimated using a model based on a simple first order

kinetic equation, is inversely proportional to measured Dit at effective screening potentials. In substrate injection,

however, the Si–H concentration does not relate to Dit creation. Similar trends were observed for transistors with

different antenna ratios. Subsequent hot carrier stress confirms that the screening is mainly due to protected drain edges.

These results suggest that effective screening of Si–H bonds is possible during plasma processing.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Plasma-induced wafer charging continues to receive

considerable attention for CMOS transistors whose size

has been drastically reduced due to its scalability. It is

well known that the gate oxide of MOSFET experiences

stress during plasma processing due to high field elec-

tron injection, caused by Fowler–Nordheim tunneling.

Depending upon the plasma potential distribution on the

surface of the wafer, the injection could be either sub-

strate or gate injection [1–3]. In addition, plasma charge

damage effects can be enhanced or exacerbated depend-

ing upon the direction, distance and size of the antennas

connected to the drain, gate, source and substrate [4–6].

If these antennas are connected to source and drain (S/D)

junctions, it can affect the damage magnitude of the

CMOS gates significantly. It is because the floating

potentials generated at these terminals can induce sig-

nificant damage even with minimal non-uniformity in the
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plasma. A reverse biased voltage at the source and drain

termed as screening potential, to simulate the impact of

source and drain antenna, was applied at the S/D junc-

tions while the devices were subjected to a current stress.

The depletion region extension to channel region at the

source and drain edges can impact the device degrada-

tion. It is well known that the generation of Si dangling

bonds during current stress contributes partly to the

degradation of Si–SiO2 interface [7–9]. However the

processes that are responsible for the creation of Si

dangling bonds during plasma damage processes have

been the subjects of on-going investigations. In this

paper, we have attempted to understand the variation of

Si–H bond concentration at the Si–SiO2 interface under

high field stress when a screening potential exists. The

devices were further subjected to hot electron stress after

high field stress to confirm the effectiveness of screening

on Si–H bonds at the drain edge.
2. Experimental setup

The wafers studied in this work consisted of nMOS

transistors processed using 0.25 lm CMOS technology.
ed.
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Fig. 1. The cross-sectional view of n-MOSFET (a) in a typical

stressing condition (b) with source and drain at a screening

potential.
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Transistors had a channel area of 0.35 lm2 and thick-

ness of the gate oxide was 6 nm. The schematic in Fig.

1(a) shows a typical injection mode used to evaluate the

oxide integrity where all the source/drain and substrate

terminals are connected together to form a common

ground. The transistor parameters, threshold voltage

and transconductance values were measured before

stress and was seen to be quite uniform. Three groups of

transistors based on antenna ratios viz. 2009, 10 060 and

50 050 were subjected to about 30 mA/cm2 constant

current stress for 3 s using gate injection and substrate

injection mode. Screening effect at the junctions were

studied by applying voltages of 0, 1, 1.5, 2 and 3 V at the

source and the drain terminals when the current stress

was applied at the gate using a setup as shown in Fig.

1(b). Charge pumping current (Icp) was measured with

gate pulses having a frequency f ¼ 1 MHz, rise and fall

times tr, tf ¼ 100 ns and amplitude¼ 0.1 V, with source

and drain terminals reverse biased at 50 mV. The cur-

rents were measured for all groups of devices before and

after the DC stress. Interface state density was calcu-

lated from the measured charge pumping current values.

Following the current stress the devices were subjected

to hot carrier aging stress using maximum substrate

current. The interface trap density Dit was measured

again using the charge pumping technique [10–12].
3. Concentration estimation

Based on the Dit values obtained experimentally, the

concentration of Si–H bonds are then estimated based

on a simple power law and kinetic equation [13,14]

Dit � Dit0 ¼ n0=ð1þ ðktÞ�aÞ ð1Þ

where Dit and Dit0 are final and initial interface state

densities, n0 is the initial concentration of Si–H bonds

for the time dependence trap generation t, k is the

reaction constant and a is a constant. It is also noted

that a > 0:5 for negative gate biases and a < 0:5 for

positive biases.

Evaluation of the reaction constant k is based on the

nature of the stress i.e. DC stress or hot carrier stress.

Reaction constant k is given by the formula

k ¼ k0 expð�ea=kBT Þ for high field injection and
k¼ k0 expð�ea=kT ÞkH for hot carrier degradation; where
kH ¼ 1þ dHCjIHCjqHC

Expression for ea is evaluated based on the formula

ea ¼ ea0 þ b � kBT lnðDit=Dit0Þ for high field and
ea ¼ ea0 þ djF jq þ b � kBT lnðDit=Dit0Þ
for hot carrier injection

b is approximately assumed to be twice of a for high field

injection while it is evaluated to be b ¼ 1þ b?F? where

F? is the polarity dependent perpendicular component

of the electric field at the interface for hot carrier stress

and d, q are fitting parameters. All calculations were

based on the room temperature 300 K. Activation en-

ergy of 2 eV that dissociates hydrogen from the interface

was used in our estimation.
4. Results and discussion

Fig. 2 shows the variation in interface state density

DDit=Dit of all groups of devices after being exposed to

current stress with the applied screening potential under

gate injection. It is seen that the screening effect is

prominent for a wider range of screening voltage for

transistors with the smallest antenna ratio (2009) and

most effective (lowest Dit) at 2 V approximately. The

most effective screening potential gradually decreases, as

the antenna ratio becomes larger. For antenna ratios

10 060 and 50 050 the most effective screening potentials

are 1.7 and 1.5 V respectively. An increase in antenna

ratio suggests that the devices had increased plasma

damage i.e. higher pre-existing oxide traps prior to

current stress. These traps influence the value of effective
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Fig. 2. Normalised interface state densities for applied screening potentials for various antenna ratios in gate injection.
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screening potential for higher antenna ratio devices. Dit

at the effective screening potential goes through a sig-

nificant reduction as the interface at source and drain

edges were prevented from further damage during stress.

This is because the lateral depletion width will vary

accordingly to screen the source and drain edges con-

sidering that the doping concentration of the n-region of

the lightly doped drain (LDD) and the channel is con-

stant.

At lower screening potentials the depletion width is

not significant enough to screen the source/drain edge

whereas when the screening potential is increased to a

very high value the field across the oxide reaches a near-

breakdown field. This near-breakdown potential causes

an increase in Dit and the trapped charges near the drain

edge. For screening potentials less than this breakdown

potential, channel is effectively screened reducing the

interface states. For a larger antenna ratio, the near-

breakdown screening potential is comparatively lower,
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Fig. 3. Normalised interface state densities for applied screening
because the transistors have higher pre-existing trapped

charge at the interface as described earlier.

For substrate injection (Fig. 3), it is seen that the

variation in interface state density DDit=Dit for all an-

tenna ratios does not change significantly for the applied

screening potentials. The screening is not very effective

for substrate injection. The source and drain depletion

region has minimal effect as the injection process is

mostly due to thermally generated electrons from the

channel. In case of gate injection, on the other hand,

more electrons are available at the heavily doped poly

Si–SiO2 interface as compared to substrate injection.

Fig. 4(a)–(c) shows the concentration of Si–H bonds

for antenna ratio 2009, 10 060 and 50 050 as a function

of screening potential immediately after the DC stress

for gate injection. We have plotted DDit=Dit in the same

figure to observe the relationship of Dit with that of Si–H

bonds at different screening potentials. It is noticed from

the trend that with increase of screening potential when
g Potential in Volts

             1.5V            2 V              3 V

potentials for various antenna ratios in substrate injection.
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Fig. 4. Si–H bond concentration [j] and DDit=Dit [N] as a function of screening potential for gate injection (a) for antenna ratio 2009,

(b) for antenna ratio 10 060 and (c) for antenna ratio 50 050.
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Dit increases, Si–H concentration decreases for all

groups of devices. It is expected because interface state

density is directly proportional to concentration of Si

dangling bonds at the interface. During the gate injec-

tion, electron–hole pairs are being generated at the Si–

SiO2 interface (anode), which react with Si–H bonds. In
this reaction, hydrogen (H: atom and Hþ: ion) is re-

leased breaking the Si–H bonds creating interface traps

as described in the following equation.

Si–HþHþ þ e� ! Si� þH2 ðorÞ
Si–HþH ! Si� þH2
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where Si� represents the Si dangling bond. At very high

screening potentials (>2 V), Dit does not follow Si–H

bond concentration for most of devices, which indicates

that possible formation of electrically active border traps

contribute significantly to Dit rather than Si dangling

bonds. The depletion layer formation at the source and

drain edges due to screening potential shields the source

and drain edges from possible damage to the interface.

The depletion lengths, formed due to reverse biased

voltages at source and drain, are WS and WD respectively.

WS or WD is given by ½f2e0eSiðVbi þ wS þ VD;S � 2kT=qÞg=
qNA�1=2 where e0 is the free space permittivity, eSi is the
silicon dielectric constant, Vbi is the built-in potential

between the source/drain and substrate junction, wS is

the surface potential, VD;S is the screening potential, k is
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Fig. 5. Si–H bond concentration [j] and DDit=Dit [N] as a

function of screening potential (a) for antenna ratio 2009, (b)

for antenna ratio 10 060 and (c) for antenna ratio 50 050.
Boltzmann’s constant, T is the temperature, q is elec-

tronic charge and NA is the substrate doping. Formation

of interface traps is reduced due to the protection by the

depletion layer resulting in reduced Dit values.

Fig. 5(a)–(c) shows the concentration of Si–H bonds

for antenna ratios 2009, 10 060 and 50 050 as a function

of screening potential immediately after the DC stress

for substrate injection. DDit=Dit values are plotted along

with secondary axis for comparison. Unlike the case of

gate injection, the Si–H bond concentration does not

follow the change in Dit during screening. For substrate

injection, electron–hole pairs are generated at the gate-

SiO2 interface (anode) and hence there is no direct im-

pact on the Si–H bond concentration at the Si–SiO2

interface. Possible formation of depletion layer around

the source and drain areas is ruled out during screening

because a channel is formed during substrate injection.

Therefore, the interface may not be effectively protected

from possible damage. For substrate injection during

screening, the dominant mechanism that contributes to

Dit may not be due to Si–H bond breaking but may be

due to creation of electrically active border traps that

contribute to interface state density.

Hot carrier stress was applied to the devices to fur-

ther understand the effectiveness of screening of Si–H

bonds during gate injection. Two dominant mechanisms

[15] play key roles at the interface during hot carrier

degradation––the donor or the acceptor sites are being

neutralized in the oxide affecting the interface trap

generation and release of interfacial hydrogen that

contributes to interface traps. Fig. 6 shows the change in

concentration of the Si–H bonds after hot carrier stress

in transistors with an antenna ratio of 2009 that were

subjected to DC stress in gate injection mode at different

screening potentials. The increase in Si–H bond con-

centration between 1 and 2 V of screening potential to

a no-stress level suggests that under effective screening,
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the interface near drain junctions are protected which

helped to reduce the Si–H bond-breaking phenomenon.

This further confirms the screening of Si–H bonds under

these screening potentials during stress.
5. Conclusions

The impact of potentials developed due to the source

and drain antenna during plasma processing, has been

simulated by a reverse biased screening potential. It was

observed that the screening potential could shield the Si–

H bonds effectively during gate injection. It is also ob-

served that the screening of Si–H bonds during plasma

conditions depends on various parameters, namely, the

size of the antenna ratios (2009, 10 060 and 50 050), the

polarity of the stress involved (gate and substrate

injection) and the gate oxide quality. Hot electron stress

further confirms the screening effect on these transistors.

Hence it is important to consider the vulnerability of the

device due to source and drain antennas during VLSI

processing.
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