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Minimizing the Effects of Hardware Marginality on Charging
Damage during Plasma-Enhanced Chemical Vapor
Dielectric Deposition
Antonio Cacciatoz

Philips Semiconductors, MOS 4 YOU, 6534 AE Nijmegen, The Netherlands

In this paper, Kelvin-probe measurements, antenna transistors, and electrically programmable read-only memory cells are used to
minimize the influence of hardware marginality on charging damage during plasma-enhanced chemical vapor deposition of
dielectric films. It is shown that charging during tetraethosiloxane~TEOS!deposition can be reduced by increasing the deposition
pressure and optimizing the plasma ramp-down after deposition. It is also demonstrated that differences in the charging perfor-
mance between tools from different vendors during the deposition of silicon-rich oxides can be smoothed out if a double radio
frequency process replaces the traditional single radio frequency deposition.
© 2001 The Electrochemical Society.@DOI: 10.1149/1.1414289# All rights reserved.
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Plasma processes are widely used in microelectronic manufa
ing for anisotropic etching, surface cleaning, and low-tempera
plasma-enhanced chemical vapor deposition~PECVD! of thin
films.1 During plasma processing, wafers are subjected to the d
bombardment of ions, electrons, and photons. In uniform plasma
ion and electron conduction locally balance each other over th
cycle.2 In this case, the surface potential stays close to that of
substrate. In nonuniform plasma, however, the situation differs
nificantly. Ion and electron currents do not balance locally during
rf cycle, although there is a net balance over the electrode
whole. In this case, charges~positive or negative depending on sp
cific ratio between positive and negative currents! start to accumu-
late on the wafer regions covered by insulating films. The cha
buildup continues until the electric field across gate oxides reac
values high enough to allow Fowler-Nordheim~FN! tunneling of
charges. This causes what is usually called plasma charging dam
i.e., trap formation, wear out, and premature breakdown of thin g
oxides. Moreover, it increases the probability of charge trapping
the oxide. As a consequence, shifts of the threshold voltage, leak
degraded circuit speed, and deterioration of transistor matching
occur. As device dimensions and gate oxide thicknesses are s
down, charging becomes an increasing reliability3 or yield4 concern.
To limit charging damage, tight control of plasma uniformity a
knowledge of the interaction among plasma, hardware, and pro
settings are mandatory.5 In this paper, these issues are addressed
using fast-feedback noncontact Kelvin-probe measurements,6 an-
tenna transistors, and electrically programmable read-only mem
cells ~EPROM!7 to measure charging during plasma-enhanc
chemical vapor deposition of two materials widely used in mic
electronic manufacturing for interlayer and intermetal insulation,
raethosiloxane~or TEOS!8 and the silicon-rich oxide~or SILOX!.9

In particular, the relation between plasma ramp-down, reactor ar
tecture~single-wafer or batch!, and charging is investigated. Po
sible ways to optimize the deposition process in order to minim
the influence of process-hardware marginality on charging are
discussed.

Experimental

Dielectric deposition.—TEOS deposition.—SiO2 layers~500 nm
thick! were deposited on 200 mm wafers using plasma-enhan
chemical vapor deposition~PECVD! by decomposition of tetra-
ethosiloxane, Si~OC2H5!4, better known as TEOS,8 Si~OC2H5!4

1 O2 → SiO2 1 CO 1 OH. The deposition was carried out for 4
s at 400°C using an rf power of 675 W and a deposition pressur
8 Torr. During deposition, the TEOS and O2 flows were 1200 and
1000 sccm, respectively. Helium~1200 sccm!was used as a carryin

z E-mail: antonio.cacciato@philips.com
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gas. After deposition, a ramp-down step was performed usin
He 1 O2 plasma~5 s at 200 W, 8 Torr, 1200 sccm He, 1000 scc
O2!. Variants to the standard process were obtained varying
deposition pressure in the range from 5 to 15 Torr, the oxygen fl
in the range 500 to 2000 sccm, the deposition temperature, and
TEOS flow. For all the variants, the thickness of the TEOS layer w
500 nm,i.e., the same of the standard process.

SILOX deposition.—300 nm PECVD silicon-rich oxide films were
deposited on 200 mm wafers. Prior to SILOX deposition, EPRO
cells were fabricated on the same wafers using a 0.35mm comple-
mentary metal oxide semiconductor~CMOS! technology. Deposi-
tion was carried out at a temperature of 400°C, a pressure of
Torr, an rf power of 250 W and using a SiH4 1 N2O gas chemistry.
The deposition time wasca. 15 s. Unlike for TEOS films, after
deposition the plasma was switched off without a He1 O2 plasma
ramp-down. SILOX layers were deposited using either batch
single-wafer PECVD reactors. In the case of the batch reactor,
chamber allowed the deposition of six wafers at the same time.
SiH4 flow was 130 and 300 sccm for the single-wafer and ba
reactor, respectively. The N2O flow was 800 sccm~single-wafer re-
actor!or 9500 sccm~batch reactor!. In some cases, in addition to t
13.5 MHz rf power used to decompose the SiH4 1 N2O gas mixture
and ignite the plasma, a low-frequency~10 kHz! rf power was ap-
plied to the wafer susceptor to enhance the ion bombardment on
as-deposited film. Double rf recipes are used in microelectro
manufacturing because the ion bombardment improves the qu
~stability and density! of the insulating layers.10

Charging measurements.—Kelvin probe.—During PECVD
deposition of insulating layers, charges may accumulate in the b
as well as on the surface of the wafer if the plasma in unsta
These charges change the surface potential of the wafer. Therefo
measurement of the wafer surface potential can be used to d
charging. In this work, the surface potential after PECVD TEO
deposition was measured using the Kelvin probe technique.
probe consists of a noncontact sensor that detects the ac sign
duced by an oscillating shutter positioned between the electrode
the wafer surface. Measurements were carried out applying diffe
dc biases across the sensing electrode and a grounded electrod
the ac voltage is reduced to zero. The bias at which the ac voltag
zero is equivalent to the wafer surface potential. A more deta
description of probe functioning can be found in Ref. 11. Kelv
probe measurements were performed using the plasma dam
monitor system manufactured by Semiconductor Diagnostics,
The distribution of the surface potential on the wafer was evalua
by measuring 6000 points per wafer.

Threshold voltage shift.—Surface potential measurements have be
compared with threshold voltage measurements of n- and p-cha
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 
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transistors connected to large metal or poly-Si antenna plates.
antenna improves charge collection during plasma exposure,
increasing the FN current density in the gate oxide.12 This amplifies
the effect of charging on the transistor properties. In general,
larger the ratio is between the area of the antenna and the area
MOS gate~the so-called antenna ratio!, the higher the FN curren
and, consequently, the more affected the transistor is by chargi

The antenna transistors used in this work were fabricated
standard three-metal 0.5mm CMOS process. The antenna ratio f
the transistors with antenna at poly-1, metal 1, or metal 2 was 5
The antenna ratio for the transistors with antenna at metal 3
1840. The severity of charging was estimated by calculating the
fraction of antenna transistors whose threshold voltage shifted~with
respect to the threshold voltage of a reference transistor not
nected to any antenna! more than a fixed value.

EPROM cells.—In addition to Kelvin probe and antenna transist
charging was also studied by means of electrically programm
read-only memory~EPROM! cells processed in a 0.35mm CMOS
technology. The cells were n-channel devices with gate len
width, and oxide thickness of 0.35mm, 0.5mm, and 8 nm, respec
tively. The cross-sectional transmission electron microsc
~XTEM! of a typical cell is given in Fig. 1. The cell is formed by a
insulated poly-Si layer~the floating gate, FG!, completely over-
lapped by a second poly-Si layer~the control gate, CG!. The FG is
electrically insulated from the CG and the Si substrate by the 8
gate oxide, by the sidewall oxide, and by the oxide-nitride-ox
~ONO! stack~oxide equivalent thicknessca. 20 nm!.

The principle of operation of the EPROM cell is similar to that
an ordinary MOS transistor. For a given potential difference
tween source and drain, the current flows only if the voltage app
to the CG is higher than the threshold voltageVt . The difference
with respect to an ordinary transistor is that the threshold voltag
an EPROM cell is controlled by the charges trapped in the F7

This property makes the EPROM cells suitable for detect charg
In fact, if, because of charging, a voltage is applied to the con
gate during, for example, deposition of SILOX or TEOS, the volta
across the gate oxide increases and electrons start tunneling fro
silicon substrate into the floating gate, thus increasing theVt of the
EPROM cell. A simple measure of the threshold voltage of

Figure 1. XTEM of the EPROM cell used in this work.
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EPROM cells after PECVD deposition then allows the estimation
the charging-induced voltage the cells have been exposed to. In
work the threshold voltage of the cell has been defined as the v
age that is necessary to apply to the control gate to measure a
drain a current of 1mA when the potential difference betwee
source and drain isVds 5 0.1 V.

An important parameter for the capability of the EPROM cells
detect charging is the fraction of the voltage applied to the con
gate that is coupled to the floating gate~the so-called coupling facto
a!. The higher the coupling factor, the higher the voltage across
oxide in the case of charging and, as a consequence, the more
trons can tunnel into the FG. The coupling factor for the cells c
sidered in this work was 0.796 0.4. This value is higher than tha
of conventional stacked-gate EPROM cells because the CG of
cell in Fig. 1 completely overlaps the FG.13

To study charging during PECVD deposition, the threshold vo
age of the EPROM cells has been measured before and after er
of the cells. Erasure has been achieved by illuminating the cells w
UV light. During UV illumination, the energy necessary for th
stored electrons to surmount the energy barriers surrounding
floating gate is provided by the UV photons.14

In addition to the threshold voltage of the standard cells, theVt
of a reference cell placed at a distance of 3mm from the standard
EPROM cell was also measured. In the reference cell the floa
and control gates are shorted. This allowed the separation of thr
old voltage shifts due to charges trapped in the floating gate f
shifts due to wafer-to-wafer variations of the cell morphology~like
oxide thickness or floating gate length variations!.

Results and Discussion

TEOS deposition.—TEOS layers, 500 nm thick, were depos
on unpatterned Si wafers using the standard process. Deposition
performed on each of the four chambers~A, B, C, and D!of two
different single-wafer PECVD reactors~X and Y!. After deposition,
Kelvin-probe measurements of the wafer surface potential were
ried out. Results are shown in Fig. 2. The average surface poten
VSpave, is 22 V , VSPave, 21 V for all the wafers of reactor X
and for those processed in the chambers A, B, or C of the reacto
This value is close to the detection limit of the Kelvin-probe syst
~61 V!, indicating negligible charging during deposition. The sit
ation is different for the wafer processed in chamber D of the rea
Y. In this case the absolute value of the surface potential is m
higher ~7 V!, suggesting charging during deposition.

The influence on the anomalous behavior of chamber D of
plasma ramp-down step is investigated in Fig. 3. Four differ
ramp-down processes were carried out after the standard 500
TEOS deposition:~1! XX: no plasma and no He or O2 flow; ~2!
NP: He and O2 flow but no plasma;~3! He: only He plasma~1200

Figure 2. Average surface potential after 500 nm PECVD TEOS deposit
carried out on each of the four chambers~A, B, C, D! of the two single-wafer
PECVD reactors X and Y. Nine points were measured on each wafer.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 

http://ecsdl.org/site/terms_use


o
nti
r-
rin
e

for
is

am
he

f
es

re
er
hre

Y
ea

-
r in-

at an
ctive

ro-
on
. In

old

the
not
own
d
in

and
curs
obe
harg-

d
the
o-

dif-
The
tely

olt-
tion
act,
le-

gle
he
ure,
t of

anti-

s, is

er
p-

s.
m

igh

Journal of The Electrochemical Society, 148 ~12! F207-F211~2001! F209

Dow
sccm!during ramp-down;~4! He 1 O2: standard ramp-down in a
He and O2 plasma~1200 sccm He, 1000 sccm O2!. This is the same
ramp-down used in the case of data in Fig. 2.

For each variant, one wafer was processed in chamber C and
wafer in chamber D of the Y system. The average surface pote
for each of the eight wafers is plotted in Fig. 3. Negligible diffe
ences between C and D are observed if no plasma is ignited du
ramp-down~variants 1 and 2!. The same is obtained if only H
plasma is used~variant 3!. However, if He1 O2 plasma is used
during ramp-down~variant 4!, the surface potential measured
chamber D isca. 218 V whereas that measured for chamber C
only ca. 22 V.

Results in Fig. 3 indicate that the anomalous behavior of ch
ber D is triggered during plasma ramp-down after deposition. T
also illustrate the relevance of the hardware-process interaction
charging. In fact, they indicate that the risk of charging in the pr
ence of hardware marginality~chamber D is behaving differently
from chamber C!is enhanced by a wrong process choice~ramp-
down in a He1 O2 plasma!.

The issue of process optimization to reduce charging in the p
ence of hardware marginality is discussed in Fig. 4. TEOS lay
were deposited at pressures ranging from 4 to 15 Torr and at t
different oxygen flows using the defective chamber of system
~chamber D!. After deposition, the wafer surface potential was m
sured on nine points per wafer andVSPave and DVSP have been

Figure 3. Average surface potential after 500 nm TEOS deposition p
formed in chambers C and D of the PECVD system Y for different ram
down processes. Nine points were measured on each wafer.

Figure 4. Average surface potential (VSpave) and in-wafer spread (DVSP

5 VSpmax2 VSpmin) vs. the deposition pressure for different oxygen flow
The TEOS layers~500 nm thick!were deposited using chamber D of syste
Y. Nine points were measured on each wafer.
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calculated. As illustrated in the figure,VSPaveis 40 V at 5 Torr, it
reduces to 24 V at the pressure of 8 Torr~standard deposition pres
sure!, and it decreases almost to zero if the pressure is furthe
creased to 12 V. A similar trend is observed forDVSP. No effect of
the oxygen flow are observed instead. These results indicate th
increased deposition pressure may reduce the effect of defe
hardware on charging.

The effect of disabling the defective chamber and of the int
duction of an optimized recipe with a higher deposition pressure
the threshold voltage of the antenna transistors is shown in Fig. 5
this figure the total fraction of antenna transistors with thresh
voltage higher than the upper specification limita is displayed as a
function of the process time. At the beginning, a large spread in
failing fraction was observed. This spread was reduced, but
completely suppressed, after the defective chamber D was put d
for production. Finally, after the introduction of the optimize
recipe, the failing fraction reduced practically to zero. Results
Fig. 5 confirm those obtained by Kelvin-probe measurements
indicate that when, as in the case considered here, instability oc
during the last moments of the plasma process, the Kelvin-pr
technique can be used as a fast feedback technique to monitor c
ing.

SILOX deposition.—SILOX films, 300 nm thick, were deposite
on 200 mm wafers as part of the dielectric stack that insulates
control gate of EPROM cells from the first metal layer. The dep
sition was carried out using a single-frequency recipe and two
ferent reactors: a single-wafer reactor and a batch reactor.
threshold voltage of the EPROM cells was measured immedia
after the deposition and patterning of the first metal layer.

Figure 6 shows the cumulative distributions of the threshold v
age before and after UV erasure. Before UV erasure, the distribu
is shifted to higher values when the single-wafer tool is used. In f
the 50% value of the distribution is 1.6 and 1.3 V for the sing
wafer and the batch reactor, respectively. The spreadVtmax 2 Vtmin
of the threshold voltage in the wafer is also higher for the sin
wafer than for the batch reactor, 0.6 and 0.3 V, respectively. T
difference between the two systems disappears after UV eras
demonstrating that the cause was a difference in the amoun
charges trapped in the floating gate. This difference can be qu
fied using the relation between the charge trapped in the FG,DQFG,
and the shift,DVt , of the threshold voltage after UV erasure7

DVt 5 2
DQFG

CG
@1#

whereCG , the capacitance between the control and floating gate
equal to

-

Figure 5. Five-lot average of the fraction of antenna transistors with h
threshold voltage shift due to poly, metal 1, metal 2, metal 3 charging.
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CG 5
KL«0«ox

tONOeff
1

~2K12L !H«0«ox

tSWeff
@2#

In Eq. 2, tONOeff and tSWeff are the effective thicknesses of the ON
layer and sidewall dielectric,«0 5 8.8543 10212 F/m is the per-
mittivity of the free space and«ox 5 3.9 is the oxide dielectric
constant,K, L, andH indicate the width, the length, and the heig
of the floating gate, respectively. For the cells used in this study
tONOeff ' 20 nm tSWeff 5 33 nm, K 5 1.4 mm, L 5 0.35 mm,
H 5 0.2 mm. Equation 2 then yieldsCG ' 1.583 10215 F. Fig-
ure 6 shows that the shift of the threshold voltage after UV eras
is DVt 5 0.5 V and DVt 5 0.2 V for the single wafer and the
batch reactor, respectively. From Eq. 1 and 2 it follows thenDQFG

5 0.823 10215 C andDQFG 5 0.353 10215 C for the single wa-
fer and the batch reactor, respectively.

The threshold voltage distributions of the reference transis
~i.e., EPROM cells in which FG and CG are shorted! for the same
variants as in Fig. 6 are shown in Fig. 7. The threshold voltage
the reference transistors is smaller than for the EPROM cells. Th
expected. In fact, the potential drop across the ONO layer wh
lowers the potential of the FG in the EPROM cell is absent in
reference transistor, where FG and CG are shorted. More interes
the Vt distributions are similar for all variants, confirming that th
differences between the two reactors seen in Fig. 6 are not du

Figure 6. Cumulative distributions of the threshold voltageVt of EPROM
cells processed either in the single-wafer or in the batch reactors. Dist
tions before and after UV erasure are compared. TheVt measurements were
performed after metal 1 deposition.

Figure 7. Cumulative distributions of the threshold voltage of referen
transistor~i.e., an EPROM cell in which control and floating gates are
short!. The same variants as in Fig. 6 are compared.
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wafer-to-wafer variations of the cell morphology~like oxide thick-
ness or floating gate length variations! but to charge trapped in the
FG.

The results in Fig. 6 and 7 illustrate that charging is higher in
single-wafer reactor than in the batch reactor. This is probably
to the fact the rf power is applied to a single wafer in the first ca
whereas it is divided among six wafers in the second. Data in Fi
illustrate that the use of a double-frequency recipe can reduce
influence the reactor architecture has on charging. In the figure
cumulative distributions of the threshold voltage for the two react
~single wafer and batch!and the two deposition recipes~double and
single frequency!are compared. In the case of the single-frequen
deposition the difference between the two reactors is similar to
already seen in Fig. 6. However, the difference disappears if
double-frequency recipe is used. In this case, a low-frequency~10
kHz! rf power is applied to the wafer chuck in addition to the sta
dard 13.5 MHz rf power used to ignite the plasma. The addition
the extra rf power allows the optimization of the ion plasma~ions
are too heavy to react efficiently to the 13.5 MHz frequency! inde-
pendently from that of the electron plasma. This results in be
control of the plasma uniformity and, as consequence, in a lo
charging level even in the case of the single-wafer reactor.

Sensitivity of the EPROM cell to charging.—In the presence of
charging the floating gate potential rises to a valueVFG 5 aVCG ~a
and VCG being the coupling factor of the cell and the control ga
potential, respectively!. As a consequence, the following FN curre
flows from the substrate into the FG15

J 5 AEox
2 expS 2

B

Eox
D @3#

whereEox 5 aVCG/dox is the electrical field in the oxide of thick
nessdox .a In Eq. 3A, B are constants related to the tunneling barr
heightF and to the effective mass of the tunneling electron in
oxide mox by the equations16

B 5
4

3

A2mox

q\
F3/2 @4#

A 5
q3

16p2\F
@5#

a In general it should be writtenEox 5 (aVCG 2 VT)/dox with VT being the voltage
necessary to create the inversion layer in the EPROM channel. However, at the
perature used for plasma deposition~400°C!the Si substrate becomes intrinsic~see Ref.
18! and no inversion layer has to be created to inject electrons in the FG.

-
Figure 8. Cumulative distributions of the threshold voltageVt of EPROM
cells processed either in the single-wafer or in the batch reactors. The SI
deposition was carried out either using single-frequency~SF! or double-
frequency~DF! recipes.
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where~\ 5 6.633 10234/2p kg m2 s21 andq 5 1.6 3 10219 C!.
For the EPROM cell of Fig. 1, the gate material is n1-type

poly-Si and the gate oxide is 8 nm thick. In this case,F ' 3.25
eV,16 mox 5 0.32me ~whereme 5 9.113 10231 kg is the electron
rest mass!,17 and A and B equal 4.833 1027 m2/V2 and 7.54
3 109 V/m, respectively.

If VFG ~and thereforeJ! is assumed constant during SILOX dep
sition, then the charge trapped in the FG is equal toDQFG 5 J
3 t ~t is the deposition time!. As calculated in the previous sectio
DQFG 5 0.823 10215 C and DQFG 5 0.353 10215 C for the
single wafer and the batch reactor, respectively. For a depos
time of ca. 15 s the previous equation then yieldsJ 5 5.5
3 10217 A for the single-wafer reactor and 2.33 10217 A for the
batch reactor. Substituting these values in Eq. 3 and solving it w
respect toVCG, it is found that the effective voltage applied to th
control gate during deposition isVCG ' 1.27 V and VCG

' 1.24 V for the two reactors.b This result illustrates the capabilit
of the EPROM cell to resolve differences as low as 30 mV in
average charging performance of different deposition systems.

Conclusions

In this work, PECVD TEOS and SILOX deposition were studi
using the Kelvin probe technique, EPROM cells, and antenna t
sistors. It was found that

1. Charging due to a defective deposition chamber is triggere
oxygen is added to the plasma gases during plasma ramp-down
TEOS deposition. No effect of the defective chamber on chargin
detected if only helium is used instead.

2. Single-wafer reactors are found to cause more charging
batch reactors during SILOX deposition. However, this sensitivity
the reactor chamber architecture is suppressed if deposition is
ried out with an additional low-frequency rf power applied to t
wafer susceptor.

3. Deposition pressure affects charging during TEOS deposit
Kelvin-probe measurements suggested that an increase of the
sition pressure could optimize the recipe. After the introduction o

b These values should be considered as the lower limit for the maximum vol
seen by the cell during processing. In fact, in general, the voltage is constant neith
its absolute value nor in its polarity during the deposition. As a consequence, the c
DQFG trapped in the floating gate at the end of the plasma deposition is the resul
balance between the negative and positive charges injected in the floating gate d
the different phases of the plasma process.
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recipe with an increased deposition pressure, the shift of the thr
old voltage of antenna transistors was drastically reduced.

Results 1 and 2 demonstrate that the effect on charging of de
tive hardware or nonoptimal system architecture can be reduce
more careful process choices. Result 3 indicates that the Kel
probe technique can be successfully used as a fast feedback
nique for charge monitoring and process optimization when, a
the case of TEOS deposition, charging occurs at the end of
plasma process.
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