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Abstract— We have developed a novel in-process wafer-level
screening technique to eliminate infant mortality of CMOS device due
to gate oxide defects. Using this technique, it is possible to stress all
of gate oxides simultaneously at an arbitrary high voltage for both n-
channel and p-channel transistors. This paer describes the detailes of
the sceening method and its application to the standard 0.8um CMOS
logic technology. The result shows that eraly TDDB failures are sig-
nificantly reduced by this technique.
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I. INTRODUCTION

One of the most important issues for CMOS devices is the re-
liability to the time-dependent dielectric breakdown (TDDB) caused
by gate oxide defects. In order to produce MOS devices with no oxide
defects, extensive work has been made; such as decrease in the defect
density by fabrication process improvement, removal of the devices
with oxide film defects by screening.

To reduce or eliminate oxide defects of MOS devices, some at-
tempts to process technologies, such as use of high-quality wafer [1],
improvement of oxidation process [3], and addition of nitrogen to gate
oxide [2] have been proposed. However, there has been no production
technique established which is able to remove the gate oxide defects
thoroughly and assure TDDB reliability.

On the other hand, from the point of view of screening, the
burn-in of the finished products is widely used. This method stresses
the gate oxide through external terminals at the end of the line at
a high temperature, so that it is unable to activate and stress every
gate oxide of the device, especially for logic, within the limited time.
Therefore, the burn-in hardly makes it possible to assure the gate ox-
ide reliability completely. Moreover, since the transistor breakdown
voltage, e.g., junction breakdown voltage and snapback voltage, is
generally lower than or comparable with the gate oxide breakdown
voltage, the voltage higher than the transistor breakdown voltage can-
not be applied for the burn-ih stress. This sets a limit to increasing
the stress voltage to increase acceleration for enhancing the effective-
ness of burn-in. Furthermore, burn-in has an essential problem that
the stress is applied even to non-defective gate oxides. This results in
reducing the life time of surviving gate oxides since no damage re-
covery process is available after burn-in.

These disadvantages in burn-in is originated from the fact that
the stress is applied after each transistor on a die is connected by
metallization to form circuits. Therefore, if screening is performed
prior to metal interconnection and the stress is applied only to the
gate oxides with drain and source free from the stress voltage, the
above-mentioned difficulties can be resolved; there is no restriction
to the stress voltage due to the transistor breakdown voltage, and the
damage to the gate oxide caused by stress can be recovered by high-
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temperature annealing before metal interconnection.

The idea of the screening during fabrication process has been
discussed by King et al. [4] in 1994. Their discussion, however,
is very preliminary and no detailed implementation of an in-process
wafer-level screening technique to the actual CMOS process technol-
ogy has been shown. In this paper, we present a novel in-process
wafer-level screening technique which can be easily inserted to any
CMOS process technologies, and demonstrate the effectiveness of this
technique integrated into the 0.8 ym double-metal CMOS technology.

II. BASIC IDEAS BEHIND THE IN-PROCESS WAFER-LEVEL
SCREENING

As shown in Figure 1, the oxide breakdown, which results in
the reliability failure of devices, can be classified roughly into two
modes (B and C modes). The C-mode breakdown corresponds to
the intrinsic breakdown of the oxide, while the B-mode breakdown is
considered to be extrinsic and defect-related. As the B-mode break-
down occurs near the operating electric field, it is very important to
screen this mode in order to improve the reliability of the oxide film.

Intrinsic (C-Mode) Failures

N

Frequency

Extrinsic (B-mode) Failures

|

Breakdown Electric Field

Fig. 1: Dependence on breakdown voltage of frequency of oxide film
destruction.

Figure 2 is a conceptual illustration which shows the relation
between the cumulative failure rate and operating time before and af-
ter screening. In this figure, to denote the life time required for the
product, (a) shows the distribution before screening and (b) shows the
distribution after screening without any damage recovery process. (b)
indicates that the life time the oxide surviving from the screening is
generally reduced due to the screening damage. The ideal screening,
as (c) in the figure, should be such that all devices with life time less
than fq is screened and the life time of survived devices is greater than

1.
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Fig. 2: The relation between the rate of failure caused by oxide film
destruction and operating time, before and after screening.
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Fig. 3: Process flow chart of the in-process wafer-level screening in-
serted to the standard CMOS process.

However, the damage to the surviving oxide is unavoidable as
long as the screening with stress is used. Therefore, some recovery
process of the damage should be included in the ideal screening. Con-
sidering the well-known fact that the damage to oxide can be recov-
ered by high-temperature annealing, it is possible to remove the dam-
age if screening is performed before metal interconnection. In the
following section, we describe the in-process wafer-level screening
technique inserted to the standard CMOS technologies.

I11. DETAILED DESCRIPTION OF THE IN-PROCESS WAFER-LEVEL
SCREENING METHOD

A. Process flow of the screening

Figure 3 shows the process flow chart of the in-process wafer-
level screening which is inserted to the standard CMOS process. Af-
ter the source/ drain ion implantation is performed, a CVD film is
deposited. This CVD film is used as a protective film which prevents
the contamination by handling of wafer, etc., during the screening.
Then contact holes are opened in order to connect the electrode for
the screening to all gate poly Si of the transistors. After contact open-
ing, poly Si is deposited on the whole area and patterned to form the
screening electrodes which are connected to all gate electrodes simul-
taneously die by die. Figure 4 illustrates schematic view of a wafer
and a die just after the patterning of the screening electrode. It is
shown that each die has one screening electrode connecting all poly
Si gates on the die in parallel.

At this stage, since metal interconnection has not been per-
formed yet, the electrodes which can be used for applying voltage are
the screening electrode and the back surface of the wafer. The well
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Fig. 4: Schematic view of a wafer and a die after the formation of the
screening electrode.

is connected to the backside of the wafer through the well-substrate
junction. During screening stress, the voltage of the same polarity
is applied to the gates of n-channel and p-channel transistors, and
accordingly if p-channel transistors are in inversion, then n-channe]
transistors are in accumulation, and vice versa. As a result, sufficient
carriers to the inversion channel area to form the inversion layer is
necessary to apply expected stress voltage to the gate oxide for both
transistors simultaneously. In order to supply the inversion carriers,
we utilize light illumination over the wafer. By this method, it is pos-
sible to fully control the voltage applied to gate oxide. Figure 5 shows
the schematic cross section of the device with the p-well/n-subtrate
structure under screening with light illumination.

The position of the die which has defective oxides and is broken
by the creening stress needs to be recorded for the later identification
at the end of the line so that this die is not going into packaging pro-
cess and shipping. After screening, the screening electrode is com-
pletely removed by chemical dry etching followed by CVD film de-
position to fill up the screening contacts. Afterwards, the conventional
BPSG film deposition and planalization reflow anneal are performed.
This planalization reflow is usually done at about 800 °Cor higher
temperatures so that it can be used for the removal of the gate oxide
damage due to the screening stress. The fabrication process after this
is the same as that of the standard CMOS process.

For this screening technique, we need two additional masks
compared to the standard CMOS process: one for screening contacts
and one for screening electrode.
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Fig. 5: Cross sectional view of a CMOS device under the in-process
wafer-level screening with light illumination.

B. Screening voltage

As mentioned in the previous section, electron-hole pairs are
created by light illumination to the wafer in order to apply the ex-
pected stress voltage simultaneously to both n-channel and p-channel
gate oxides during the screening. In this section, we examine the elec-
tric field which is applied to the gate oxide of a CMOS device under
screening.

Referring to the structure of Figure 4, we consider the case
where the n-substrate is grounded and the voltage Vg is applied to
the screening electrode. Note that in the actual screening, the current
flowing in the system can be ignored because itis very small. If V; is
positive, for example, the p-channel transistor is in accumulation. Un-
der light illumination, electron-hole pairs are generated in the chan-
nel region of the n-channel transistor. Generated electrons are used to
form the inversion layer while generated holes are diffused in the p-
well and eventually to the n-substrate through the p-well/n-substrate
junction. Figure 6 shows the band diagrams for the CMOS structure
for Vg > 0. Note that the system can be considered to be in equilib-
rium since the current is negligibly small for sufficiently small V.

Therefore the Fermi level is flat through the p-well and the n-
substrate. From these band diagrams, the oxide voltage Voxx can be
expressed as

+
Vox = Vg — Vyp(p-well) — 5(n-ch) (Vg > 0)

N
for the n-channel transistor and
Vox = Vg — Vyp(n-sub) — @5 (p-ch) (V,>0) )

for the p-channel transistor, where Vyp(p-well) and Vp(n-sub) are the
fiat band voltages for the p-well and the n-substrate, and ¢s(n-ch) and
s(p-ch) are the band bending of the surface potential of the n-channel
and p-channel transistors, respectively.

On the other hand, if V, is negative, the p-channel transistor is
simply in inversion. For n-channel transistor, the p-well/n-substrate
junction is reverse-biased so that some voltage drop V; must be in this
junction. Figure 7 shows the band diagrams for negative V. In this
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Fig. 6: Energy band diagrams of a p-well/n-substrate CMOS device
for positive V.

case V,x can be written as

Vox = Vg — Vyp(p-well) — os(n-ch)—V;  (V; <0) 3)
for the n-channel transistor and
Vox = Vg — Vpp(n-sub) — ds(p-ch) (Vg <0). 4)

for the p-channel transistor. In addition, from the charge neutrality
condition, we have the following equation:

VoxCox = Vi Cj(Vj) (Vg <0), 5)
where C;(V;) is the p-well/n-substrate junction capacitance, which
depends on V;.

C. The oxide field and temperature acceleration models for early
TDDB failures.

The stress voltage, time and temperature must be determined
adequately in order to screen the defective oxides and to minimize the
damage to the non-defective oxides. In this section, dependence on
voltage and temperature of early TDDB failures is investigated on the
oxides of different thickness.

As the model for oxide field dependence of TDDB failures, two
models, ”E model” [8-10, 13} and "1/E model” [5-7, 12] have been
proposed in the literature. As there is a significant difference in these
two models in terms of the estimation of stress time in high oxide field
which is equivalent to the stress time in low oxide field, it is a critical
issue which model is used to estimate the stress time in the in-process
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Table1: The oxide voltage in the p-well/n-substrate structure under the in-process wafer-lebel screening.
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Fig. 7: Energy band diagrams of a p-well/n-substrate CMOS device
for negative V.

wafer-level screening. Then the relation between the oxide field and
TDDB life time was examined, in order to decide the model to use.
In Figure 8, TDDB life time of MOS capacitors with different oxide
film thickness, with gate area is plotted as a function of the reciprocal
of the oxide field. The data for the life time of early failures corre-
sponding to 10%, 20% and 30% cumulative failures are shown in this
plot. From this figure, it is clearly seen that the dependence of the
early failures on the oxide field is well described with the 1/E model
in the wide range of oxide field. The value of oxide field accelerating
parameter G, which is defined as exp(G/Eox), is fitted to be 320 from
the data, and this is very consistent with the previously reported value
[s,6l}.

The activation energy E, is another parameter which acceler-
ates the oxide failure. Figure 9 shows the dependence of activation
energy on TDDB stress oxide field, for MOS capacitors with 15nm
oxide. The life time is defined from 15% to 30% of cumulative fail-
ures. The data shows the activation energy increases as the oxide
field decreases, and this behavior has been reported by McPherson
and Baglee [8], and Boyko and Gerlach [11]. The value of activation
energy which is shown here is quantitatively consistent with their re-
ports. The data indicate the negative E, values at 8 MV /cm. This
might be unusual, but one possible explanation is as follows. Ac-
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Fig. 8: TDDB life time at 10%, 20% and 30% cumulative failures
as a function of reciprocal of oxide field for oxide thickness of 8nm
to 38nm. The life time is in proportion to the reciprocal of electric

field ranging widely over the electric field. The straight line indicates
exp(320/Eox).
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Fig. 9: The relation between the activation energy and stress electric
field,calculated from TDDB life time at 15%, 20%, 25% and 30%
cumulative failures of MOS capacitor with 15nm film thickness.

cording to the model that the oxide breakdown is due to the holes
trapped in the oxide near the cathode, TDDB life time is determined
by the amount of these holes. The rate of hole trapping decreases if
de-trapping of trapped holes becomes significant. De-trapping is con-
sidered to be more significant at higher temperatures, which results in
decreasing the effective rate of hole trapping and longer TDDB life
time. This mechanism of oxide breakdown leads to the negative £,
values.

D. Recovery of the screening damage by high-temperature annealing.

As mentioned before, screening damage to non-defective ox-
ides can be removed by high-temperature annealing after screening in
this technique. In order to confirm this damage recovery, the failure
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Fig. 10: TDDB results of capacitors subjected to the high voltage
screening stress of 8 MV /cm for eleven sec followed by N; annealing
at 600 °C and 800 °C. The results for capacitors with the screening
but no annealing and control samples are also included.

distribution of stressed MOS capacitor samples was investigated as a
function of annealing temperature. For this study, we used conven-
tional capacitors with gate oxide thickness of 9.7 nm and gate area of
10 mm?. The screening stress at 8 MV /cm for 11 sec at room tem-
perature was performed on capacitors, which was followed by high-
temperature annealing at 600 °C and 800 °Cfor } hour in Np. Figure
10 plots cumulative TDDB failures as a function of stress time for ca-
pacitors with no stress, only stress and stress followed by 600 °C and
800 °C N» annealing. This figure also includes a plot for the failure
distribution of ideal screening, which is calculated by subtracting the
distribution just after the stress from that before the stress. This cal-
culated ideal distribution clearly indicates that N, annealing at 600
°Cor higher temperature is enough to recover the screening damage.

1V. RESULTS OF THE IN-PROCESS WAFER-LEVEL SCREENING
FOR 0.8 um CMOS LSIs

The in-process wafer-level screening technique described in de-
tail in the previous section was applied to 0.8 um CMOS logic LSI
devices. The process technology used here has the p-well/n-substrate
structure, 15 nm gate oxide and double-level Al metallization. The
samples were split into two groups from the same lot: wafers with
and without the in-process wafer-level screening. The screening stress
field, temperature and time were 5.8 MV /cm, 25 °Cand 5 sec, respec-
tively. These values were determined such that the stress is approx-
imately equivalent to the burn-in under 7 V, 10 hours and 125 °C,
using the accelerating parameters in the previous section (G = 320
V/cmand Eg = 0.6 eV). Figure 11 shows the Weibull plots of failures
due to gate oxide TDDB during the dynamic life test of 7V and 125
°C for samples with and without the in-process wafer-level screen-
ing. In this figure, it is clearly shown that the early failures caused by
oxide defects are significantly reduced by performing the in-process
wafer-level screening. This result demonstrates the effectiveness of
the in-process wafer-level screening which we have developed to re-
duce early TDDB failures.

V. SUMMARY AND CONCLUSION

We have developed a novel in-process wafer-level screening
technique to eliminate infant mortality of LSI due to gate oxide de-
fects. This technique makes it possible to stress all of gate oxides
simultaneously at arbitrary high voltage for both n-channel and p-
channel devices. It also shortens greatly the screening time and im-
proves the reliability of oxide film. We have applied this technique
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Fig. 11: Early failures due to the gate oxide TDDB as a function of
time of dynamic life test (7 V and 125 °C) for 0.8um CMOS LSIs
with and without the in-process wafer-level screening.

to 0.8um CMOS logic LSI and demonstrated the effectiveness of this
technique for reducing early TDDB failures.

Q: Are you using this technique in the routine work?

A: No, we have not installed it in the routine work. This paper is a
proposal.

Q: Do you have concerns about yield reduction when you use this
technique?

A: No, we don't have any concerns about yield reduction because
careful adjustment of the screening conditions (voltage, temperature
and time) makes it possible to screen just defects which may eventu-
ally fail within the product life time.
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