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Abstract

Degradation of CMOS NAND logic circuits resulting from dielectric degradation of a single
pMOSFET using constant voltage stress has been examined by means of a switch matrix technique.
As aresult, the NAND gate rise time increases by greater than 65%, which may lead to timing errors
in high frequency digital circuits. In addition, the NAND gate DC switching point voltage shifts by
nearly 11% which may be of consequence for analog or mixed signal applications. Experimental
results for the degraded pMOSFET reveal a decrease in drive current by approximately 43%. There
is also an increase in threshold voltage by 23%, a decrease in source to drain conductance of 30%,
and an increase in channel resistance of about 44%. A linear relationship between the degradation
of the pPMOSFET channel resistance and the increase in NAND gate rise time is demonstrated, thereby
providing experimental evidence of the impact of a single degraded pMOSFET on NAND circuit
performance.
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1. Introduction

The effects of dielectric breakdown mechanisms on inverter circuit performance have received
recent attention [1-8], yet experimental results (i.e., not simulated) on these effects on other
logic gates, such as the NAND gate, are negligible. Furthermore, the focus of reliability studies
on the inverter logic circuit has involved the detrimental aspects of a circuit level stress on the
DC voltage transfer characteristics (VTC) exclusive of circuit response in the time-domain
[1,2,7,8]. In these studies, the type of degradation induced in one or both of the MOSFETS can
only be inferred as electrical access to each individual MOSFET was not possible. However,
it has been shown that directly characterizing each individual MOSFET before and after stress
is possible by employing a switch matrix technique when configuring simple integrated circuit
building blocks (SICBBs) [3,6]. This method has been used to investigate inverter logic circuit

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Estrada et al.

Page 2

performance following degradation of a single MOSFET (or both MOSFETS) [4] in which
degradation of MOSFET parameters was examined and directly correlated to inverter
degradation in the voltage time-domain (V-t). The switch matrix technique has also been
employed in a preliminary investigation on the degradation of rise time (t;) in the NAND gate
[9]. This study expands the preliminary investigation of NAND gate performance following
pPMOSFET degradation by comparing NAND circuit degradation in the DC and V-t domains.
Additionally, the correlation between pMOSFET degradation and NAND circuit reliability is
experimentally and mathematically investigated. Moreover, the capacitive load associated with
the switch matrix technique is addressed using experimental, mathematical, and simulation
approaches.

Ogas et al. have proposed circuit performance can deteriorate before traditional gate oxide
breakdown (GOB) events occur such as soft breakdown (SBD) or hard breakdown (HBD)
[4]. Similarly, NAND gate and full adder circuit simulations performed by Carter et al. suggest
that logic circuits are affected dynamically by gate oxide degradation [10]. Their analyses
present data that result in timing delays of NAND circuits and propagation of these timing
delays through the logic path of a full adder circuit following a progressive GOB [10]. In
addition, Hawkins et al. suggest IC parameter variance becomes a greater concern for the timing
of logic circuits with the scaling of technology nodes through their simulations of NAND logic
circuits [11]. However, to the authors' knowledge, experimental studies to support these
simulations have yet to be performed on devices with ultra-thin oxides.

It is well known that device speed increases as MOSFET gate dielectric thickness (tox) is
scaled down. However, with scaling, detrimental effects resulting in earlier dielectric
breakdown, such as increased gate leakage current and increased defect generation become a
greater concern. Consequently, it has become increasingly important to identify which
components are most susceptible to dielectric degradation as circuit engineers continue to
design with devices utilizing thinner gate oxides. Our study investigates the NAND logic circuit
performance following degradation of devices with tox of 2.0 nm. Of particular interest is the
reliability assessment of low-level oxide degradation (e.g., negative bias temperature instability
[12,13], time dependent dielectric breakdown [14], stress induced leakage current [15],
progressive breakdown [16,17] etc.), termed wear out in this paper [18], which may provide
insight as to the critical degradation limit for digital circuit failure. This paper examines the
effect of wear out in one pMOSFET on NAND gate performance. The focus of this study is
not on the identity of the specific physical degradation mechanism (e.g., NBTI [12,13], TDDB
[14], SILC [15] or progressive breakdown [16,17], etc.), which is left to the discretion of the
reader, but on the impact of the induced device degradation on the NAND circuit response. To
this end, a possible connection between MOSFET degradation and circuit performance may
be establish through the widely used relationship between circuit t, and MOSFET channel
resistance, R¢p, in the design of logic circuits, given by:

I,-OCRChCL (1)

where C,_is the load capacitance on the logic circuit [19,20]. Based on our investigation of
equation (1), we provide experimental evidence that directly correlates gate oxide wear out
effects on the channel resistance of one pMOSFET to the NAND logic circuit rise time.

2. Experimental

A. Devices and Measurements

The metal oxide semiconductor (MOS) devices used in this study are fabricated using 0.1 pm
CMOS technology with a tgx of 2.0 nm. The pMOSFET and nMOSFET devices configured
in the NAND circuit have an oxide area (Agx) of 1x108 cm? with a width and length of 10
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um and 0.1 pum, respectively. The dielectric type is SiO,. Measurements are obtained using a
semiconductor characterization system described in previous studies [6]. Dielectric
degradation is induced in a single pMOSFET by applying a constant voltage stress (CVS) of
-4 V to the gate of the device (Fig. 1) [21]. Further description of the measurement and choice
of applied voltage is reported in previous work [4]. CVS occurs in cycles of 600 seconds for
five consecutive cycles, with interruptions for device and circuit characterization. The
remaining three MOSFETS are not stressed. All measurements are conducted at 298 K.

Data have been collected and analyzed for 6 NAND gates with a single degraded pMOSFET
configured in 1 of 2 positions through the switch matrix technique, as illustrated in Fig. 2.
Table I summarizes all four NAND logic configurations, which are labeled with the pMOSFET
position followed by the 1/O state. Configurations 1-3 and 2-1, shaded in Table I, correspond
to transitions in the NAND logic. The results are presented for these two configurations in
which device degradation affects the circuit performance in the voltage-time domain (V-t).
Specifictothe NAND circuit, V-t data and voltage transfer characteristics (VTCs) are measured
following each stress cycle. The V-t results allow for the evaluation of rise time (t,) by taking
the difference in time from 90 % to 10 % of the output voltage [20].

Data collected for the degraded pMOSFET includes maximum drain current (Ip max),
threshold voltage (V1), maximum transconductance (Gy max), off-current (Iogg), and small-
signal source-to-drain conductance (gsgm).- The pMOSFET Vyy is determined using the linear
extrapolation technique [22]. In addition, gate leakage current (Ig-Vg) is measured following
each stress cycle. The gsgm data are collected using a small-signal conductance measurement
similar to that described by Kong et al. [23]. The small-signhal conductance measurement used
in this study differs from the method of Kong et al. in that a 14 mV RMS test signal at 1 MHz
is applied to the drain of the device under test, while the voltage sources of the Agilent 4156C
parameter analyzer provide the gate and substrate biases through connections configured using
the Agilent E5250A switch matrix.

B. Switch matrix technique

The combination of equipment used for the switch matrix technique creates a significant
capacitive load, which is typically a concern when dealing with small scale devices. The speed
of small scale devices is critical to achieve high circuit performance and can easily be inhibited
by the capacitive load due to charging effects. In a typical I1C, several types of digital or mixed
signal circuits can heavily load the output of a NAND gate. An example of this type of digital
circuit is an output buffer. Examples of heavily loading mixed signal circuits include charge
pumps and loop filters (e.g. digital phase-locked loops or DPLL). The capacitive load, C, for
these circuits can be 1 pF or larger. It would be of definite interest to determine if the change
in t, of a NAND circuit, measured under the heavy C of the switch matrix technique, can be
directly attributed to the oxide degradation of one MOSFET in the NAND gate. Theoretically,
this might be possible by examining the well known relationship of t, shown previously in
equation (1). If a NAND gate is under a large load capacitance, which remains constant, then
achange in Rqp, can be directly related to a change in t,. Hence, equation (1) can then be written
in terms of a change in Rep, (4Rcp) given by:

Aty < ARy C, )
or,

At, o< (Rchfrcsh = Rch.wearoul) CL‘ ®)
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Consider the following case in which C can be increased or decreased prior to or after circuit
operation but remains constant during circuit operation or measurement (i.e., a different output
circuit on the NAND). A question arises as to whether or not the change in C,_ produces a
change in %4t (where % signifies fractional percent). Insight to this question is gained by
writing equation (1) in terms of %A4t,:

Aty At,
o ‘
It fresh Rch.frcshcl, )

YAt o<

Substituting equations (3) into (4) provides:

Reh.fresh — Rehwearout) C Reh fresh — Reh.wear
%A’r « ( ch,fresh ch.wuuout) L o ch,fresh ch,wearout o %ARch-
Rch.freshC[_ Rch.fresh (5)

Equation (5) reveals that %4t, is independent of C, . The result of equation (5) is rather
simplistic and may leave the reader with doubt to its outcome. Hence, SPICE simulations were
performed that demonstrate, for changes in C, ranging from 10 fF up to 1 nF (but holding
C_ constant during each simulation), %A4t, remains the same, Fig. 3.

Degradation was simulated in a single pMOSFET by increasing the threshold voltage
parameter, V1o, of a 50nm CMOS process BSIM 4 SPICE model to match the %AV1H
increase observed in the experimental data following oxide wear out in a single pMOSFET.
VT1Ho Was chosen because of its relationship to R¢p, as shown later. The NAND circuit
investigated in this study was simulated using LT SPICE. Voltage time domain simulations
were performed for the NAND circuits using the capacitive load of the Switch Matrix
Technique (i.e., approximately 900pF). Figure 4 illustrates the typical correlation between
simulated and experimental results. The switch matrix technique is well suited to examine the
reliability of simple integrated circuit building blocks (SICBB) since the C_for this technique
is about 900 pF (within the range of simulations) and remains constant throughout testing. We
have also performed experiments in which the C,_ on the NAND gate was reduced by nearly
an order of magnitude and obtained the same results (within a standard deviation) as with the
switch matrix technique.

Using the switch matrix technique, we examine the effect of oxide wear out in a pMOSFET
on the functionality of a NAND logic circuit. It is shown for NAND gates, which can be heavily
loaded by circuits such as output buffers, charge pumps and loop filters, that pMOSFET oxide
wear out is significantly disruptive to NAND gate performance.

3. Results

The NAND circuit and pMOSFET results reported include the %4 from fresh to wear out in
terms of the mean value. The pMOSFET results are summarized in Table 2. For both the NAND
circuit and the pMOSFET only the %4 mean is referenced in the following subsections.

A. NAND Circuit

Following degradation of a single pMOSFET, both V-t and VTCs are examined for
configurations 1-3 and 2-1 (Table-1). These configurations are the only two configurations
exhibiting effects from pMOSFET degradation as expected. Figure 5 shows the NAND V-t
response for circuit configurations (a) 1-3 and (b) 2-1. The NAND V-t response for Fig. 5 (a)
and (b) shows an increase in %At, of approximately 68 %, relative to the Fresh response. Figure
6 shows the NAND VTCs for configurations (a) 1-3 and (b) 2-1, in which a shift to the left,
starting from the Fresh condition, is observed in the voltage switching point (%AVsp) by
approximately 11 % and 9 %, respectively. Figure 7 shows box plots with respect to stress
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cycle of (a) %At; and (b) %AVsp. The mean values of each box plot are connected by a solid
line, indicating a gradual increase in mean values for each tested circuit with increased
degradation as illustrated in Figs. 5 and 6. A gradual increase in the value of the interquartile
range with increased oxide wear out is also observed.

B. pMOSFET

After 3000s of CVS, the pMOSFET DC characteristics show a decrease in %Alp pmax (Fig. 8)
by 43 %. Figure 9 reveals an increase in %AV by 23 %, and a decrease in %AGy max (inset
of Fig. 9) by 26 %. Additionally, a decrease in %Alorr by 82 % is observed (Fig. 10). The %
AQggm in Fig. 11 is shown to decrease by 30 % (measured at Vsg=Vpp=1V). In Fig. 12, an
increase is observed in %AR., of approximately 44%.

4. Discussion
A. NAND Circuit

The method that was chosen for testing the NAND gate induces a pulsed waveform on one
input while applying a constant voltage to the other input. Thus, simplifying the experiment
by isolating the switching transistors in the NAND gate to one pMOSFET and one nMOSFET
(cases A and B described by Taur and Ning) [24]. This method prevents both pMOSFETS from
switching simultaneously and allows for easier analysis of the impact of the degraded
pMOSFET on the NAND circuit response. It is shown following stress of a single pPMOSFET,
the degree of degradation observed in the NAND time-domain response is more significant
than the degradation exhibited in the VTCs under equivalent test conditions (Figs. 5 and 6).

Examining the data in Fig. 5 demonstrates that only t, of the NAND gate is affected, while the
fall time (t;) remains unchanged (Fig. 5). As reported by Stutzke et al., a degraded pMOSFET
affects only the t; [3], hence a change in t; is not expected, nor is it observed. This can be
explained by realizing that the pMOSFET is the “pull-up” device and the nNMOSFET is the
“pull-down” device, as described by Taur and Ning [24]. Furthermore, comparison of the %
At, results for configuration 1-3 (Fig. 5a) to the %4t, results for configuration 2-1 (Fig. 5b)
reveals that a single degraded pMOSFET has an equivalent effect on NAND circuit
performance in the V-t domain regardless of circuit configuration. This can be explained by
realizing that by holding one input of the NAND gate at VDD while the other input is pulsed,
the pull-up operation of a two input NAND gate is similar to that of a CMOS inverter [24].
Hence, for both configurations 1-3 and 2-1, the impact of single pMOSFET oxide wear out on
the NAND logic gate performance in the V-t domain is comparable to findings reported in
similar work involving the Inverter logic circuit [4]. Moreover, the data in Fig. 5 may be
examined statistically over the stress cycles as shown in Fig. 7a. Statistical examination of the
data reveals valuable information concerning trends in the circuit V-t response (Fig. 7a). The
data in Fig. 7a indicate the %4t, increases steadily and substantially for each circuit. For all
circuits tested, the same trend in %4t, is observed, which is a sublinear increase in %4t with
increasing stress cycle.

A similar correlation can be made for the NAND VTCs from Fig. 6, in which a leftward shift
of the Vgp is directly related to a decrease in pMOSFET performance. This effect was also
observed for inverters in which a degraded pMOSFET and undamaged nMOSFET shifted the
Vgp to the left while a degraded nMOSFET and undamaged pMOSFET shifted the Vgp to the
right [4,6]. Additionally, comparison of the %4Vgp data for configurations 1-3 and 2-1 (Figs.
6a and 6b) demonstrates a single degraded pMOSFET has a similar effect on NAND circuit
performance in the DC domain regardless of circuit configuration. This can also be explained
by realizing that by holding one input of the NAND gate at VDD while the other input is pulsed
the pull-down operation of a two input NAND gate is similar to that of a CMOS inverter
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[24]. However, it is important to note that configuration 2-1 is most comparable to the CMOS
Inverter as VTC results for configuration 1-3 could be influenced by the body effect associated
with stacked nMOSFET devices [24]. Hence, the observed %AVgp for configuration 2-1 is
most comparable to the %AVgp reported in similar work involving the Inverter logic circuit
[4]. Statistical examination of the data in Fig. 6a provides the box plots in Fig. 7b where the
%AVsp data for each circuit are shown over the stress cycles. The %4Vgp depicts a sublinear
increase as well, thus further suggesting the validity of the trends in both %4t, and %4Vsp
with stress time.

The evolution of %4t, and %4Vsp may be described by the slope of the curves which connect
the box plot mean values as shown in Figs. 7a and 7b. Initially, the slopes of these curves are
large but decrease to a relatively constant value. This tendency correlates to the pMOSFET
gate leakage current progression with respect to degradation encircled in the “Region
Investigated” in Fig. 13. The first cycle of wear out shows the greatest change in gate leakage
current while subsequent wear out exhibits less leakage current changes. It is interesting to
note that the %4t, increase is a factor of four or more greater than that observed for the %
AVsp indicating that the circuit operation in the time domain is more affected by gate oxide
wear out than DC operation. Since a significant portion of circuit operation is in the time
domain, the greater sensitivity of %At, to gate oxide wear out suggests that gate oxide wear
out is more detrimental to digital circuit operation than to analog operation. Similar
observations were reported by Cheek et al. following inverter circuit analysis [6]. In addition,
the degradation of the NAND V-t response with increased wear out reported in Sec. 3 (A) are
supported by the simulation work of Carter et al. in which GOB is simulated and the result is
an increase in time delay for the NAND gate time-domain response [10].

B. pMOSFET

The evidence presented in Sec. 4 (A) indicates that pMOSFET wear out causes a significant
change in NAND gate circuit response. Consequently, the pMOSFET characteristics are
examined to establish the cause of the large change in t,. The Ig-Vg data in Fig. 13 are
substantiated by the Region Investigated highlighted in Fig. 1 where wear out is evident. A
potential link between circuit performance and MOSFET degradation is that of t, and R¢p,
(equations (1) and (5)). To this end, R, is investigated experimentally. To obtain the values
for %AR¢p, an approach similar to that provided by Kong et al. [23] was applied in which an
equation for gsgm is derived. Kong's derivation for g4qm, calculated from the DC drain current
equation of an NMOSFET, is based upon the gradual channel approximation [23]. The gradual
channel approximation remains valid for this study as only a small AC signal with a 0V DC
bias is applied to the drain when gsgm is measured. Therefore, a similar derivation for the case
of a pMOSFET results in

1

8sdm= +—l
L ﬂ(vsa“/m) (6)
where,
R 1
ch=————
BVt Vi) %9
and,
_llcﬂ‘ Cox Wt:l'f
Leff ) (8)
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Rsp is the total parasitic source and drain resistance measured in series with Rep. It can be
assumed Rgp is small compared to R¢p, [25,26] and remains fairly constant after CVS, as the
majority of the pMOSFET degradation occurs in the channel [21]. Therefore, equation (4) can
be reduced to

1
gsdm X ——
&sdm Ren ©

or equivalently,

1
R»h ~ .
¢ &sdm (10)

A correlation between %AR, and gsgm can be derived from equation (10). ARy, can be written
as

1 1
AR ~ -

gsdm.l’rcsh gsdm.Wcumul ( 11 )

Using a common dominator, (11) can be written as

—Agydm

8 sdh Fresh 8 sdm Wearout (12)

ARy, =

Dividing by Reh Fresh to convert (12) to fractional percent change results in

ARch N —Agsdm

90AR e ~ R

ch,Fresh gsdm.Wcurnul ( 1 3)

Using equation (13), %4R., was calculated using the small-signal conductance data. A
statistical examination of the %AR., data (Fig. 12) reveals a sublinear increase similar to the
%At data (Fig. 7a). The evolution of %AR¢, may also be described by the slope of the line
connecting the box plot mean values (Fig. 12). Initially, the slope is large but decreases to a
shallower value. However, it is most interesting to note that the %AR, trends for the devices
(Fig. 12) are comparable with the %At, trends for the correlating circuits (Fig. 7a). To further
discern the relationship between %At, and %AR., observed in Figs. 7a and 12, both the %
At, data and %Ry, data are plotted in Fig. 14. The linear fit of the data in Fig. 14 shows that
%At, is directly proportional to %4R. through the relationship,

%At =1.52 X AR (14)

The graphical relation observed in Fig. 14 demonstrates the validity of equations (1) and (5)
as well as the correlation between the trends illustrated in Figs. 7a and Fig. 12. Hence, the
change in channel resistance in the pMOSFET due to oxide degradation directly affects the
rise time of the NAND logic gate.

Further insight into the degraded parameters affecting R¢p, is gained by following the derivation
8sdm

of Kong et al. relating deamldVg a5 @ linear function of gate voltage [23]. In the case of

the pMOSFET, this relationship is expressed as
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8sdm

T \/%(VSG+VT[I)

dgsdm
V dVg, (15)

where the zero gate-field gain factor, g, is proportional to 5 through the well known
relationship shown in equation (16) [27],

e =

T4 (Ve + V) (16)
and 6 is the gate-field mobility reduction factor. When the g4, data are plotted according to
equation (15) and a linear fit is applied to the various stress cycles (Fig. 15), it is observed that

the slope of the linearization (i.e., \/ﬁ_o) decreases with increased stress time. Furthermore, the
shift in the x-intercept (i.e. V) is approximately equal to the V1 shift measured using the
linear extrapolation method (Fig. 9). Therefore, the results of the small-signal conductance
measurement (Figs. 11 and 15) and the relationship expressed in equation (15) are substantiated
by the data in Fig. 9, where a decrease in Gy max and shift in Vy are observed. Hence, the
increase in Rgy, can be partly attributed to a decrease in e, in accordance with equation (16).
Since this study focuses on circuit response to MOSFET degradation, further investigation in
the degradation mechanisms affecting Rqp, remains a topic that is beyond the scope of this paper.

5. Conclusions

Using a switch matrix technique, the results reported in this study show gate oxide wear out
in one pMOSFET of a NAND logic circuit substantially degrades the circuit V-t domain
response and the VTCs. Additionally, it was found the NAND gate response in the V-t domain
is comparatively worse than the DC response. We have also proposed and shown the switch
matrix technique can be employed in conjunction with a small-signal conductance
measurement in characterizing the reliability of SICBBSs, despite a relatively heavy capacitive
load. A correlation between NAND logic circuit performance and degradation of pMOSFET
parameters is established through analyses of %At, and %ARgy,. Ultimately, the changes in t;
may dramatically affect the ability of the NAND gate to execute logic properly, particularly
in applications requiring high switching speeds.
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Fig. 1.

CVS results showing gate current versus time of a pMOSFET with stress voltage, Vg = -4.0
V. Wear out is in the low-leakage regime indicated by the Region Investigated, prior to the
later breakdown events. The pMOSFETSs used in this study were not stressed beyond the Region
Investigated (i.e 3000s). An expanded view of the Region Investigated is shown in the inset
and illustrates the five 600s stress cycles, A through E. The CVS measurement was interrupted
following each stress cycle and circuit and device characteristics were obtained.
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AV 4

NAND logic circuits illustrating position 1 and position 2 of the degraded pMOSFET.
Following each stress cycle circuit characteristics where collected with the degraded
pMOSFET in position 1 followed by collection of circuit characteristics with the degraded

pMOSFET in position 2.
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Fig. 3.

SPICE simulation results showing %At; as a function of C_ for NAND circuit configuration
1-3 (Table I). Results indicate %4t, remains fairly constant within the range of 10fF to 1nF. It
is interesting to note that simulation results for %At, are near the mean value of experimental
data obtained using the switch matrix technique. The arrow indicates the approximate C_
associated with the Switch Matrix Technique.

Microelectron Reliab. Author manuscript; available in PMC 2009 March 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Estrada et al.

Page 13

90%
0.8 F Increased __| g - 80%
- Degradation

60% o
N
40% Q<
<
.
20%
10%

0%

Time (a.u.)

Fig. 4.

Typical experimental and SPICE simulation voltage time-domain (V-t) results for NAND
circuit configuration 1-3 (Table I). Only the Fresh and stress cycle E response are shown.
Experimental data are represented by the symbols while simulation data are shown as solid
lines. Degradation was simulated in a single pPMOSFET by increasing the threshold voltage
parameter, V1Ho, of a 50nm CMOS process BSIM 4 SPICE model to match the mean %
AVtH increase observed in the experimental data following oxide wear out of a single
pMOSFET. The NAND circuit investigated in this study was simulated using LT SPICE. The
observed increase in %At, of the simulation data is shown to correlate well with the observed
increase in %At, of the experimental results.
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Typical voltage time-domain (V-t) results for the NAND circuit for Fresh through stress cycle
E (i.e. Region Investigated in Fig. 1). Results show an increase in t, of approximately 68%
with increasing wear out, in which t, is measured as the difference in time from 90% to 10%
of the final output voltage [19,20]. Wear out in one pMOSFET significantly affects the rise
time (t;) as shown for configurations (a) 1-3 and (b) 2-1. The equation for t, is demonstrated
for the stress cycle E curve.
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Fig. 6.

Typical voltage transfer characteristics (VTCs) results for the NAND gate from Fresh to stress
cycle E. Effects of wear out in one pMOSFET are shown for configurations (a) 1-3 and (b)
2-1, in which a shift to the left in the voltage switching point (Vsp) of approximately (a) 11%
(b) and 9% are observed. Vsp is defined as the switching point voltage when the line, Voyt =
V)N, intersects the data.
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Fig. 7.

Box plots of (a) voltage time-domain (V-t) and (b) voltage transfer characteristics (VTCs) for
configuration 1-3 versus stress cycle. The numbers illustrate the different circuits tested (i.e.
all four MOSFETS used to construct the NAND circuit are different and unstressed before
testing). Each individual box plot has a range from the minimum measured value to the
maximum measured value. The box represents the interquartile range. The mean values of each
individual box plot are depicted by a solid square and are connected by a solid line. The median
is illustrated by a horizontal solid line in the box. Configuration 2-1, not shown, yields
comparable results. The %At, from Fresh to stress cycle E for this configuration is
approximately 68% while the %AVgp from Fresh to stress cycle E is only 11% (by mean). A
gradual increase in the value of the interquartile range with increased stress time is observed
for both (a) %At and (b) %AVsp.
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Typical pMOSFET drain current versus drain voltage (Ip-Vp) results for Fresh through stress
cycle E showing a decrease in Ip yax of approximately 43% with increasing wear out.

Ip max data is measured at Vp=Vpp (encircled). The gate voltage is held constant at -1 V
throughout the test.

Microelectron Reliab. Author manuscript; available in PMC 2009 March 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Estrada et al.

I, (A)

Page 18
5 ” i ] . s TI . ‘I T' % L T i T LB
-5 0x107 Ht Transcgnductanca {18x10* V,=-50mV I 3

0.2 04 06 08 1.0
vV, (V)

Fresh

Ihcreased
Degradation

0 -0.2

Ve (V)

Fig. 9.

Typical pMOSFET linear drain current versus gate voltage (linear Ip-Vg) results for Fresh
through stress cycle E, in which an increase in threshold voltage (V1) of approximately 23%
is observed from Fresh to stress cycle E. The inset illustrates that the corresponding maximum
transconductance (G vax) decreases by approximately 26% and shifts to more negative
voltages with increased wear out (only Fresh and stress cycle E are presented). Throughout
the test, drain voltage is held constant at -50mV. V1 is measured using the linear extrapolation

method [22].
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Fig. 10.

Typical pMOSFET logarithm drain current (log 1p) versus gate voltage (Vg) results for Fresh
through stress cycle E, showing a decrease of approximately 82% in off-current (Iogg) after
induced wear out. The Igpg data is encircled and emphasized in the inset plot. Throughout the
test, the drain voltage is held constant at -1V.
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Typical pMOSFET small-signal conductance measurement results for Fresh through stress
cycle E showing a decrease of approximately 30% in source-to-drain conductance (gsqm) after
induced wear out. The %Agsqn results reported are measured at Vsg=Vpp = 1V. Throughout
the test the drain voltage is held at a OV p¢ bias with a 14mV,,¢ sinusoidal signal at a frequency
of 1MHz superimposed.
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Fig. 12.

Box plot of % AR, versus stress cycle, indicating a gradual increase in channel resistance with
increased wear out. The numbers illustrate the different pMOSFETs which were degraded in
this study. MOSFET numbers correlate to NAND logic circuit numbers in Fig. 7. The %
ARgp from Fresh to stress cycle E is approximately 44% (by mean). Each individual box plot
has a range from the minimum measured value to the maximum measured value. The box
represents the interquartile range. The mean values of each individual box plot are depicted by
a solid square and are connected by a solid line. The median is illustrated by a horizontal solid
line in the box. A gradual increase in the value of the interquartile range is observed with
increasing stress time.

Microelectron Reliab. Author manuscript; available in PMC 2009 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Estrada et al.

Page 22

10° —————v——— 4
7 Increased 1
10 Degradation # 10

Investigated 1 D-ﬁ

-1.0 -0.5 0 0.5 1.0
Inversion VG (V) Accumulation

Fig. 13.

Log plot of the gate current versus gate voltage response for the degraded pMOSFET
corresponding to the CVS plot shown in Fig. 2. The Region Investigated for wear out (encircled
Fresh 1g-Vg curve (stars) and the consecutive cycles of degradation A through E (circles))
correlates to the Region Investigated in Fig. 2. The full range of oxide degradation is shown
to highlight the low-leakage regime investigated in this study. The pMOSFETS used in this
study were not stressed beyond the Region Investigated. The low leakage regime suggests that
a traditional oxide breakdown event (i.e. SBD or HBD) is not being induced in the pMOSFETs
used in this study [18]. The arrow indicates the progression of increased degradation. It should
be noted that both inversion and accumulation modes indicate increased degradation.

Microelectron Reliab. Author manuscript; available in PMC 2009 March 1.

(wory) |°r |



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Estrada et al.

1-3)

non

t

gura

i

%At

(Confi

r

120 T ' I T T T T r

L Device and Corresponding .
100 | Circuit Numbers g
| P
80 - ; L*i |
- 4 V¥ :
60 . iz
40 - 5 [
20 n’”’fp -
3 n/‘.:lAtr=1'52 X %ARch ]
0 Ir .a‘ .
e | . | | | | |

0 20 40 60 80
%AR
ch

Figure 14.

A linear relationship between %At, and % AR, is demonstrated for NAND logic configuration
1-3. Similar results were observed for configuration 2-1. The six degraded pMOSFETS used
in this study are represented numerically and correspond to the NAND logic circuit numbers
in Fig. 7. A linear increase in %At, as a function of %AR is observed for each device. A linear
fit (line) to the mean values of each stress cycle is included to highlight the proportionality
expressed in equation (5). The equation of the linear fit is expressed in (14).
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Typical pMOSFET small-signal conductance measurement results for Fresh through stress
cycle E linearized through equation (12). The decrease in the slope of the linear extrapolations
indicates a decrease in "2 Also noted is a shift in the x-axis intercept of approximately 22%,
which correlates well with the %AVt measured through the linear extrapolation method as

demonstrated in Fig. 9.
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TABLE 2
pPMOSFET Device Statistics
1-V Parameter Mean Standard Deviation
%Al 5 pax 43% 8%
%AVry 23% 5%
%AGy max 26% 3%
%Al or 82% 7%
%AGggm 30% 8%
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