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Abstract Measuring bias temperature instability (BTI) on
ring oscillators (ROs) is frequently used. However, perfor-
mance of a semiconductor chip is fluctuated dynamically due
to bias, temperature and etc. BTI-sensitive and -insensitive
ROs are implemented in order to extract BTI-induced degra-
dation without those temporal fluctuation factors. A test chip
including those ROs was fabricated in a 65 nm process and
residual components without fluctuation could be extracted.
The well-known power-law model of BTI with time exponent
n = 1/6 is extracted from smooth degradation curves.

1. Introduction

Transister size has been scaled down year by year. Im-
proved performance and low power operation of billions
of transistors are achieved, but reliability issues such as
hot carrier injection (HCI) and bias temperature instability
(BTI) arise [1]. Electronic equipments designed to guarantee
10-years operation. For automobile applications, electronic
components are exposed to high temperature that accelerates
wear-out failures such as BTI. BTI is an aging degradation to
degrade transistor performance with time by transistor bias
and ambient temperature. BTI-induced degradation acceler-
ates as voltage and temperature increase. An implemented
circuit may malfunction by the aging degradation if enough
timing margin is considered at design time. BTI is a serious
reliability issue that shortens the lifetime of circuits.

The accurate prediction of BTI-induced degradation is
necessary to know when to replace electronic devices.
BTI cannot be avoided as long as the gate-source voltage
(Vgs) is supplied. It is hard to measure degradation by
constantly keeping bias and temperature. Thus long-term
measurement results fluctuate. In this paper, BTI-sensitive
and -insensitive ring oscillators (ROs) are used to extract
BTI-induced degradation without fluctuation. The fluctuation
factors are removed by subtracting results of those ROs. By
sweeping ambient temperature, long-term measurements up
to 105 seconds ( about 1 day ) were performed.

We explain BTI in section II. Section III shows the
structures of those ROs. In section IV, measurement results
are presented. Finally, section V shows our conclusion.

2. Bias temperature instability (BTI)
BTI-induced degradation appears when defects trap car-

riers in the gate oxide. It is explained by the Reaction-
Diffusion (R-D) Model and Trap De-Trap (T-D) Model as
shown in Figs. 1 and 2, respectively [2]. In the R-D model,
The bond between silicon (Si) and hydrogen (H) in the gate
oxide is broken to cause defects [3]. When Vgs is applied,
interface trap increases. In the T-D model, the defects created
during gate oxide capture and release a carriers [4]. Each
defect has an individual time constant to trap a carrier.
Those time constants are distributed from 10−9 s to 109

s [5]. There are negative BTI (NBTI) and positive BTI
(PBTI). NBTI occurs on PMOSFETs when Vgs is negative.
Likewise, PBTI is observed on NMOSFETs especially in
technologies with high-k (HK) gate dielectrics. BTI-induced
degradation is accelerated as Vgs increases. BTI degradation
for a long time is affected by temporal fluctuations of bias
and temperature, which is better to be removed to get a
fitting function with small amount of residual errors. It can
be done by subtracting degradation of a BTI-sensitive circuit
from that of a BTI-insensitive circuit. We proposed ring
oscillators that is insensitive or sensitive to BTI [6]. Next
section introduces the proposed ROs.
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3. Measurement Circuits
A ring oscillator (RO) is very sensitive to transistor per-

formance shift. It can well monitor BTI-induced degradation.
ROs must be stopped when stress is applied to remove other
degradation factors such as HCI (Hot Carrier Injection).
PBTI becomes dominant in the RO composed of NAND-
gates as shown in Fig. 3. NBTI becomes dominant in the RO
composed of NOR-gates as shown in Fig. 4. Figure 5 shows
two RO structures that are sensitive (a) and insensitive (b)
to PBTI, while Fig. 6 shows NBTI-sensitive and insensitive
ROs. When ROs stop, PBTI is induced by the stress on
NMOSVDD of the NAND-gate while, NBTI is induced by
the stress on PMOSVDD of the NOR-gate.

In the PBTI-sensitive RO (PBTI-RO) in Fig. 5 (a), the
enable signal EN is connected to the bottom NMOSFET
(NMOSOUT) in the NAND gate constructing RO. When EN
is low, oscillation stops and the NMOSFET (NMOSVDD)
suffers from PBTI. In contrast, in the PBTI-insensitive RO
called Suppressed PBTI RO (SPBTI-RO) in Fig. 5 (b),
EN is connected to the top NMOSFET (NMOSVDD). In
the bottom NMOSFET, Vgs is threshold voltage (Vth) of
NMOSFET so as to relieve PBTI when oscillation stops.
In the NBTI -sensitive and -insensitive ROs, the NOR gate
for the PBTI ROs is replaced by the NAND gate. Note that
all ROs are composed of 11 NAND or NOR gates. Figure
7 shows a fabricated chip in a 65 nm prosess. The chip
size is 3 × 2 mm2. The chip embedds consisting of the
four types of 840 ROs to measure BTI degradation. The
number of oscillations is counted by 16-bit counters attached
to all ROs one by one. All ROs oscillate at the same time
and the number of oscillations are stored in the counters.
After stopping oscillation, the numbers of oscillation of all
counters constructing a shift registers are output through a
pin on a measured chip.

4. Measurement Results
ROs oscillate only for 12 µs and they stop oscillation

for over 20 s to apply stress. This procedure is repeated by
increasing stress time since BTI-induced degradation rapidly
grows after stress is given and the degradation rate is getting
smaller as measurement time proceeds. The measurements
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Fig. 3. RO consisting of NAND gates. Only PBTI occurs when RO stops.
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Fig. 4. RO consisting of NOR gates. Only NBTI occurs when RO stops.
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Fig. 5. NAND RO Schematic
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Fig. 6. NOR RO schematic
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Fig. 7. Test chip with 3,360 (840 × 4 type) 11-stage ROs in a 65nm
process

are performed at supply voltage of 2.0 V to accelerate BTI-
induced degradation, and temperature is swiped in order to
obtain temperature dependence.

Measured number of oscillations results are converted to
threshold voltage by using SPICE models provided by the
fabrication company. Threshold voltage shift is fit to one of
the following equation

∆Vth power = a× t
1
6 (1)

∆Vth log = b× log(t+ 1) (2)

where a, b are fitting parameters and t is measurement
time. We choose the equation that more closely follows a
degradation curve among those two equations.

Figure 8 (a) shows the measured PBTI-induced degrada-
tions in NAND ROs. ∆VthP and ∆VthSP stands for threshold
voltage shift of PBTI-RO and SPBTI-RO. The X- and Y-
axis show the BTI stress time and threshold voltage shift,
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Fig. 8. Four ROs Threshold voltage shift (150 ℃)

respectively. Threshold voltage shift is averaged in 840 ROs.
Threshold voltage shift of PBTI-RO is 2x larger than that
of SPBTI-RO at 105 s. Figure 8 (b) shows the measurement
results of NBTI-induced degradation in NOR ROs. ∆VthN

and ∆VthSN stands for threshold voltage shift of NBTI-
RO and SNBTI-RO. The threshold voltage shift of NBTI-
RO is 3x larger than that of SNBTI-RO at 105 s. These
results contain fluctuations caused by environmental changes
in temperature and bias. These fluctuations removed by
subtracting Vth shift of the SNBTI ROs from that of the
NBTI ROs as shown in Fig. 9.

All the results can be expressed by the power-law model
with time exponent n = 1/6, which is consistent with the
universal model of BTI in [2]. Table I shows fitting curves
of the four type of ROs and residual of degradation of
BTI-sensitive ROs and BTI-insensitive ROs. The root mean
square percentage errors (RMSPEs) after subtraction become
around 1/3 of NBTI and PBTI-induced ROs. The residual
curves still follow the universal curve with the time exponent
of n = 1/6. Table 2 shows each measurement condition.
Figure 10 (a) shows the residual curves of each measurement
condition. PBTI can be expressed by Eq. (2). Tables 3
and 4 show measurement conditions of each temperatures,
fitting curves and RMSPE of PBTI and NBTI degradation,
respectively. Figure 10 (b) shows the residual curves of each
measurement condition. At the temperature is 100 ℃ or
more, Eq. (1) is better, while at the temperature less than
100 ℃, Eq. (2) is better.

5. Conclusion
BTI-sensitive and BTI-insensitive ROs are used to extract

BTI-induced degradations without fluctuations of ambient
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Fig. 9. Threshold voltage shift (150 ℃)

TABLE I
MEASUREMENT RESULTS APPROXIMATION (150 ℃)

RO type Fitting Curve RMSPE[%]

PBTI 2.69t
1
6 7.43

SPBTI 1.34t
1
6 12.2

NBTI −4.25t
1
6 7.05

SNBTI −1.41t
1
6 22.9

PBTI−SPBTI 1.35t
1
6 5.64

NBTI−SNBTI −2.85t
1
6 7.41

TABLE II
MEASUREMENT CONDITION

VDD [V] Temperature [◦C] Stress Time [s]

2.0

27 4.4× 105

80 4.9× 105

100 1.0× 105

120 1.0× 105

150 1.0× 105

environments. The threshold voltage (Vth) shifts on PMOS
induced by NBTI follows log(t + 1) under 100 ℃, while
it follows t

1
6 over 100 ℃. On the contrary, Vth shifts on

NMOS induced by PBTI follows log(t + 1) at 150 ℃.
However, RMSPE of the power-law equation is very close to
RMSPE of the logarithm equation. From those results, it can
be concluded that some kind of degradations following the
power-law model becomes dominant by increasing ambient
temperature.
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Fig. 10. Threshold voltage shift each temperature

TABLE III
THRESHOLD VOLTAGE SHIFT APPROXIMATION EACH TEMPERATURE

(PBTI)

Temperature [◦C] Fitting Curve RMSPE[%]

27 0.485log (t+ 1) 5.10
0.963t

1
6 17.3

80 0.490log (t+ 1) 14.3
1.01t

1
6 24.7

100 0.621log (t+ 1) 1.11
1.18t

1
6 10.4

120 0.705log (t+ 1) 4.74
1.34t

1
6 13.3

150 0.707log (t+ 1) 7.23
1.35t

1
6 7.41
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