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Circuit Performance Degradation of Switched-Capacitor Circuit 

with Bootstrapped Technique due to Gate-Oxide Overstress in a 

130-nm CMOS Process*

Jung-Sheng CHEN†, Nonmember and Ming-Dou KER†a), Member

SUMMARY The MOS switch with bootstrapped technique is widely 
used in low-voltage switched-capacitor circuit. The switched-capacitor cir-
cuit with the bootstrapped technique could be a dangerous design approach 
in the nano-scale CMOS process due to the gate-oxide transient overstress. 
The impact of gate-oxide transient overstress on MOS switch in switched-
capacitor circuit is investigated in this work with the sample-and-hold am-

plifier (SHA) in a 130-nm CMOS process. After overstress on the MOS 
switch of SHA with unity-gain buffer, the circuit performances in time do-
main and frequency domain are measured to verify the impact of gate-oxide 
reliability on circuit performances. The oxide breakdown on switch device 
degrades the circuit performance of bootstrapped switch technique.
key words: gate-oxide reliability, sample-and-hold amplifier, dielectric 
breakdown, bootstrapped switch, switched-capacitor circuit

1. Introduction

The switched-capacitor circuit is an important building 
block in analog integrated circuits, such as analog-to-digital 
data converter (ADC). The high-speed and high-resolution 
analog-to-digital data converter needs a high performance 
switched-capacitor circuit. The low-supply voltage will de-

grade the performance of the switched-capacitor circuit due 
to the nonlinear effects of the MOSFET switch such as body 
effect, turn-on resistance variation, charge injection, and 
clock feedthrough [1]-[9].

The bootstrapped switch [1]-[4] and switched-opamp 

(switched operational amplifier) techniques [5]-[9] have 
been widely used in low-voltage switched-capacitor circuit. 
The switched-opamp technique is not suitable for high-
speed switched-capacitor circuit, because it needs much 
more time to turn an opamp on/off than to turn a switch 
on/off [6]. The bootstrapped technique provided a con-
stant voltage between the gate and drain nodes of the MOS 
switch is used to improve the performances of low-voltage 
and high-speed switched-capacitor circuit. However, the 
bootstrapped technique causes the gate-oxide overstress on 
the MOS switch to degrade the lifetime of switch device 

[1]. The gate-oxide reliability of MOS switch in the low-

voltage and high-speed switched-capacitor circuit with the 
bootstrapped technique is a very important reliability issue. 
The suitable device size design for the bootstrapped switch 
circuit [1], the thick-oxide MOSFET device [2], and the 
drain extended MOSFET device [3] can be used to avoid 
the gate-oxide overstress on the switch devices. Some de-
sign techniques of limit gate voltage in bootstrapped switch 
circuit had been proposed [4]. The impact of gate-oxide reli-
ability on circuit performance of switched-capacitor circuit 
with bootstrapped technique wasn't investigated in the pre-
vious works [1]-[4].

In this work, the impact of gate-oxide reliability on 
MOS switch in the switched-capacitor circuit with the boot-
strapped technique is investigated with the sample-and-hold 
amplifier (SHA) in a 130-nm CMOS process [10]. The time-
domain and frequency-domain circuit performances of the 
SHA with the unity-gain buffer are measured after the gate-
oxide overstress on the MOS switch.

2. Bootstrapped Technique with Gate-Oxide Reliabil-
ity

The conceptual schematic of the bootstrapped technique for 
switched-capacitor circuit is shown in Fig. 1 (a). The basic 
schematic includes the signal MOS switch Ms, five ideal 
switches S1-S5, and a capacitor Cb. The CLK1 and CLK2 
clock signals are the out-of-phase signals. When CLK1 is 
low and CLK2 is high (under sampling mode), the S3 and 

S4 switches charge the capacitor Cb to the supply voltage 
VDD, and the S5 switch is used to turn off the switch de-
vice Ms. When CLK1 is high and CLK2 is low (under hold

(a) (b)

Fig. 1 (a) Conceptual schematic and (b) detail circuit implementation of 
bootstrapped technique for switched-capacitor circuit.
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Fig. 2 Simulated waveforms of gate-oxide transient overstress event in 

the switched-capacitor circuit with bootstrapped technique.

mode), the S1 and S2 switches change the capacitor Cb in 
series with the input signal VIN and connect to the gate of 
the switch device Ms, such that the gate-to-source voltage 
across the switch device Ms is equal to the supply voltage 
VDD. The gate voltage of switch device Ms will be charged 
to VIN+VDD, which is larger than the supply voltage. The 
detailed circuit implementation is shown in Fig. 1 (b) [11]. 
The M1, M2, M3, M4 and M5 correspond to the five ideal 
switches S1-S5 of Fig. 1 (a). The M6 transistor is added to 
reduce the maximum drain-to-source voltage (VDS) of M5 
transistor to avoid the gate-oxide overstress. The capaci-
tor Cb must be large enough to supply charge to the gate 
of switch device in addition to all parasitic capacitors in the 
charge path. Moreover, charge sharing will significantly re-
duce the boosted voltage [1].

The sampling capacitor Cs in the switched-capacitor 
circuit with the bootstrapped technique is usually designed 

with several pF to improve the circuit performance. If the 

rise time of the voltage at gate node of the switch device 

is too fast, a large voltage could exist across the gate oxide 
of the switch device to degrade the lifetime of the switch 

device, before a channel is formed to equalize the potential 

between the source and drain. In order to explain the gate-

oxide transient overstress event in switched-capacitor cir-
cuit with bootstrapped technique, the simulated waveforms 

of the bootstrapped switch circuit are shown in Fig. 2. The 
drain node of the switch device is driven by an input signal 

VIN, and the source node of the switch device is connected 

to a large sampling capacitor. As the switch device turns on, 
an approximate voltage of VIN+VDD will be generated on 

the gate node to keep the constant voltage VDD between the 

gate and drain nodes of the switch device. Before a channel 
is formed and before the sampling capacitor is charged to 

supply voltage VDD, an excessive voltage greater than VDD 
may exist across the gate-to-source side of the switch de-

vice. This effect could create an oxide reliability problem. 

In Fig. 2, the simulated result is a worse case of switched ca-

pacitor circuit with bootstrapped technique under the gate-
oxide transient overstress.

Fig. 3 The dependence of the different sampling capacitors on output 

voltage waveform in the switched-capacitor circuit with the bootstrapped 

technique.

The input signal frequency, sampling frequency, and 
delay times of bootstrapped and sampling networks are the 
major design factors in the switched-capacitor circuit with 
the bootstrapped technique. Figure 3 shows the dependence 
of the different sampling capacitors on output voltage wave-
form in the switched-capacitor circuit with the bootstrapped 
technique. The VG is the gate voltage of the switch device 
Ms. The input signal VIN is set to 2-MHz sinusoidal sig-
nal with peak-to-peak amplitude of 1.2V, and sampling fre-

quency is set to 10MHz. The different sampling capacitors 
in the switched-capacitor circuit with bootstrapped tech-
nique can be used to simulate the different delay times of the 
sampling network. The difference RC delay time between 
the sampling network (Ms and Cs) and the bootstrapped 
network (M1-M8 and Cb) will induce the gate-oxide tran-
sient overstress across the gate-to-source side of the switch 
Ms to cause the long-term reliability issue in the switched-
capacitor circuit with the bootstrapped technique.

The dependences of the input/sampling frequency 

(fI/fS) ratio on maximum transient voltage in the switched-
capacitor circuit with the bootstrapped technique are shown 
in Fig. 4. The maximum transient voltage is defined as 
the maximum voltage difference between the source node 
and the gate node of the switch Ms during the sampling 
mode. The sampling capacitor of the switched-capacitor 
circuit with bootstrapped technique is set to 8pF. The high 
input/sampling frequency ratio has a larger transient voltage 
than the low input/sampling frequency ratio in the switched-
capacitor circuit with the bootstrapped technique.

The overstress time is related to the RC time con-
stant ratio of the sampling and bootstrapping networks in 

the bootstrapped switch technique. Based on Figs. 3 and 4, 

the RC delay time of the bootstrapped network should be 

designed slower than that of the sampling network in the 

switched-capacitor circuit with the bootstrapped technique 

to avoid the transient gate-oxide reliability. The best solu-
tion is that the bootstrapped and sampling networks have the 

same RC delay times to avoid the transient gate-oxide over-
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Fig. 4 The dependence of the input/sampling frequency ratio on max-
imum transient voltage in the switched-capacitor circuit with the boot-

strapped technique.

stress and to achieve the best performance.

3. Switched-Capacitor Circuit with Gate-Oxide Relia-

bility Test Circuit

The switched-capacitor circuit with the bootstrapped tech-
nique has a long-term reliability problem which causes cir-
cuit performance degradation. The overstress voltage on the 

gate oxide of the switch device depends on the voltages of 
input and clock signals. The obvious degradation of cir-
cuit performance in the switched-capacitor circuit with the 
bootstrapped technique needs a long-term operation, which 
may need many years, to observe the change due to the 

gate-oxide degradation of the switch device. The gate-oxide 
degradation of the switch Ms in the switched-capacitor cir-
cuit with bootstrapped technique is more likely to occur 
as the conventional time-dependent dielectric breakdown 

(TDDB). The TDDB accelerated lifetime-model equation 
for the nMOSFET can be expressed as [12].

(1)

where A=W×L is the device gate-oxide area, β is the 

weibull slope parameter, F is the cumulative failure per-
centage at use condition, Vgs is the gate-to-source voltage, 
T is the temperature, and a, b, c, and d are the model-fitting 

parameters determined from the experimental work, ATDDB 
is the model factor. Note that a+bT is always negative. The 
model of TDDB breakdown related with frequency is still a 
challenge. Equation (1) is not suitable to calculate the life-
time of the switch device in the switched-capacitor circuit 
with bootstrapped technique. Therefore, to investigate the 
impact of gate-oxide reliability on circuit performance of 
the switched-capacitor circuit with bootstrapped technique 
is very important in advanced CMOS technology.

In order to accelerate the degradation of circuit perfor-

mance and to understand the impact of gate-oxide transient 
overstress event on switched-capacitor circuit with boot-

strapped technique, the SHA with the gate-oxide reliability

Fig. 5 The complete circuit of sample-and-hold amplifier with the gate-

oxide reliability test circuit, where the control device Mc is used to control 

the source voltage of the switch device Ms for reliability test.

test circuit is proposed in Fig. 5. The SHA with unity-gain 
buffer is used to verify the gate-oxide reliability of the boot-
strapped switch. The two-stage operational amplifier is used 
to realize the output buffer. The folded-cascode operational 
amplifier and common-source amplifier are used to form the 
two-stage operational amplifier to achieve high output swing 
and high small-signal gain. Simulated by HSPICE, the two-
stage operational amplifier has the open-loop gain of 75dB, 
the unity-gain frequency of 160MHz, and the phase margin 
of 87.3 degrees, respectively, under output capacitive load 
of 2.5pF. The normal operating voltage and the gate-oxide 
thickness (tox) of all MOSFET devices in the SHA with the 

gate-oxide reliability test circuit are 1.2V and 2.63nm, re-
spectively, in a 130-nm CMOS process.

The control device Mc is used to control the source 
voltage of the switch device Ms. Therefore, the device di-
mension of the control device Mc should be designed larger 
than that of the switch device. The device dimensions of 
switch device (Ms) and control device (Mc) are selected as 
40μm/0.12μm and 500μm/0.12μm, respectively, in a 130-

nm CMOS process. If the device dimension of the control 

device is smaller than that of the switch device, the source 

voltage of switch device Ms will not be kept at near ground. 
In normal operation, the control voltage Vc is biased to 

ground, such that the control device Mc will be turned off. 
The SHA with the unity-gain buffer can be successfully op-

erated. In the gate-oxide overstress test, the control voltage 

Vc is biased to supply voltage VDD, and input signal VIN is 

biased to the supply voltage VDD. The voltage at VCLK node 
can be applied with any higher voltage level than the supply 

voltage to overstress the gate oxide of switch device. The 

voltage across the gate-to-source nodes of switch device Ms 
can be controlled by the VCLK voltage.

However, the switch device suffers from the dynamic 

(AC) stress in the real operation. The dynamic stress is less 
harmful than DC stress on switch device, but the dynamic 
stress on switch device still causes damage on gate oxide of 
switch device after long-term operation. The DC stress on 
switch device can be used to accurately estimate the dam-
age occurring on the switch device to investigate the impact 
of gate-oxide reliability on MOS switch with bootstrapped 
technique. The difference between the AC stress in real case 
and DC stress in this test has the different degraded times of



CHEN and KER: CIRCUIT PERFORMANCE DEGRADATION OF SWITCHED-CAPACITOR CIRCUIT WITH BOOTSTRAPPED TECHNIQUE 

381

circuit performance, but they will have the same degradation 
trend on circuit performance after long-term operation [13]. 
Therefore, the proposed test circuit can be used to verify the 
impact of gate-oxide breakdown on circuit performance of 
the bootstrapped switch technique.

The test chip has been fabricated in a 130-nm CMOS 

process, and the normal operating voltage of all MOSFET 
devices is 1.2V. The chip micrograph and layout view of the 
SHA with the gate-oxide reliability test circuit are shown in 
Figs. 6 (a) and 6 (b), respectively. The occupied silicon area 
including two testing circuits and ESD (electrostatic dis-
charge) protection devices is 390μm×390μm. The top 

layer of test chip is covered and protected by polyimide 
layer. Figure 7 shows the simulated frequency-domain (10-
MHz sampling frequency at VCLK node and 2-MHz sinu-
soidal signal at VIN node) and time-domain (10-MHz sam-

pling frequency at VCLK node and 1-MHz sinusoidal signal 
at VIN node) waveforms of the sample-and-hold amplifier 
with the gate-oxide reliability test circuit under normal op-
eration. The signal at VCLK node is applied with clock signal 
between 0V to 1.2V. Simulated by HSPICE, the spurious

(a) (b)

Fig. 6 (a) Chip micrograph and (b) layout view of the sample-and-hold 
amplifier with the gate-oxide reliability test circuit realized in a 130-nm 
CMOS process. Two sets of test circuit in Fig. 5 are fabricated on the chip.

Fig. 7 The simulated frequency-domain and time-domain waveforms of 

the sample-and-hold amplifier with the gate-oxide reliability test circuit un-

der normal operation.

free dynamic range (SFDR) of the SHA with the gate-oxide 
reliability test circuit is 38.6dB.

4. Experimental Results

When the SHA with the gate-oxide reliability test circuit is 
operating in the overstress mode, the input signal VIN is bi-
ased to supply voltage, and the control voltage Vc is set to 
supply voltage. In order to observe the circuit performance 
degradation of the SHA due to the gate-oxide degradation of 
the switch device, the voltage at VCLK node is kept to 2.4V 
for accelerating the gate-oxide degradation of the switch de-
vice. Only the gate-to-source nodes of the switch Ms is 
overstressed to simulate the switched-capacitor circuit with 
the bootstrapped technique. The measured results of test cir-
cuit are measured with die under test on the printed circuit 
board (PCB). When the time-domain and frequency-domain 
waveforms are re-evaluated after the gate-oxide overstress 
on the MOS switch, the signal at VCLK node is applied with 
clock signal between 0V to 1.2V. After overstress time of 
5.2 hours, the gate-oxide breakdown occurred on the switch 
device. The gate-leakage current (IG-leakage) of the switch

(a)

(b)

Fig. 8 The measured frequency-domain and time-domain waveforms of 

the sample-and-hold amplifier with the gate-oxide reliability test circuit. 

(a) Overstress time=0 hour, and (b) overstress time=5.2 hours.
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device is jumped from 330nA to 80.6μA under VCLK of 

2.4V due to the gate-oxide breakdown.

Figures 8 (a) and 8 (b) show the frequency-domain (10-
MHz sampling frequency at VCLK node and 2-MHz sinu-
soidal signal at VIN node) and time-domain (10-MHz sam-

pling frequency at VcLK node and 1-MHz sinusoidal signal 
at VIN node) waveforms at VOUT node under the different 
stress times. Though date is shown till 8MHz, only the 
date below 5MHz is valid because of aliasing by Nyquist 
criterion. The SFDR of the test circuit is degraded by the 

gate-oxide breakdown on the switch device from 35.62dB 
to 30.86dB, because the gate-oxide breakdown causes extra 

gate-leakage current across gate oxide of the switch device 
to degrade the circuit performances of the SHA with the 

gate-oxide reliability test circuit. However, the amount of 
gate-leakage current depends on the gate-oxide breakdown 
location of the switch device. The gate-oxide breakdown lo-
cation near channel region of the switch device (soft break-
down) has a smaller gate-leakage current than that near the 
drain or source side of the switch device (hard breakdown) 

[14].

5. Discussion

In order to investigate the impact of gate-oxide breakdown 
location (switch device) on performances of the switched-
capacitor circuit with bootstrapped technique, the prior pro-

posed method [14] can be used to simulate this impact 
with HSPICE. The gate-oxide breakdown of a MOSFET de-
vice can be modeled as resistor. Only the gate-to-diffusion 

(source or drain) breakdown was considered, since it rep-
resents the worst-case situation [12], [14]. Breakdown to 
the channel can be modeled as a superposition of two gate-
to-diffusion events. Typical hard breakdown leakage has 
a close-to-linear I-V curve and an equivalent resistance of 
～103-104Ω . However, typical soft breakdown paths have 

high non-linear, power law I-V curve and equivalent re-

sistance above 105-106Ω [14]. The equivalent breakdown 

resistance (VCLK/IG-leakage) of the switch device after over-

stress is approximate 30kΩ (hard gate-oxide breakdown) 

under VCLK of 2.4V.

The SHA including equivalent breakdown resistors 
RGD and RGS is shown in Fig. 9 (a). The simulated 
frequency-domain (10-MHz sampling frequency at VCLK 
node and 2-MHz sinusoidal signal at VIN node) and time-
domain (10-MHz sampling frequency at VCLK node and 1-
MHz sinusoidal signal at VIN node) waveforms of the SHA 
with equivalent breakdown resistor (RGS and RGD) of 30kΩ 

are shown in Figs. 9 (b) and 9 (c), respectively. Comparing 
the simulated (Fig. 9 (c)) and measured (Fig. 8 (b)) results, 
the gate-oxide breakdown on the switch device in the SHA 
with the gate-oxide reliability test circuit is near the source 
side of the switch device. The differences between Fig. 8 (b) 
and Fig. 9 (c) are due to the gate-to-channel and gate-to-
drain breakdowns on the switch device caused the extra gate 
leakage current in the SHA. Only the gate-to-source ox-
ide breakdown on the switch device will degrade the per-

(a)

(b)

(c)

Fig. 9 (a) The sample-and-hold amplifier with the gate-oxide reliability 
test circuit including equivalent breakdown resistors RGD and RGS. The 

simulated frequency-domain and time-domain waveforms of the test cir-
cuit with equivalent breakdown resistors (b) RGD and (c) RGS of 30kΩ, 

respectively.

formances of the SHA. In the sampling mode of the SHA, 
the gate leakage current of switch device is smaller than the 
charge current (ID) of switch device current. In hold mode 
of the SHA, the extra gate leakage current of will discharge 
the stored charge in sampling capacitor to degrade the cir-
cuit performance of the SHA. The relationship between ex-
tra gate leakage current and stored charge of sampling ca-
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Fig. 10 The sample-and-hold amplifier with the gate-oxide reliability 

test circuit including equivalenn breakdown resistors RGS. The simulated 

frequency-domain and time-domain waveforms of the test circuit with 

equivalent breakdown resistors RGS of 500kΩ.

pacitor under the SHA operated in hold mode can be simple 
expressed as

ΔV=
Qhold/
CS

= CSVhold-IG_leakageThold

/ Cs, 
(2)

where Thold is the hold time (2/fs, fs sampling frequency), 
CS is the sampling capacitor, Qhold is a stored charge in sam-

pling capacitor, Vhold is the ideal potential stored in sampling 
capacitor without oxide breakdown on the switch device un-
der hold mode, and IG_leakage is the extra gate leakage current 
of switch device due to gate-oxide breakdown. When the 
SHA operated in high sampling frequency, the gate-oxide 
breakdown on switch device has small impact on circuit 

performance. Therefore, the proposed SHA with the gate-
oxide reliability test circuit can be used to verify the impact 
of gate-oxide breakdown on switched-capacitor circuit with 
bootstrapped switch technique.

In order to investigate the impact of soft gate-

oxide breakdown on circuit performances of the switched-

capacitor circuit with bootstrapped technique, the test cir-

cuit with equivalent breakdown resistor RGS of 500kΩ can 

be used to model the soft gate-oxide breakdowns on the 
switch device [14]. The simulated frequency-domain (10-
MHz sampling frequency at VCLK node and 2-MHz sinu-
soidal signal at VIN node) and time-domain (10-MHz sam-

pling frequency at VCLK node and 1-MHz sinusoidal signal 
at VIN node) waveforms of the SHA with equivalent break-
down resistor RGS of 500kΩ is shown in Fig. 10. The soft 

gate-oxide breakdown on the switch device also degrades 
the circuit performance of SHA. The soft and hard gate-
oxide breakdown on a CMOS transistor will cause different 
extra gate leakage currents. The soft gat-oxide breakdown 
on a transistor causes a smaller extra gate leakage current 
than that of the hard gate-oxide breakdown in CMOS pro-
cess [14]. Therefore, the soft and hard gate-oxide break-
down will have different impact on circuit performances of 
SHA. The hard gate-oxide breakdown has more serious im-

pact on circuit performances than soft gate-oxide breakdown 

on switch device of switched-capacitor circuit with boot-

strapped switch technique.

6. Conclusion

The impact of gate-oxide transient overstress on the MOS 

switch with bootstrapped technique has been investigated 

and analyzed with the sample-and-hold amplifier. The time-

domain and frequency-domain waveforms of the SHA af-

ter different stress times have been measured. After the 

gate-oxide overstress, only the gate-to-source oxide break-
down on the switch device will degrade the performances 

of the SHA. The overstress time is related to the RC time 
constant ratio of the sampling and bootstrapping networks 

in the bootstrapped switch technique. The best solution of 
bootstrapped switch design is that the bootstrapped and sam-

pling networks have the same RC delay times to avoid the 
transient gate-oxide overstress and to achieve the best per-

formance. The hard gate-oxide breakdown has more seri-

ous impact on switched-capacitor circuit with bootstrapped 

technique.
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