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Weak Inversion Charge Injection in Analog MOS Switches
Ming-Jer Chen, Yen-Bin Gu, Terry Wu, Po-Chin Hsu, and Tsung-Hann Liu

Abstract— The on-chip test circuit for examining the charge
injection in analog MOS switches has been described in detail,
and has been fabricated and characterized. Mixed-mode circuit
and device simulations have been performed, creating excellent
agreements not only with the experimental waveforms but also
with the measured switch-induced error voltage. Further inves-
tigation of the experimental and simulated results has separated
the charge injection into three distinct components: i) the channel
charges in strong inversion; ii) the channel charges in weak
inversion; and iii) the charges coupled through the gate-to-
diffusion overlap capacitance. Important observations concerning
the weak inversion charge injection have been drawn from the
waveform of the current through the switched capacitor. In this
work the channel charges in weak inversion have exhibited a 20%
contribution to the switch-induced error voltage on a switched
capacitor.

1. INTRODUCTION

HE MOS transistor analog switch is one of the major

building blocks for the switched-capacitor circuits [1].
One of the fundamental factors limiting the accuracy of the
switched-capacitor circuits is the charge injection occurring
when the MOS transistor turns off [2]. An understanding of
the charge injection phenomenon in analog MOS switches as
well as its control is very important for the switched-capacitor
circuits. Several compensation techniques such as dummy
transistor [2] and Miller hold capacitance [3] have been
developed for suppression of the charge injection. Analysis
and modeling of charge injection due to channel charges in
strong inversion and feedthrough charges via gate-to-diffusion
overlap capacitance have also been extensively studied [4]-{8].
Very recently, a new charge injection component due to
channel charges in weak inversion has been observed [9].

In this paper we will report detailed investigation of the
charge injection due to channel charges in weak inversion not
only from the experimental analog MOS switch but also from
the mixed-mode circuit and device simulation. The experimen-
tal test circuit will be completely described. A comparison of
the experimental and simulated results will be given. We will
demonstrate how to draw important observations concerning
the weak inversion charge injection from the waveform of the
current through the switched capacitor. The impact of channel
charges in weak inversion on the switch-induced error voltage
will also be addressed.
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II. EXPERIMENT VERSUS SIMULATION

A. Test Circuit

The on-chip test circuit, fabricated by a 1.2 pm double-
metal double-polysilicon twin-well CMOS process, consists
of an n-channel MOS transistor with gate width to length
ratio of 25 um/5 pm, a holding capacitance of 1.0 pF, and
a unity-gain operational amplifier. The circuit is schematically
shown in detail in Fig. 1, where the photograph of the test
chip is also given. In our work the unity-gain operational
amplifier, which is a key subblock determining the ability of
measuring the charge injection, follows that cited in [3]. SPICE
simulations have exhibited that with the device sizes in unit
of pm/pm as labeled in Fig. 1 for the unity-gain operational
amplifier, the test circuit has a linear transfer characteristic,
i.e., Vour = V., only for input voltage Vi, ranging from 1 to
2.5 V, in agreement with that reported experimentally in [3].
Our measurement results have judged that outside of this range
the precise measurement is impossible to achieve. Therefore,
under the condition of V;, ranging from 1 to 2.5 V, not only the
designed unity-gain operational amplifier can be utilized as a
buffer, but also the voltage waveform on the holding capacitor
can be represented by that at the output of the test circuit.

The test circuit has been mounted on a plastic 24-pin
package, which has been inserted into the printed-circuit board
specially designed for suppression of oscillation and noise
interference. The measurement equipments and conditions are:
i) Keithley 236 source-monitor unit to offer the dc input
voltage Vi,; ii) HP 8115 A pulse generator to offer the gate
voltage waveform V(t) with high-level Vg = 5 V and low-
level VL = 0 V, with pulse width of 100 us, and with fall
time ranging from 50 ns to 5 ps; and iii) Tektronix 11402 A
storage digitizing oscilloscope for observing and recording the
waveforms at the gate and the output. Tektronix 11402 A also
provides the capability of creating the waveform of the current
Ip(t) through the holding capacitance by differentiating the
output voltage waveform with respect to time and multiplying
it by the Cy(= 1.0 pF) value.

B. Mixed-Mode Simulation

The mixed-mode circuit and device simulations by utilizing
the program MEDICI [10] have been performed on the MOS
switch in Fig. | with Cy = 1.0 pF. The MOS transistor
structure with the same gate width to length ratio of 25 pm/5
pm has been created from the process parameters available
from the foundry: the gate oxide thickness is about 250 A;
the gate-to-diffusion overlap capacitance is 7.76 fF; and the
junction depth and surface doping concentration of the p-
well are about 3.0 um and 6.0 x 10'® cm~3, respectively. In
such simulations, both the Kirchhoff equations and the two-
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Fig. 1. (a) The detailed description of the test circuit for measuring the

charge injection; and (b) the photograph of the test chip. Voup = 0 V. AVou
is the error voltage and Cg is the holding capacitance.

dimensional semiconductor equations are solved as a coupled
set. The simulation conditions are: i) the ramp gate voltage
waveform V() in the tumn-off duration is represented by
Va(t) = VH—(VH—VL)(t—tl)/tf fort; <t<ts(=t +ty)
where Vg = 5 V; V, = 0V; ¢, is the time for the gate voltage
starting to drop; and the fall time t is a variable ranging from
50 ns to 5 us; and ii) the dc Vi, ranges from 1 to 2 V.

C. Results and Comparison

Fig. 2 depicts the measured voltage waveforms at the gate
and the output as well as the waveform of the current through
the holding capacitance for two different input voltages of 1
and 2 V at a fixed fall time of 500 ns. The corresponding
simulated results are also demonstrated together in Fig. 2.
From Fig. 2 we can see that the simulated voltage and current
waveforms reasonably match the measured ones and thus the
waveforms measured from the test circuit can be appropri-
ately reproduced by mixed-mode simulation. The validity of
the mixed-mode simulation work can further be testified by
comparing the measured results in terms of both the switch-
induced error voltage and the charge percentage as functions
of the falling rate U(= (Vg — V1) /ty) for two different input
voltages as depicted in Fig. 3. From Fig. 3 we can observe that
the mixed-mode simulation can provide excellent agreement
with the experimental data. Therefore, the mixed-mode circuit
and device simulations can be properly utilized to examine
the charge injection phenomenon.
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Fig. 2. The comparison of the measured and simulated waveforms for
Vin = 1 V and 2 V. t2 represents the time for the gate voltage reaching
the threshold. ¢; = 0 and ¢3 = 500 ns, ie., t; = 500 ns.

III. WEAK INVERSION CHARGE INJECTION

Here we demonstrate how to obtain a clear understanding
of the charge injection phenomenon including the channel
charges in weak inversion by observing the waveform of the
current through the switched capacitor as depicted in Fig. 2.
According to [4], the turn off of an MOS switch consists of
two distinct phases: t; < t < t2 and 2 < t < t3(= t1 + ty).
Here t,, as labeled in Fig. 2, represents the time for the
gate voltage Vg(t) reaching the sum of the input voltage
Vin and the threshold voltage Vi, ie., Vg(t2) = Vip + Vin.
Note that an increase in Vin also causes an increase in the
threshold voltage Vi, due to back-gate bias effect, together
constituting the increase in the duration of the second phase as
clearly reflected in Fig. 2. During the first phase, some of the
channel mobile charges in strong inversion are injected into the
switched capacitor. At to where a peak occurs, the transistor
enters the second phase of turn off. During this phase, the
current first decays continuously with time and then tends to
saturate until it drops to zero. This indicates that when the gate
voltage drops below threshold, the MOS transistor is operated
in weak inversion and thus not only the channel charges in
weak inversion but also the feedthrough charges via gate-to-
diffusion overlap capacitance contribute to the error voltage.
Finally, the MOS transistor is fully empty of mobile charges in
the channel and only the charges coupled through the overlap
capacitance continue to charge the holding capacitance. These
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Fig. 3. (a) The comparison of the measured and simulated switch-induced
error voltage versus the falling rate for two different input voltages; and (b) the
charge percentage in terms of Qq/Qyotal and Qc/Qtoral Versus the falling
rate for two different input voltages, which comes from the experimental and
simulated Ip(t) waveforms as well as from (1) and (2). The total charge
Qtotal = Qa + Qp + Q.. For the case of applying (1) and (2), the Qiotal
for calculating the percentage comes from the simulation. The area under the
Ip(t) curve is schematically separated into these three components.

descriptions of the different operations have been supported by
the simulated results in terms of the surface electron density
distribution and electron current vector (not shown here). The
area under the current Ip(¢) curve can thus be separated into
three distinct components Q,,Qs, and Q. as schematically
labeled in Fig. 3(b), where Q, represents part of the channel
charges in strong inversion; @, represents the channel charges
in weak inversion; and ). represents the charges coupled
through the gate-to-diffusion overlap capacitance. The validity
of such separation has been confirmed by excellent agreement
as demonstrated in Fig. 3(b). From Fig. 3(b) we can also
observe that the component @}, contributes to a considerable
amount of about 20% for each of the falling rates studied here.
These charges injected into the switched capacitor cause the
error voltage expressed as AVyy = (Qq + Qb + Q.)/ChH.
Good agreement in Fig. 3(a) ensures this relationship.
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The component (), due to the channel charges in strong
inversion can be modeled analytically as [4]

[ B
erf 2UCn Vur N

where C, is the gate oxide capacitance; C,) is the gate-to-
diffusion overlap capacitance; Vg = Vg — Vi — Vin; 8 =
uCox/L?; u is the carrier mobility; and W/L is the channel
width to length ratio. The component Q. due to the charges
coupled through the gate-to-diffusion overlap capacitance can
be expressed as (4]

‘II'UCH (2001 + Cox)

Qa= 2,@ 2

Qc = Cvc'l(vin + ‘/th - VL) 2)

The calculated charge percentage versus the falling rate with
respect to (), and . for two different input voltages is
together plotted in Fig. 3(b). From Fig. 3(b) we can observe
that without adjusting any parameter, the model expressions
(1) and (2) can provide excellent agreement with not only the
experimental data but also the mixed-mode simulation results.
This agreement again validates the separation of the area under
the Ip(t) curve into three different components.

IV. CONCLUSION

Based on experimental test circuit and mixed-mode simula-
tions, the charge injection component due to channel charges
in weak inversion has been separated from the waveform of the
current through the switched capacitor. The channel charges in
weak inversion have been found to contribute comparably to
the switch-induced error voltage on a switched capacitor and
neglecting the channel charges in weak inversion can seriously
underestimate the correct value of the error voltage.
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