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Subthreshold Analysis of an MOS Analog Switch
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Abstract—Charge injection error in the presence of sub- Vy
threshold effects has been analyzed. It is confirmed that the
subthreshold effect is significant at low voltage falling rates. A
simplified model is derived using an appropriate approximation. VG_L VL
Predictions are compared to the results of a SPICE simulation, a
nonquasi-static (NQS) model simulation and experimental results. Rg T“T
Excellent agreement between the modified and NQS model and MW

recently published experimental results was obtained. This ana- MI +
lytical model is computationally efficient compared to the SPICE <
VD

\|
/lo
M|

and NQS models and provides physical insight into the switching
errors.

I. INTRODUCTION

HE charge injection error in switches is one of the factors
limiting the accuracy of high-speed circuits. This effect o o _
reduces the performance and maximum clock frequency of the 1. Circuit for charge injection analysis.

circuits in applications such as sample-and-hold stages, A43 the error due to charge injection decreases and the transistor
converters, switched-capacitor and switched-current filteggansient time from ON to OFF increases, the subthreshold
The accuracy of instrumentation circuits also suffers from thigfect becomes more important. The importance of this effect

error. _ ~has recently been demonstrated experimentally [8]. This effect
Attempts have been made to model switch charge injectig@s not been analytically considered in any of the published
error using the simplified circuit of Fig. 1. results based on the lumped model.

A qualitative observation regarding a simplified case was To include the subthreshold effects, this paper modifies Sheu
made by MacQuigg [1]. Sheu and Hu proposed an analytiGidd Hu's model [2] by adding the subthreshold current and
model assuming infinite source capacitar€e,[2]. Equations jnversion layer charge variation effect in the weak inversion
for the general case were derived and solved numerically Rygion. The variation of the gate—source capacitance above the
J. H. Shiehet al [3], [4]. This model was also validatedthreshold voltage is also taken into account. An approximation
with experimental evidence and its limitations were delineatggl ysed to find an analytical solution for the final charge
by G. Wegmannet al [5]. All of these results are basedinjection error. The modifed model is simple, computationally

on an equivalent lumped model for the transistor. Differerficient and provides physical insight into the switching errors
charge conserving nonquasi-static (NQS) models have aj§othe weak inversion region.

been proposed for the transient analysis of a transistor and usedheu and Hu's model is described in Section Il. The

for the charge injection error calculation [6], [7]. Althoughmodified model is explained in Section IIl. The analytical
these models guarantee node charge conservation [7] andfijel for the final error is derived in Section IV. The
results are found to be in very good agreement with expegiependence on process and electrical parameters is considered
mental results, they are very complicated and computationajfySection V. Section VI is devoted to briefly explain a charge
inefficient. conserving nonguasi-static (NQS) model [7] which will be
All the analyzes have shown that a slow switching ratferred to as the NQS-model throughout this paper. The
and small transistor size can help reduce the charge injectigmuylation results comparing the modified model with the NQS
error. In some instrumentation applications speed is not critiGghd SPICE models are presented in Section VII. The effect of

whereas on-resistance plays an important role in the accuragyirce capacitance is discussed in Section VIII. A conclusion
of the circuit. In these applications speed can be traded {grgiven in Section IX.

accuracy by lowering the switching rate to decrease the charge
injection error. The transistor size can be maintained fairly Il. SHEU AND HU'S MODEL

large for a low on-resistance. At low gate voltage falling rates, This model was developed based on Fig. 1, assuming zero

. . . . _ source resistance and capacitance so fat is connected
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(@) (b)

Fig. 2. Equivalent lumped model for the analog switch. (a) Transistor is ON. (b) Transistor is OFF.

Two phases of operation are considered during the turn- Vg
off transient. In the first phase, the transistor is OX; (> A
Vs + Vi, whereVr is the transistor threshold voltage), and
the channel current;, contributes to the cancellation of Vy

the charges injected by the gate—oxide capacitafiCg,) —
and gate—overlap capacitan@é,) [Fig. 2(a)]. In the second
phase, the transistor is ORFg < Vs + V) and the output

error voltage is increasing only due to the overlap capacitance VetV
. st¥T
[Fig. 2(b)]. -
A ramp function is assumed for the gate voltage as shown
in Fig. 3. In Phase 1
dvd . COX
e S 1
CL It id <Col + )U (1)
where 0 to te
ig = /3(VHT - Ut)vd- (2) Fig. 3. Definition of the applied gate voltage.

In (2), va is the output error voltageg is the transistor yojtage. However, lower on-resistance requires a larger transis-
conductance coeff|c_|en(u_C(’)X%), U is the gate voltage o sjze. In high-accuracy applications where low on-resistance
falling rate andVur is defined as is essential, a slow gate voltage falling rate can decrease the
Vir=Vug —-Vs = Vr. error. When the charge injection error is decreased, second
The solution to this differential equation is shown in (3), atrder effects which are not considered in Sheu and Hu's
the bottom of the page. analysis play aS|gr_uf|canF role. In this section, the subthreshold
In the second phase, no current flows through the chanfEfrént and weak inversion channel charges are added to the
and the output error voltage is due to the charge injected BPdel described in the previous section.
the overlap capacitance. Thus the overall error voltage at tR.eThe Subthreshold Current

end of this phas¢Vg = Vi) is
The diffusion current in a MOS transistor is significant
Vs = — TUCy <Col+cox/2>erf< B VHT) compared to the total drain current when the gate—source
V28 Cr 200 voltage is below the threshold voltage. WhEgs < Vi, the
Col drain current can be modeled accurately with an exponential
- C_L(VS + Ve = Vo). (4)  function. In moderate inversion, where the gate—source voltage
approaches the threshold voltage, both diffusion and drift
current contribute significantly to the drain current. It is well

The analysis in Section Il shows that a smaller gate voltagaown that a simple and accurate analytical model can not
falling rate and transistor size produce a lower output errbe developed for this region of operation [9]. To obtain a

I1l. M ODIFIED SHEU AND Hu's MODEL

~ [aUCL [ Cor+ Cox/2 pU Var ) B [ B
va(t) = 23 < o, ) exp 20, t U erf 2UC’LVHT erf 2UC’L(VHT ue)| ». (3)
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simple analytical equation for the final charge injection error, o5 . . T r . :
an analytical MOS model proposed in [10] is used. This | oo
semi-empirical model which is also used by SPICE in theQ
level 3 MOS model, shows good agreement with experimental % . _ -

data in weak and strong inversion [10] but is not quite as ) tVs —117;’2

= nm
satisfactory in moderate inversion. However, there is good= 03 L N,=10"cm’ |
agreement between the charge injection error calculation usm@ k=6

exact numerical me thods and the proposed model, |nd|cat|ngd

that the proposed model is sufficiently accurate for injection § 0. r S
error calculations. ‘5 L z%jg’":f;:adez
We assume that the |-V characteristics of a MOS transistor§ . — — - Sheuand Hu's model
in the subthreshold region can be described by [10] 2 0.1 r i
Vas — V&
Isyp = Ipexp <7GS On) ©)
nVi 0'012 ‘ 115 18 2]1 2I4 217 310 "33

whereV,,, is the modified threshold voltage, given by ' ' " The Gate-Bulk Voliage ' '

Von = Vr +nV; (6) Fig. 4. The gate—source capacitance approximation.
and n is the subthreshold slope factor

qVrs Y Vi
n=1+ + . (7
Cl,  2V¢s+Vsn _\‘il:

C!. is the oxide capacitance per unit gate area ®nis the L
thermal voltagg kT’/q). Nrs is the fast surface state density, Cu _l_ Cpr C,
Vsp is the source to substrate voltage and - T - T

y=Y 29¢sNg (8) AMN—

c. ISUB Cr

Iy is the current in the strong inversion region fdgs = V., T
[10]. For small values ol

Iy = B(Von — Vir)Vas = npBViVy,. ©) ‘l"
1o depends on process parameters and transistor size.  Fig. 5. Circuit model in the subthreshold region.

B. The Gate—Source Capacitance Variation . . . .
P Vs + Vo). The equation has an analytical solution given by

In Sheu and Hu’s simple model, the gate—source capacitance c )
is considered to beS= above threshold and zero below ,,, 4y — _ TUCL [ =5 +Ca exp pU <t B @)
threshold, respectively. Therefore, the variatiorCf around 23 Cr 20, U

threshold is ignored and also no inversion layer charges are 3
. f Vi
W ave, T
Cgsm eXp(VGz;tVon) VGS < ‘/on
variation than what has been used in Sheu and Hu’'s model.

—erf

assumed in subthreshold. In this modified model, two expo-
15}
V 20, (Ve = V)
Cos =1 Cun (Cox

nential functions are used to model tlig, variation above
Cox _ —-C e _‘/wa‘S_f‘/folj Ve > Vo
) ) gsm) Xp( kv, ) GS Z (:(I)_I(l)) N TUCL Cé)x _ Cgsm
whereCy.,y, is the gate—source capacitance Wi = Voy,. 2p CrL

and below the threshold voltage as follows (see Appendix):
Fig. 4 shows that (10) is a better approximation to thg BU < Viap
-t

2CL U
C. The Analytical Models Above and Below Threshold 3 Ucy,
Similar to the analysis in Section Il, two phases of operation exl 2U0C <kVt/3 + VHT)
are considered in this modified model during the turnoff 5 o
transient. The new’,, variation model (10) is used in both —erf £ <U L Virr — Ut) } (11)
phases. In phase two, the subthreshold current effect is also 2UCL \kVef
added to this analysis. The second term of (11) is due to the variation(f around

In phase 1, following the method in Section Il and usinthreshold. This term is less significant at smal%#
(10) to consider the’,, variation above threshold results in In the second phas€/g < Vs + V,,), the circuit to be
a differential equation describing the circuit whéh; > analyzed is shown in Fig. 5.



92 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 44, NO. 1, JANUARY 1997

Using (5) and (10), the differential equation describing the _zs , , . .

circuit can be derived as . El(Zo)—El(Z) ey
dvg <Col + Cosm o <VGS - Vom)) U === Approxir(@g{e Function_:
Zra _ _ o .
dt c, T P nVy 35l Ve=o0sV i
pnVy Vas — Von
- 12
cn exp o Ud (12)
where
45t ]
Ve=1V
Vas = Vg — Vs — Ut. (13)

i

Substituting (13) into (12), the error voltage is found from .55 -
the solution of the differential equation

d C C BnV Ett Al g

Vd ol gsm nve

Wa __Solyy _ (Zemy PRV, )

it C < Cr CL ) 50° 107 107 I 10 10
exp( VTV (U g ’ 2

p v, p v, 4

where Fig. 6. [Ei(Zo) — Ei(Zy)] and its approximate function.

Var=Vu - Vs = V. (15) IV. APPROXIMATE ANALYTICAL MODEL

An exact solution using the exponential integral requires nu-

Equation (14) has an exact solution of the form . . . . ; .
merical calculations. To obtain a simple analytical equation for

nV,Cy _ _ the final output error voltage, an approximation is developed
va(t) = =5 [Ei(Z0) — Ei(2)] for [Ei(Z) — Ei(Z)].
Coe U s s From (21), it can be seen that
e L= T S () (16) 7
t Ei(z0) - Ei2) = [ "y (22)
Zy Y
where —y
It turns out that approximatinggy— with ¢~V andi for
/j(nvt)2 y greater than and less than unity, respectively, gives an
Z= UC exp _n—vt(t_to) A7) excellent approximation to the exact solution of (22) for
Z <« 1. Making these approximations results in the following
limits:
2o = BV 18  [EG)-E@X@)+ - 2o
UcCy,
[Bi(Zo) — Ei(Z)] ~ ln<Z£> Zo < 1. 23)
0

and vy(to) is found from (11). Equation (16) is valid in the

subthreshold regioft > #,) until the gate voltage reachag, Which are valid providedZ < 1. _ o
(t = t;), where A smooth transition between the two solutions given in

(23) can be made by using the following form to express the
_ Vur —nV; integral of (22):

to = U (19) 1
[Ei(Zo) — Ei(2)] ~ 111{(1 + Z—)Z} fe P el
0
(24)
Vi — Vi For our region of operationZ, can be greater or less than
tr=—7 - (20)  unity, depending on the value &f. However, the value of
atty (Zy) is always much less tha#, and unity since
Ei is the exponential integral function defined by [11] Z o <_ Vs + Vi +nV; — VL)

oo —y ZO n‘/t
Ei(Z) I/ dy (21)  Fig. 6 shows the numerical evaluation of the exponential
z ¥ integral function along with (24) for the required valuesff
wherey is a dummy variable. andZ; whenZ; is obtained using (25). It is seen that (24) is a
Evaluating the exponential integral at the point associat¥@ry close approximation to the exponential integral function
with time ¢ (¢ > to) gives the output error voltage caused byver the range o¥, usually encountered in practice.
the transistor in this region of operation. The final output error Substituting (24) into (16) and evaluating the time it takes
voltage can be calculated by substitutitygnto (16) and (17). for the gate voltage to reach, (¢ = ¢;), the final output

and

(25)
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error voltage is determined to be 30
_ Y2777 Subthreshold Current Effect [
Unf = n‘gCOI {hl |:<1 + Zi) Z:| + 6_6 %o — 6_1} :_.._ We::klnver:ionChar:neIC;arge:Ejfect :
L 0 . i
C SIHU - —
- ﬁg?‘LVt [1 —C ZO] +e Zovd(to). (26)

Substituting all the parameters, (26) can be written as
Upt = 6_(nvt)2r8/2Uchd(t0)
C(01

Subthreshold Contribution(% of final error)

- C—L(VS +Vr+nV, - Vi)
Cal B(nV:)?
+ ==nV<In|l+ u SaooSe Thw” _eZXr wiL=100i5pm
Cr Uucy 20 b SN ST t,=1752nm
oSN d0T V=1V
L nVN23/TT _ AN 57 C, =2pF
+exp(—c (n¥2) ’B/LCL) - 1} Rt Vi=35v
Py 7T 74 10 10°
— M(l - 6_("Vt)2’8/UcL) (27) Gate Volrage Falling Rate (VIS)
ate Voltage Falling Rate
fnVy
Whel’evd(to) can be calculated from (11)_ Fig. 7. Normalized subthreshold effects with respect to the gate voltage

. . falling rate for different substrate dopings.
The first and second terms in (27) correspond to the errors g ping

caused by the gate—oxide overlap capacitances when iReCimnV:
transistor is in strong and weak inversion, respectively. The Cr
third term is the contribution of the subthreshold current td. DEPENDENCE ONPROCESS ANDELECTRICAL PARAMETERS
the cancellation of the error caused by the overlap capacitance, ihe weak inversion region, the effects of the subthreshold
in weak inversion. The last term is the error due to thg,rrent and inversion layer charges on the charge-induced error
inversion layer charge injection in the weak inversion regio@epend on the circuit and process parameters. In (27) the
which decreases at the lower gate voltage falling rates. fird term which represents the subthreshold current effect,
high voltage falling rates, since the channel charge is dividggdindependent of the input voltage signal level. As a result,
equally between the source and drain, this term saturat@shigher input voltage signal levels, as the total charge-
at “=2"%. Equation (27) then provides a simple and quitiiduced error decreases, the subthreshold effect becomes more
accurate analytical model for switch induced error voltagénportant. The last term in (27) indicates that the effect of the
The model is useful in describing the functional dependengreversion layer charge in the weak inversion region is more
of the error voltage on circuit and process parameters.  significant at moderate gate voltage falling rates. In general,

Equation (27) can be further simplified at high and low gatitie exponential terms in (27) show that the lower the gate
voltage falling rates. At high falling rated/£.3/2Cr, < U) voltage falling rate, the more significant are the effects of the

Cox/2 + Cop BV, weqk-inversion character_istigs of the transistor.
Unf —VHT< C ) <1 ~6UC ) Fig. 7 shows the contribution of the last two terms of (27)
L L . . .

to the final charge induced error as a function of gate voltage

+ Viar <M) falling rate. As can be seen, at all substrate dopings, the
&2 subthreshold current effect and the weak inversion channel

Jé; Ucr\? Ucy, 5 charge effect cancel each other partially. However, as the

- 6UCT 3<kVt/3> +3VHT<W> + Vi falling rate decreases, ignoring the subthreshold effects can
c. Co Vi cause a higher error in the outpt_Jt voltage than that calculated

- C_Z(VS + Ve +aV, - VL) - gsgilL (28) using Sheu and Hu's model. Fig. 8 shows the subthreshold

. effects for various gate oxide thickness values.
and at low falling rategV;j;3/2CL, > U) The importance of the subthreshold effects with respect to
Coal the load capacitance is depicted in Fig. 9.
vne = =5 (Vs + Ve 0V, = V) As can be seen, the subthreshold effect in an analog switch is
Coy B(nV;)? important when larger transistor sizes, lower load capacitances,
+ —”Vt{ln{—} } (29)  |ower substrate dopings, smaller gate oxide thickness values

Cr Ucy, :
A comparison of (29) with Sheu and Hu’s results at |0V9nd lower gate voltage falling rates are used.

falling rates [2] shows that the first term of (27) corresponding

to the error caused by the injected charge above the threshold VI. A NONQUASISTATIC (NQS) MODEL

voltage has disappeared. In addition, the second term of (29)it has been shown in [6] and [7] that a nonquasi-static model
which is also due to the subthreshold current, decreases ¢a@ accurately predict the channel charge injection error.
final error voltage. At high falling rates, the subthreshol@o check the approximate method proposed in the previous
current effect is negligible and the contribution of the channeéction, an NQS model based on [7] was used. All models
charges in the subthreshold region to the final error saturatesre evaluated numerically using MATLAB.
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= ~—
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¥ 5 <30 ¢ 1
g =
£ 5
A
8 Y 40} 4
3 3]
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Fig. 8. Normalized subthreshold effects with respect to the gate voltag&. 10. Comparison of the output error voltage using different models.
falling rate for different gate oxide thickness values.

2 T T H T T T T T T T T T 80
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ol @ SPICE (Level=3) | i
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Fig. 9. Normalized subthreshold effect with respect to the load capacitarfo@. 11. Comparison of the different model results of the output error voltage
for different transistor widths. as a function of the gate voltage falling rate.

In the NQS model, the transistor current continuity equatiofjgarent gate voltage falling rates is shown in Fig. 11. The
is solved approximately _and analytical equations are qerivﬁﬂ)dified and NQS models are in very good agreement over
for the node charges using the charge-sheet formulation. fl range of gate voltage falling rates illustrated. Since the
thg voltage§ and currents can be derived from these Chargb%lCE model (Level-3) considers only subthreshold current
This model includes the subthreshold current since the geneygl ignores the inversion layer charge in the weak inversion

partial differential equation for the channel inversion chargeyiqn it fails to correctly predict the final output error voltage
layer is solved. Excellent agreement has been reported betwgen, (qarate gate voltage falling rates.

this model and various numerical simulators [7]. Fig. 12(a) and (b) compares the experimental and simulated

results published in [8] with the modified model presented

VII. SIMULATION RESULTS in this paper, and show the capability of this model to predict
Fig. 10 shows the transient analysis of an analog SWitg}]Ie charge induced output err_orvoltag_e. The model parameters
with W = 100 gm andL = 5 ym. The model parameters of aused were those presented in [8]. Sin¥gs and Vi were
commercial process were chosen as the simulation parame specified, the abovementioned process val_ues were ch_o Sen
where Ny = 3.23 x 1016 cm~3, T, = 175 '&1 Nps = or these parameters. The results are not particularly sensitive
820 x 10° cm~2 V~L1, Vpp = —0.425 V and the gate overlap to the values chosen.
capacitance i8.74 x 1071 farad per transistor widtfyn). The
SPICE and simple model suggested by Sheu and Hu begin to VIIIl.  EFFECT OF SOURCE CAPACITANCE
deviate from the modified and NQS models in the subthresholdThe general equations for the output error voltage in the
region (¢ > 0.5 us). The final output error voltage for thepresence of finite source capacitance have been derived in
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104 — — . . 2
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(@) Fig. 13. Normalized subthreshold effect with respect to the gate voltage
falling rate for different source—load capacitance ratios.
0.7 T T T T
o6 b i Zi'"“"?’io"t(%;’d‘ﬂ"'d model) model provides physical insight into the effects of varing
- A Xpertmen, . 7 . . . . . . . . .
G wpdew-ce simulation [8] ; parameters in switching circuits in the weak inversion region.
05 r 7 4
3 N A APPENDIX
3 04 ) ,H' ‘cfz=5 VF 1 THE GATE—SOURCE CAPACITANCE
s | =1 p
5 i WIL = 25/5 pm VARIATION IN AN MOS SwITCH
3 Charge neutrality in a MOS transistor results in
3
© Qe =Qr+Qs (30)
where Q)¢ is the total gate chargé}; is the inversion layer
charge and) s is the total bulk chargel andQ g are given
by
0.00 0.13 026 0.39 0.52 0.65 Qo = —Cox (Ve — Vip — ¥5)
Time (|s) (31)
(b) QB = —Uox? "(/)5.
Fig. 12. Comparison of simulated and experimental results [8]. Vrg is the flat band voltage angs is the surface potential

at the source given by

[2], [3] and [4]. By following the derivation described in g = Vo — Vig — vV s + Viel¥s—2¢r—Vs)/Vs | (32)
Section Ill, the subthreshold effects can be added to these ) S )
equations. However, the final differential equations can onf@sed on the drain-source voltagg; is divided into source
be solved numerically. Fig. 13 shows the contribution of trghd drain chargess and@p). For smallVps whereQs ~
subthreshold effects to the final error for variatis/C, ratios. @p, the gate charges can be written as

The source resistan¢dts) is assumed infinite_ly I_a_rge. As can OQc =205 + Qg. (33)
be seen, the subthreshold effects are more significant for higher

Cs/Cy, ratios, where a relatively higher voltage is developetihe gate—source capacitance is defined by

between the source and drain of the transistor. d0s
Cgs = “dVe (34)
IX. CONCLUSION Substituting (30)—(33) into (34), yield§, at the threshold
A simple model based on Sheu and Hu’'s model for anafoltage whereps = 2¢r + Vs to be
ysis of the charge injection error which takes into account Cyom = Coa(ts = 2¢5 + Vs)
subthreshold effects has been described. An approximation 1 C
has also been proposed to simplify the final error voltage = <ﬂ> (35)
calculation. The model was compared to SPICE and NQS L+v20r +Vs/y\ 4

models as well as recently published experimental resultsAbove the threshold voltag€,, increases with respect to
Excellent agreement was achieved in all cases. The modiftbé gate—source voltage and saturate%at However, the
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The Gate-Bulk Voltage

14. The gate—source capacitance approximation for different substr

inversion layer charges decrease exponentially with respect to
the gate—source voltage in the weak inversion region [9]. Since

there are negligible variations of the depletion region charges
below threshold, the total gate charges and consequently
gate—source capacitand€’ys) decrease exponentially with
respect to the gate—source voltage in the weak inversion regi
In other words, in weak inversion

Therefore, (Cgs) can be approximated by two exponentia
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