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The Double-Sided Floating-Surface
Detector: An Enhanced Charge-Detection
Architecture for CCD Image Sensors

Edwin Roks, Member, IEEE, Peter G. M. Centen, Jan T. Bosiers, Member, IEEE, and Wim F. Huinink

Abstract—A new high speed, low noise, nondestructive charge
detector, called the Double-Sided Floating-Surface Detector (DS-
FSD), which is fabricated in a standard CCD image sensor
process, is reported. This detector can be integrated in CCD
image sensors and is capable of detecting large charge packets
at very low noise levels. Typical values are 5-8 noise electrons
(within a bandwidth of 5 MHz) for a charge packet size of
100000 to 250000 electrons. The detector is used as the first
MOS transistor in a three-stage source-follower configuration
with a bandwidth of 150 MHz. The performance of both the
traditional Floating-Surface Detector and Double-Sided Floating-
Surface Detector (DSFSD) are calculated using a new, simple,
model. This model is experimentally verified.

[. INTRODUCTION

WO sources of noise determine the noise performance of

present CCD imagers: fixed-pattern noise (FPN) caused
by dark-current nonuniformities, and thermal noise from the
output amplifier. The first one is tackled by almost completely
eliminating the surface dark current of the imager [1]. For this
reason more attention has to be paid to the output amplifier
because its noise contribution dominates, even at higher tem-
peratures. The traditional floating-diffusion amplifier (FDA)
[2] has a relatively high noise level because its sensing
capacitance cannot be made sufficiently small. In order to be
able to exploit the performance of CCD’s, some alternative
output structures with lower noise have been presented. The
floating-surface detector (FSD) [3]-[5] is one of the most
promising structures. Top-views of both the usual FDA and
the FSD are shown in Fig. 1. The difference between these
two detectors is that in the second a pMOS transistor is fully
integrated with the CCD channel, which results in a much
smaller sensing capacitance. In the FSD, the floating diffusion
is replaced by an n channel with a much lower dope. Because
of this lower doping, the channel can be depleted (reset)
completely and therefore the structure produces no kT'C noise.
The original implementation of this detector suffered several
drawbacks. First, the detector was only capable of handling
a maximum of approximately 10000 electrons per charge
packet, which is not sufficient for image sensor applications.
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Fig. 1. Top views of (a) the floating-diffusion amplifier (FDA) and (b) the

floating-surface detector (FSD).

Second, it was optimized for high responsivity instead of
high dynamic range, using a thick gate oxide (1 pm) and
consequently high gate voltages. Finally, it was difficult to
simultaneously confine both type of carriers (electrons and
holes) of the CCD and the detection channel because the CCD
channel stop was of the same type as the source and drain of
the FSD [5]. In this work we will show that these problems can
be solved by introducing the Double-Sided Floating-Surface
Detector (DSFSD).

The following chapters (II, III and IV) discuss the Floating-
Surface Detector including a simple model to describe it’s
performance. This model is also valid for the Double-Sided
Floating-Surface Detector (DSFSD) which will be discussed
in the remaining chapters. ‘

II. OPERATION OF THE FLOATING-SURFACE DETECTOR

Fig. 2(a) shows a top view of the floating-surface detector.
The sensing gate (SG) is set to be strongly negative to ensure
that inversion takes place at the MOS transistor surface.
In spite of the negative gate voltage an additional deep n
implant (DN2) under the SG forms a potential well for
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electrons. Electrons can be clocked along the CCD channel
(Fig. 2(b)); when they appear under the SG they modulate the
free hole concentration and hence the channel conductance of
the transistor (Fig. 2(c)). After detection the electrons are reset
by a normal reset MOS transistor. The reset pulse completely
depletes the sensing channel, which means that the detector
produces no reset noise (k¥T'C noise) from the CCD channel.
The floating-surface detector is usually operated in source-
follower configuration using a constant current source. The
effect of modulation of the free-hole concentration by an
electron charge packet can be understood from a simple one-
dimensional model (the source-drain voltage is taken to be
zero). In this model (Fig. 3 is showing the potential profile
under the SG) the device is considered to be completely
depleted except for a signal charge packet and a surface hole
concentration. Np, N4, Np, are the ion concentrations per
cm? of the n channel (DN + DN2), the p well (DP) and
the n substrate, respectively, o, is the electron charge and o,
the surface hole charge, both per cm?.1 is the depletion depth
underneath the packet and d the depth of the center of gravity
of the charge packet. Using Gauss’ law,

onon:Up_an+q(ND—NA+ND5) (1)

where I,y is the electrical field in the oxide. From (1) it
follows that, because the surface potential is constant and
therefore the field E.y. is constant, a change in o, will result
in a change in o, and ¢/Np,. This coupling between o, and
op can be described by

ll NA%(I—§> fori>d
1+ ¢ l

@)

Ao, = Aoy <1 -
and is better when d/! is small.

[1I. PERFORMANCE OF THE FLOATING-SURFACE DETECTOR

In a proper amplifier design, the first stage of the amplifier is
dominant with réspect to noise and responsivity. Ther\efore, in
this section only the performance of the single-stage floating-
surface detector, operated as a source follower with an ideal
current-source load, will be taken into account. As the surface
channel of the floating-surface detector is modulated by a
charge packet, which can be regarded as a sort of buried gate,
the traditional MOS transistor equations cannot be applied
directly. Therefore -a new model is required for the further
calculation of noise and responsivity. In this section this model
will be derived and the responsivity will be calculated. From
the model a small-signal diagram will be generated, which will
be used for noise calculations. '

As n = Ny in the charge packet, with n being the electron
concentration and N, the jon concentration both per cm3, the
charge-packet voltage (buried-gate voltage) is determined by
the electron Fermi potential '
kT (Nd

Vo=0¢n+ —1In —) = ¢n, + const. 3)
q n .

7

From Fig. 4, presenting the capacitance model of the floating-
surface detector, it follows that the local charge per area o(z)
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Fig. 2. (a) Top view of a floating-surface detector, (b) cross-section over
A-A’, showing both the surface and the channel potentials, (¢) cross-section
over B-B’ (z direction), showing the p-channel transistor.

(Cem—2) along the surface hole channel is given by

7(2) = Cpey (V(2) = Vp) + Caon(V(2) = V) ()

¢o
with V() being the local channel potential, V, the sensing-
gate potential, V; the source potential, V; the drain potential
and Vi the substrate potential. The current in the channel as
a function of x is represented by
E(z)Wd, 14
o L
. , (5)
In this equation W, E, d;, p and i, are the width of the tran-
sistor channel, the electric-field component in the z direction,
the thickness of the channel, the resistivity and the mobility
of the surface holes, respectively.- Integration over the total

I
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Fig. 3. 1-Dimensional model illustrating the modulation of surface holes by
the electron charge packet.

transistor length results in (Appendix A)

1k
I== / Idzx
L Jy ‘ ‘
w V
= upf ((C])CD Vps + Och ‘/gs)vds - (OpcD + ch) 2 )
6)
w V2
= /-"pf (nvds - 5 ;S> (7)
where
7N = Cpey Vps + Cgeg Vs and € = Cpe, + Che,
In saturation o = 0 at pinch off and therefore V. Vet = p/¢.
For I, it follows that
_ W
Isat - 2 3 £ . (8)

This is analogous to the normal MOS transistor equation,
with the allowance for the back bias effect. g,,, and gp, the
transconductance of the sensing gate (SG) and thé charge
packet to the surface channel, respectively can be derived from
ILsa5. This way the charge packet is treated as a buried gate in
the substrate.

aIsa 1% W?] 1 W

Gm = avg: = pL gCch = Och 2 Ep L sat (9)
Oleae  1pW 1 Lt W

9p = Ws:s = L é pcy — CpcD ?pf sat- (10)

If It is taken to be constant, because of the source-follower
configuration with ideal load, the ratio of AV, and AV, is the
DC gain Ag of the structure. It follows from

‘ aIsat 8Isa.t
Al = — AV + AV (1
N 7t L TR
= gp(AV, — AV,) — g AV, = 0. (12)
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Fig. 4. Capacitance model of the floating-surface detector,

From this it follows that

AV g
AV, gm+ 9

OPCD

= = A .
CDCD + Cch ‘

(13)

To be able to calculate the capacitances in the structure, the
total charge (). in the surface channel and the total charge
(Jp in the charge packet have to be calculated first. The total
charge in the surface channel ). can be split into two parts:
a part compensated by the electron charge packet (Q.,) and a
part compensated by the gate (Q.,). When the two parts are
added together —27/3 is obtained (Appendix B). This is the
total charge in the surface channel. The charge in the electron
packet, at the node V,, shown in Fig. 4, is given by

_qul = Qp
= CSS(VP -V +C d(V Vi) + WL

x (CpND(Vp—VN)Jr / (Vp = V(x))d )

(14

where C7; and Cf; are in this context overlap capacitances.
The last term of (14) results in (Appendix B)

Che L
%o [ = vt = e (- £):

Therefore, with respect to the transistor’s source, (14) results in

(15)

_qul = Qp
= pN(V;)s - VNs) + Cgsvps + ng(Vps - Vds)
1/ C,.
+ Cpc Vs — 3 <5p—CTpO—gc> (CpcVps 4+ CocVas),
(16)
where
C. = WLC..U.
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Fig. 5. Small-signal diagram of floating-surface detector.

The responsivity can be calculated directly from this relation.
A change in the electron charge results in

—qANel — AQP = O];N(AVPS + AVS) -+ O;SAVps
+ C;d(AVps + AV;) + CpcAVps

1 Che
— o =2 V(O AV, — O AVL) (17
(G2 ) CoetiVen = Ot a7
gAN + (CpN + Cha + ‘3‘(gp°fcc ‘))AV5
== AV = — Lk gcg .
Con + O3 + Coa + Cpe — 35500
(13)
From Al,; = 0 it folloWs that An = 0 and
C
AVps = AV, =5, (19)
Che
Combination of (18) and (19) results in the responsivity
resp = AV;
P~ AN
_ 9C5c
Opc (OpN + C‘Sd) + Ogc (OpN + Ogs + O;d + Opc)

20)

A corresponding small-signal diagram is required for further
analysis. To this end the capacitances of the channel have to
be expressed into capacitances of the source. The total charge
at the source can be written as

AQs = AQT + AQ., (21)

where AQ?¢ is the variation in charge due to'the overlapping
of the gate and the source and A(Q), is the variation in surface-
channel charge. The total gate-to-source capacitance is

_0Qs _0Q7  0Qc ., 2
P av, = ———avg + ov, = Coe + gOgc, (22)
where Cg is the gate-source overlap capacitance.
2
Cgs = gcgc. (23)
In an analogous way it follows that
_0Qs 0Q7  0Q o, 2
PStot — avzj = 3‘/;: 3V; = OPs + '3‘Cpc - (24)
and
2
Cos = §C’pc. (25)

For the capacitance from the packet to the gate. it follows
from (16) that

_ 90| 1 ol 1 CpCy
9T 8V, | 3ChetCoe 2Cp+Co

These relations result in the small-signal diagram presented in
Fig. 5. The responsivity can also be obtained directly from the
corresponding small-signal diagram. Substitution of jw() (the
Fourier transform of Qd(t) where Q@ = —qN,;) for the input
current results in the responsivity (see Appendix C)

Cp 26)

—gq4o —qAo
— — 2
Tesp Gt Oo(1 = Ay) o (27)
where
1 C.C
Cr=Cpn + 0% + =58 and Cy = O + CF,.
2 pd 2 Gps ¥+ Ogs P ol

Using (23) and (25), this equation results in (20). This ap-

proach therefore leads to the same result.
When the oxide thickness would be infinite, Gy, would be
zero and the responsivity would be
q

resp=-———--—.
P OpN+O§d

(28)
To create a high responsivity, the gate-oxide must therefore
be as thick as possible. To ensure a large fringing field and
therefore fast transport in the CCD, the potential maximum
must be at a depth of approximately 0.3 pm [6]. This results
in Gy = Cp, for an oxide thickness of 0.1 ym and therefore in .
a DC-gain of 1/2. The responsivity is in this case found to be

! 29)
pc
where Cppy and the capacitances due to overlapping are
smaller than Cp,.. Compared with (28) this equation gives a
more realistic value with respect to imager applications.

For device performance it is essential to look at noise
behavior and not just at responsivity. In general ‘the device
noise spectrum contains a thermal portion and a 1/f portion.
The CCD signal processing will in general suppress the 1/f
noise [2]. Therefore, only the thermal noise contribution is
taken into account. To model this, an extra noise source i,
should be added to the small-signal diagram (Fig. 5). The noise
voltage at the source, Vs, can be calculated as a function of
in, With V, floating (see Appendix D). This results in the

resp & —

relation
-2 ) 202 <12> C 2
vz = Laep?Or _ Gn) A2<—*> .60
<Sn> ng% gg 0 Cin
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The total performance is now calculated using the Noise
Electron Density (NED) [(e™)? Hz™!] introduced by Centen
[2] as an equivalent of the Voltage Spectral Density [V? Hz™*].
In the NED the noise voltage is normalized with respect to
responsivity. The NED is found to be
Vé) _ (Lot

NED = ~—2=L =
resp?

— (€2
g2q*
By integrating the NED over the bandwidth (B) the number
of noise electrons squared after signal processing equals

N,

B
2 = (M) /0 F@NED@)do.  (32)
In this equation (M) represents a multiplication factor (figure
of merit) that gives the average increase in noise due to
processing when a white noise source is the input to the signal
processing. When for a single output a traditional correlated
double sampler is used, (M) equals 4 [2]. In the case of no
reset noise, a low-pass filter is enough for good processing
and (M) equals 2. In this calculation, (M) is taken to be
4 for a worst-case scenario. F'(w) is the processing filter
characteristic. It is often taken to be 1, also in a worst-case
scenario. The noise of the first stage is determined without
an electron charge packet in the channel. It consists of the
thermal noise from the sensing gate, the back-bias and the
current source. At the source this results in the noise current

In.

(iZ) = 4kTa(g), + g + gc) (33)

where g/, is the transconductance of the gate without a charge
packet in the channel, g, the transconductance of the back-
bias and g. the transconductance of the current-source load.
The constant « is 2/3 for the ideal MOS transistor without
back-bias effect [7]. g/, and g; are found using the relation
for Isa: without a charge packet in the channel (= I.,,)

e W ()2
]S'at = ?pf g 34)
where
T]’ = CNCDVNS + CchVgs and f/ = CNCD + C, o
analogously to (9) and (10), g/, and g, are defined as
Oy W' pp W
g, = an: = ’}J gcgcm = Cgey, 2£—f’fzgat (35)
Ol ppWo' iy W
= %t - —CnNeg = Cneoy |22 —1',,. (36
9o Ve L ¢ Cn 0 Neg ¢ L Asat (36)

When F(w) is taken to be 1 and (M) = 4, the number of
noise electrons is

Nioise = 2V BNED.

In the next section these equations will be used to optimize
the floating-surface detector with respect to noise behavior.

(37
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charge . packet depth (a), oxide thickness (tox), current density (c), and
transistor width (W).

IV. MODELING OF THE FLOATING-SURFACE DETECTOR

A. Performance as a Function of FSD Dimensions

The floating-surface detector was optimized with respect
to noise and maximum charge-handling capability using the
simple model described in the previous chapter. The param-
eters varied were: the transistor width (W) of the detector,
the oxide thickness (tox), the depth (d) of the charge packet
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TABLE I
RESULTS OF CURRY SIMULATION AND THE ANALYTICAL VALUES
CURRY simulation analytical model
DC gain (small packet) 0.33 0.30 (d=0.7 um)
DC gain (Jarge packet) 0.48 0.38 (d=0.5 um)
responsivity 32 uVie 39 uV/e (d=0.5 pm)
C. /W 0.51 fFum? 0.51 fFum” (d=0.5 pm)
C. /W 0.84 fFum? 0.85 fFum’
p* drain, channel stop 30 — 250000
p* source .
Q 200000
2
- 201 e
& 4 Noise +150000 ‘o
. § = Resp. %
L Dy * Omax 4 100000 E
2 10 - e}
fob]
0
k) 50000
clocks \OG W/2 RG clocks 2 Noise
0~ L ‘ 0
n channel CCD 0 10 20 30
Fig. 7. Top view of Double-Sided Floating-Surface Detector (DSESD). Width [um]

and the hole-current density. The load of the floating-surface
detector was characterized by a load with g1 = 200 kQ.

The capacitances were estimated using a simple relation for
the saturated MOS model

Con(W) = WL%S (38)
(W ) = %WL;&’ (39)
O (W, d) = SWLE (40)
Cpa = 0. @1)

In Fig. 6(a) and (b) the noise (solid lines) and responsivity
(dotted lines) are given as functions of the packet depth (um)
and the oxide thickness (pum). In the first simulation W/ L was
4/3.7, the oxide thickness 0.1 um and the current density 15
pApm~!. In the second simulation the packet depth was fixed
at 0.5 gm and the oxide thickness was varied from O to 2 um.
The noise was corrected for responsivity using the NED. These
graphs emphasize that for low-noise operation it is important
to store the charge packet at a depth not less than 0.5 pm,
which is the normal channel depth used in buried-channel CCD
structures. It further shows that oxide-thicknesses of more than
0.5 pm are not needed (the number of noise electrons N
is almost stable beyond 0.5). The consequence of this last
observation is that low operating voltages can be used, which
makes the structure more attractive for applications in CCD
cameras.

Because the floating-surface detector was in our application
used in a standard CCD process with an oxide thickness of

0.1 um a “flar potential plate” as described by Matsunaga -

et al. [4], in the gate oxide (between the sensing gate and
the silicon-oxide interface), was not needed. The described

Fig. 8. Number of noise electrons (Noise), charge-handling capability
(Qmax) and responsivity (resp) versus the transistor width. The filled
markers indicate the measurements. The markers at W = 6 um indicate
the measurements of the FSD, the markers at W = 18 pm indicate the
measurements of the DSFSD.

potential pockets do not exist in structures with such gate
oxides. In the third calculation (Fig. 6(c) the current density
(pApm~1) was varied. Ini the last calculation (Fig. 6(d)) the
noise and maximum charge-handling capability were plotted
against the width (um) of the FSD. For a charge-handling
capability of 150000 electrons a width of 20 pm is required.
According to the noise curve (Fig. 6(d)) this will increase the
amount of noise electrons with respect to the W/L = 4/3.7
case from 4 to 8 electrons.

B. Device Simulations

A 3D off-state simulator (PADDY) and a 2D on-state
simulator (CURRY) were used for the device simulations, to
simultaneously model signal electrons in the bulk potential
well and a hole current from the p¥ source to the p* drain
along the Si-SiOy interface. The 3D simulations were carried
out to estimate the maximum charge-handling capability of the
detector and to check the different barriers in the device.

The 2D dynamic CURRY simulations were: carried out in
the lateral direction (in the plane of the source and drain) to
determine the different parasitic capacitances and consequently
the saturation current, responsivity and gain. Following the
previous results, [, was taken to be 3.7 ym and the oxide
thickness was 0.1 pm. Table I compares the simulation results
with the analytical model.

C. Confinement of Electrons and Holes

A difficult problem in designing the floating-surface detector
is the required simultaneous confinement of electrons and
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TABLE II
CompaRrisON BETWEEN THE FDA, FSD, anp DSFSD
FDA FSD (t,,=1um) | DSFSD (1,=0.1um)
detection destructive non-destructive non-destructive
max. charge =2:10° ¢ =1-10% ¢ =2:10° ¢
responsivity 10 uV/e 200 uV/e 10 pV/e
Noise 15¢ 4e 8e
SG voltage - 60V S5V

holes. Sevéral leakage paths may exist in the device: a path
under the output gate (OG) and the reset gate (RG), leakage
through the p well from the source to the drain when the p well
is not completely depleted and leakage from the p* source to
the p* drain along the p* channel stop.

The first leakage path is blocked by choosing the appropriate
potentials for the output gate and the reset gate (i.e., by keeping
the reset gate clock at a small negative value, as shown in
Fig. 2(b)). The second path can be blocked by doping the
p well only slightly and making the surface potential under
the sensing gate (SG) sufficiently low. The third path is our
major concern. It can be blocked by making the structure
double-sided, as will be explained in the next chapter.

V. THE DOUBLE-SIDED
FLOATING-SURFACE DETECTOR (DSFSD)

A. Device Description

Fig. 7 shows a top view of a DSFSD. The sensing gate
(SG) is split into two parts and the surface MOS transistor has
its source area in the middle of the CCD and its drain area
in common with the CCD channel stop. With this layout, the
problem of simultaneous confinement of electrons and holes is
completely solved. For a good noise performance, the length
of the transistor L has to be as small as possible (see Chapter
IV). The charge-handling capability is increased by making
the transistor wider. Although this larger width (W) increases
the total capacitance, it also increases the transconductance
and current of the transistor. Therefore the net noise increase
is low. The speed of the detector is fast even at higher values
of W (e.g., 20 um) because the transport length is W/2.

B. Evaluation

Three test structures have been designed to evaluate the
DSFSD concept: two FSD structures W = 6 pum, L = 3.7 pm,
tox =1 pmand W = 6 pum, L = 3.7 um, o, = 0.1 pm,
and a DSFSD W = 18 um, L = 3.7 pum. All structures are
operated as a source-follower, using a (low-capacitance) load
resistor of 200 k€2. The load resistor was made of an n channel
in a completely depleted p well at a reverse bias connected to
the p well of the CCD and the detector (to drain the holes
and make the structure more compact). This resulted in a low
capacitance, and therefore in a large bandwidth. A CCD line
with 7 stages was coupled to the test structure to inject signal
charge. Fig. 8 shows the measurement results of both devices.

They fit nicely to the predicted values (The processing constant
M is in this case taken 2). Table II summarizes some typical
results for the traditional FDA, the FSD ({,x = 1 um), and
the DSFSD (tox = 0.1 pum).

VI. CONCLUSION

A new DSFSD is presented. It has an excellent signal-to-
noise ratio, because it has a low thermal noise and produces
no KT'C noise. A low-capacitance resistor, integrated in the p
well of the CCD is used as load. The theory and modeling of
the DSFSD have been described using a new model.

APPENDIX A
E(z)Wd, oV (x) oV (z)
= — = — —_— c = — W .
g p(x) WP =5 wa Hpo () Ox
(A
The charge per area as a function of z is given by
7() = Cpey(V(2) = V) + Coey (V&) = V). (A2)
Integration over the total transistor length results in
1 (L
I =— 1d
L /0 v
174 L
=t | 1CoeclVi@) = V3) + oo (V@) = Vy)
|4
x 2 (5”) (A3)

Vas
:—%L/ V(o V = Via) + oV = Vi)

(A4)
W V2 Ve
—Hp—— L ':(OPCD+OSCD) (CPCUV;)S+CgCDV )V}
0
(AS)
w
— _’u,pf
de
((CpcD + Cger) 5% = (Cpey Vos + Cer, Ves )Vds>

(A.6)

Ni%

. 1%
( Cpep Vs + Cye Vas ) Vas — (Cpeg + Cieyy) ds)

Vi
bp <77Vds =€ ‘—2—)
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where
= CpoyVos + Cee, Vs and € = Cpop + Coepe (AT
APPENDIX B
CPCL:\ L
Qop=——> | (Vo= V(z))de
0
Coey [V dV
e [ e vie)
Coer V& (Ve—V
= _Zro / ( P (x))upWa(x)dV (B.1)
Vd
M
IP OPCD pS - V(l‘)]
X [Opcu (V(x) pS) + Cgeg (V($> )]dV B.2)
W Vas ,
~IJJTP—ITOPC[\ -/0 _(CPCD + OSICD)Vg(x)
+ [Vos(Cpen + Cgen)
+ (CpcDVps + Cgc\jv WV (z)
Vos (Vs Cpeg + VgngcD)dV (B.3)
2
= ngcpcu< Ve, &4 (Vpsg‘i’n) Vs Vpsnvds> (B.4)
where
Vsat 77
E .
this results in
o2 Ve om0
Qcp - nCpcD< 3£ 9 + 2§ ans> (B.5)
2 n* Vps
—;I—CPCD <& -5 (B.6)
= Cpeq (Vps - %) ®B.7)
by malogy
Cch L Vd;
ch = — L A (Vg — V(x))dl' = Cgcm Vgs — —3— .
: (B.8)
Summation of (B.7) and (B.8) results in
2
Qe=—31 (B.9)
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APPENDIX C
According to the small-signal diagram (Fig. 5) at node V,,

jwQ = jwCiV, + jwCs(Vy — Vi) (GB)
= Q =V,(C1+ Cy) — Vo0 (C2)
where
Cl = CpN + Ogd = Opscgs and 02 = Cps + Ogs

2(Cps + Cgs)
According to the small-signal diagram, the gain A(AV,/AV,)
is
_ gp + jwCs
9p + 9m +jw(C2 + Cs)

(C3)
with

C3 = Cge + C’gs.
The cross-over frequency is approximately 2 GHz. This means

that for this application only the low-frequency part is impor-
tant. Therefore Ao can be used, instead of A.

9p Cpe

Ag = (C4)
0 gp+gm Cpc+0gc‘
Q= —(C’l + Cg) V w 2o, (C.5)
substitution of @ = —qN,; gives for the responsivity
AV gAo qAo
= = = C.6
resp ANCZ Ol =+ 02(1 — Ag) Cm ( )
with
Cin = O1 + Oa(1 — Ao).
APPENDIX D
According to Fig. 5
in + gm Vs + gp Vps + jwC2 (Ve — Vp) + jwCsV, = 0. (D.1)

Because only the low-frequency terms are important, the
capacitive currents are approximately 0. This results in

in Ve
—_—=—=V, D.3)
9p AO P .

With respect to the noise source, the node V, is floating. The
potential V,, is therefore completely determined by the source
potential and capacitance weighting factors.

s Cs
V, = —2—V, = 22V, )
, P04 Cy Cy ®H
Combination of (D.3) and (D.4) results in
i, GV, AgCy Vsq
9  ACy  ACh respCy D)

from which the source noise-voltage squared is

) - B _ @) g0y,

q? gp g2 Cin

(D.6)
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