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Abstract - In this work, Random Telegraph Signal
(RTS) in source follower circuits is studied using an
advanced TEG including dependency on MOSFETS
carrier type, gate size and operation bias conditions.
Appearance probabilities and noise intensities of RTS
for pMOSFETS are shown to be less problematic than
these of NMOSFETSs for various gate sizes and bias
conditions.

. INTRODUCTION

It has been recently recognized that Random Tele-
graph Signal (RTS) noise occurs in source follower cir-
cuits in pixel is one of the most crucial contributor to the
image quality degradation of deep sub-micron CMOS
image sensors because it is difficult to be eliminated by
noise reduction circuitry [1-2]. It has been reported that
the RTS amplitudes become more significant as MOS-
FETs’ gate size are scaled down [3-4]. Then, under-
standing of the physical origin of RTS and its suppres-
sion are of the urgent tasks for the further increase of im-
age sensor performances, such as higher density, higher
speed and wider dynamic range. To understand RTS oc-
currence mechanism, statistical analysis of RTS is indis-
pensable. However, there is no efficient evaluation me-
thod of RTS until now. Then, this work employs an ad-
vanced Test Element Group (TEG) for evaluation of both
NMOSFETs and pMOSFETs with total number of over
10° MOSFETS to statistically analyze RTS. Dependence
of appearance probabilities of RTS in enormous number
of MOSFETSs on carrier type, gate size, gate overdrive
voltage and substrate bias conditions are extensively stu-
died using the TEG. And then, RTS parameters such as
amplitude, mean time to capture (<t.>) and mean time to
emission (<t.>) can be analyzed in a short time.

I1. TEG STRUCTURE AND EVALUATION SYSTEM

Fig. 1 shows circuit schematic of the TEG for nMOS-
FETSs (a), pMOSFETSs (b) and the picture image of TEG
(c), respectively. Bias voltages Vpp and Vg are applied
to all the measured MOSFETSs simultaneously. The op-
erating point of the measured MOSFETSs can be con-
trolled by the values of Vg and Ips, where Ips is the drain
current of the current source transistors placed in every
column and that is tunable by the value of Vi As
shown in Fig. 1 (d), electrical characteristics of each
MOSFET in the source follower circuit is obtained as Vg,
which is given by an output voltage V., and a setting Vg
under a constant Ips. A large number of MOSFETS’ cha-
racteristics can be measured in a very short time by
scanning the values of V, from each cell using the hori-
zontal and vertical shift resistors. Variation of stationary
electrical characteristics in the MOSFETSs is observed

from variation of time mean values of V. Figs. 2 (a)
and (b) show the result of the stationary Vs variation un-
der constant Ips = 1uA, which can be assumed threshold
voltage variation of MOSFETSs included in the array
TEG [5]. Random noise within a MOSFET is obtained
by measurement of transition of Vg in time-scale. A
typical result of RTS is shown in Fig. 3. In this system,
since Ips is kept constant during a measurement, random
noise in a MOSFET would account for the random sig-
nals in V. Thus, higher and lower V states that are in-
dicated in Fig. 3 correspond to the captured and emission
states, respectively. It is because that when a conduction
carrier is trapped, a higher gate overdrive voltage is
needed for a MOSFET to keep the drain current constant
since the inversion layer carrier mobility is degraded as
well as the number of the carriers becomes smaller due
to the trapped carrier. Several gate sizes of both n- and
PMOSFETSs are included in the designed TEG that is
summarized in Table 1, and manufactured by a 0.18 um,
1 Poly 2 Metal standard CMOS technology.

I11. RESULTS AND DISCUSSIONS

Fig. 4 (a) shows the distribution of the standard devia-
tions of the Vg fluctuation for one MOSFET in time-
scale (or) obtained by measuring the continuous 300
outputs of each MOSFET of which sampling rate is 0.7
sec/cell. Fig. 4 (b) shows the time-domain Vg behaviors
of NMOSFETS at various og points. In an image sensor
system, RTS is more problematic when its amplitude (A)
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Fig. 1 (a), (b) Circuit schematics for n- and pMOSFET ar-
rays, (c) picture image of TEG in a wafer and (d) method to
measure electrical characteristics of MOSFET in the source
follower circuits.
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Table 1 Gate sizes and the number of MOSFETs manufactured in the n- and pMOSFET array TEG
12 12

Gate Length (um) _ ) 022 [ 022 | _ 024 | __ 024 | 04 | 12 | 12 | . 12 .
Gate Width (um) 0.28 0.3 0.3 1.5 1.5 0.3 1.5 15 total
No. of NMOSFETs 131,072 131,072 131,072 131,072 131,072 65,536 65,536 16,384 802,816
No. of pMOSFETs 81,920 81,920 81,920 81,920 81,920 40,960 40,960 10,240 501,760
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Fig. 2 (a) Distribution of stationary 8V which is differ-
ence value between Vg of each MOSFET and the mean
value of Vg under constant Ips = 1uA with various gate
sizes for nMOSFETSs and (b) dependence of the standard
deviation of stationary Vs variation on gate sizes.
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Fig. 4 (a) Distribution of the standard deviation of Vg fluc-
tuation for one MOSFET in time-scale of n- and pMOqSFETs
with W/L=0.28/0.22 [mm] and (b) time-domain V¢ behaviors
of NMOSFETSs with various or when sampling rate = 0.7
sec/cell.

become higher [6]. Here, signal transition probability is
given by the following equation [7].

<7 ><7. >
T=<T><% 1
/<re>+<rc>)2 &

where <t.> and <t.> are mean value of time-to-emission
and time-to-capture for the trap to generate RTS, respec-
tively. Then, AT is defined as a factor to characterize
RTS noise intensity of a MOSFET. To examine the cor-
relation between og and A«T, we measured various
MOSFETS and extracted A and T each MOSFET. Fig. 5
shows the correlation between og and A«T. It is obvious-
ly shown that or and A.T have a strong correlation.
Then, following parameter is defined as a statistical fac-
tor to evaluate RTS among MOSFETS with various gate
sizes or bias points.

RTSstat = »_ o - freq(oy)

OR=ORO

o)

Fig. 3 V behavior of a nMOSFET in time-scale. Constant
Ips Of 1.37 [uA] is applied during the measurement. Signal
transitions due to trapping and emission of a conduction
carrier are indicated.
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Fig. 5 Correlation diagram between og and A«<T when sam-
pling rate = 0.33 psec/cell. A strong correlation is ob-
served.
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Fig. 6 RTS statistical indicator: RTSstat as functions of

gate size for (MOSFETs and pMOSFETSs for cgo = 2.0

[mV]. Results clearly show that pMOSFETSs has smaller

RTSstat than nMOSFETSs.

where ogg is @ minimum value of the range of o to be
analyzed and freq(og) is the appearance probability cor-
responding to each or. Fig. 6 shows the extracted
RTSstat from the ogr measurement results as functions of
the gate size for n- and pMOSFETSs. The results clearly
show that RTSstat increases as gate size is scaled down.
Moreover, pPMOSFETSs have smaller RTSstat than that of
NMOSFETSs for various gate sizes indicating that RTS is
more problematic in NMOSFETS than pMOSFETS.
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Fig. 7 shows the correlation between A-T and stationary
Vg of each nMOSFET at Ips/(W/L) = 1pA. The results
show that the correlation is very small indicating that the
origins of the RTS and stationary Vg variation are not
same.
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Fig. 7 Correlation between A*T and stationary V of each
NMOSFET with W/L = 0.28/0.22 [um]. The correlation is
confirmed to be very small.
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In addition to the gate size, RTS characteristics are
analyzed for various bias conditions. Figs. 8 (a-e) show
the RTS results of a nMOSFET and a pMOSFET at vari-
ous Ips and a fixed |[Vps| = 1.0 V. Figs. 9 (a) and (b) show
the <t>, <t.> and RTS amplitudes as a function of Ipg
for the n- and the pMOSFET with W/L = 0.28/0.22 pm.
Figs. 10 (a) and (b) show Gumbel distributions in terms
of or for various Ips for n- and pMOSFETS and Fig. 10
(c) shows RTSstat as a function of Ips, respectively. The
results show that as gate overdrive voltage increases,
<te> increases, <t.> decreases, the RTS amplitude de-
creases and RTS appearance probability of large og cells
decreases. Thus, RTSstat decreases as gate overdrive
voltage increases as Fig. 10 (c) shows. Moreover,
RTSstat of pMOSFETSs are smaller than nMOSFETS in
all the measured Ips.

Figs. 11 (a-e) show the RTS results of a nMOSFET
and a pMOSFET at various |V and a fixed Ips/(W/L) =
1 pA. Figs. 12 (a) and (b) show the <t>, <t;>and RTS
amplitudes as a function of |V, Figs 13 (a) and (b)
show Gumbel distributions in terms of or for various
[Vys| for n- and pMOSFETSs and (e) shows RTSstat as a
function of [Vpg. The results show that as |Vy| increases,
for the nMOSFET, <t.> decreases, <t.> increases and T
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Fig. 8 Time-domain V behaviors of nMOSFETSs (a-c) and pMOSFETSs (d-f) with
gate size of W/L=0.28/0.22 [um] for various Ips, respectively.

|Vys| during the measurements is 1.0 [V]. The results show that amplitudes of RTS
decreases as Ipg increases. Also, probability of higher state (captured state) increased

as lps increases.

Fig. 9 (a) Capture and emission
time constant, (b) RTS amplitude
as function of gate overdrive vol-
tage, respectively.
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Fig. 10 (a) Gumbel distributions of the og for NMOSFETSs, (b) pMOSFETSs and (c) shows the RTSstat as function of Ips

for n- and pMOSFETSs.

64



0.63

-0.69

T " " ¢ 6fnMOS ~ ® <, of AMOS
0.62 -0.68 4 1, of pMOS o 1, of pMOS
= 061 = -067 aa & & A
» 0 — 10° o
- - - Q o
£ o060 (a) "™MOS, Vs =061V] S 066 MOS, Vbs = 0.7 [V] 8 ° o q
050 &) 1ogwiL) = 1.0 [wA] (Vye vy, = 0.0V]) asst (d) D= o0 - K
Ipg/(WIL) = 1.0 [uA] (Ve Vy, = 0.0V]) & "o oa,
0.58 -0.64 + - - 5 10" o
0.63 . . -0.69 . . & LI
082} () NMOS, Vbs=10[V] 08| (g) PMOS. Vbs=-10[V] (a)
S o1l Iog/(WIL) = 1.0 [uA] (Vs Vy, = 0.0V]) S oerl Ipg/(WIL) = 1.0 [nA] (Ve Vy, = 0.0V]) 1 10 - -
@ @ i Warbisety v Vel V]
g’ 0.60 O 066} I TU
059} g 065} 1 o nMOS
- : 12 * pMOS
0.58 -0.64 L . L _
0.63 -0.69 - - - z
_ 062} (C) NMOS, Vs = 1.3 [V] _ -0.68 W—WNW % 8 e o o
2. 061} los/(WIL) = 1.0 [uA] (V-V,, = 0.0V]) 2, -067f £ 6 © 0 o oo0®
(%] %] £
8§ oseof $ 068 (p pMOS, Vbs=-141V] <
0.59 -0.65} Ipg/(WIL) = 1.0 [uA] (Vgs-Vy, = 0.0V]) 2 (o)
0.58 - - + -0.64 * + + 80 1.0 2.0
0.0 50x10° _ 1.0x10° 1.5x10° 2.0x10° 0.0 5.0x10° 1.0x10° 1.5x10° 2.0x10° Vool V]

Time [usec]

Fig. 11 Time-domain Vg behaviors of nMOSFETSs (a-c) and pMOSFETS (d-f) with
the gate size of W/L = 0.28/0.22 [um] for various |V, respectively, where Ips dur-

ing the measurements is 1.0 [nA] (at threshold voltage).

Time
oec] Fig. 12 (a) Capture and emission time
constant and (b) RTS amplitude as
functions of back substrate vol-
tage(Vys).
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Fig. 13 (a) Gumbel distributions of the og for NMOSFETS, (b) pMOSFETSs and (c) shows the RTSstat as a function of

|Vys| for n- and pMOSFETS.

increases. Also, as |V, increases, the RTS amplitude
does not change much and RTS appearance probability
of large or cells increases. On the other hand, as [V
increases for the pMOSFET, <t.> increases, <t.> de-
creases and then T decreases. Also, as [V, increases, the
RTS amplitude does not change much and RTS appear-
ance probability decreases for pMOSFETS. Consequent-
ly RTSstat increases for nMOSFETs and decreases for
PMOSFETS as |V, increases as Fig. 13(c) shows. More-
over, RTSstat of pMOSFETs are smaller than that of
NMOSFETSs in all the measured [Vy¢. These tendencies
would indicate that energy level distributions of traps
contributing to RTS are different for electrons and holes.

1V. CONCLUSION

In this work, Random Telegraph Signal in source fol-
lower circuits is statistically evaluated using the newly
developed array TEG for characterizing nMOSFETS and
PMOSFETs. The results obtained from more than 10°
sample cells revealed the following four key findings.

1. RTS is severer in nMOSFET than in pMOSFET.

2. RTSISItat increases as transistor gate size becomes

smaller.

3. RTS appearance probability, RTS amplitude and
RTSstat decrease as applied gate overdrive voltage
increases for both nMOSFETSs and pMOSFETS.

4. RTSstat increases for nMOSFETSs and decrease for
PMOSFETSs as applied substrate voltage increases.

Findings obtained using the developed array TEG

would give very useful information to the circuit design
of highly noise tolerant image sensors. Moreover, statis-
tical RTS measurement using the TEG would give an ef-
ficient evaluation of LSI manufacturing processes.
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