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RTS Amplitudes in Decananometer MOSFETSs:
3-D Simulation Study

Asen AsenoyMember, IEEERamesh Balasubramaniam, Andrew R. Brown, and John H. Davies

Abstract—in this paper we study the amplitudes of random than 100 nm [8], [15]-{17], lag the current scaling trends. Mod-
telegraph signals (RTS) associated with the trapping of a single eling and simulation can help to forecast the RTS amplitudes
electron in defect states at the Si/Sig) interface of sub-100-nm nat should be expected in decananometer devices. However, the

(decananometer) MOSFETs employing three-dimensional (3-D) . . . . . .
“atomistic” simulations. Both continuous doping charge and modeling and simulation efforts are mainly restricted to simple

random discrete dopants in the active region of the MOSFETs analytical models [5], [18] and 2-D numerical simulation studies
are considered in the simulations. The dependence of the RTS[19] and, for example, fall short of explaining the wide range of
amplitudes on the position of the trapped charge in the channel RTS amplitudes observed in otherwise identical devices[20] and
and on device design parameters such as dimensions, oxide thick-particularly their statistical distribution. There are suggestions
ness and channel doping concentration is studied in detail. The 1 4,6 to surface potential fluctuations and channel nonuni-
S-D simulations of_fer a natural explanatlon_for the Iarge variation f . icallv | d infl h itud d
in the RTS amplitudes measured experimentally in otherwise 'OrMity strategically located traps influence the magnitude an
identical MOSFETs. The random discrete dopant simulations the spreading of RTS amplitudes [10], [11], [20]. However such
result in RTS amplitudes several times higher compared to potential fluctuations have been associated mainly with oxide
continuous charge simulations. They also produce closer to the nonuniformity [18] and fixed and trapped interface charges
exp‘altr;mh‘ii‘gﬁléyh??seer;’i‘;ii?igr']?%%gsctc’;h;nﬂs fhrgfé'éuﬂgﬁb iTnhge [21]. Only recently has the impact of the random discrete
resu ; dopants, which are one of the major sources of fluctuations in
In the next generation decananometer MOSFETS. decananometer devices [22], been considered [23].
Index Terms—Degradation, MOSFET, numerical simulation, In this paper we present a systematic and comprehensive 3-D
random dopants, RTS, trapping. simulation study of the impact of single charge trapping on the
current in decananometer MOSFETS with characteristic dimen-
|. INTRODUCTION sions in the range from 100 to 30 nm. The study is carried out
. using an “atomistic” device simulator which take into account
ASS production MOS'.:ETS _have r_eached de_can_anr%t only localized individual trapped carrier charges but also
. meter (sub—lOQ—nm) (_jlmensmns with Intel shippin e random discrete dopant distribution in the simulated devices
in 2001, 60-nm transistors in the 130-nm technology no

. 54]. We investigate the effect of the trapped charge position and
Pentium IV [1]. Prototype 30-nm MOSFETSs have already be He]MOSFET dgesign parameters on tﬁg RTS ar%plri)tudes com-

developed [2], [3] for the 65-nm technology node expected . : : : :
2005 [4]. Trapping of a single carrier charge in defect states n%&glgigmz?;?i;?:tmuous doping and random discrete dopants in

the Si/SiQ interface and the related local modulation in carrier
density and/or mobility [5]—[7] in an area comparable with the
characteristic device dimensions, will have a profound effect on
the drain and gate current [8] in such MOSFETS. CorrespondingThe 3-D drift-diffusion simulator employed in this study
random telegraph signals (RTS) with amplitudes larger th@mdescribed in detail elsewhere [24]. A fine grid with typical
60% have already been reported at room temperature in dpacing of 1 nm is used to resolve the “atomistic” effects
cananometer channel width devices [9]. Current fluctuations associated with individual trapped charges and random discrete
such a scale will become a serious issue, not only as a sourcdabants. Density gradient (DG) corrections can be included
excessive low-frequency (LF) noise in analog and mixed-modtethe simulations to account for quantum confinement effects
circuits [10], [11], but also in dynamic memories [12] and25]. It is well known that the drift-diffusion approach, which
potentially in digital applications. Depending on the devicdoes not include nonequilibrium and ballistic transport, cannot
geometry a single [13], or few discrete charges [14] trapped predict accurately the current in decananometer devices. I,
hot carrier or radiation created defect states will be sufficient kmwever, handles properly the electrostatics of the trapped
cause a pronounced degradation in decananometer MOSFEdIfarge through the 3-D solution of the Poisson equation and the

With few exceptions [9] the recent experimental studies @brresponding local change in the channel carrier concentra-
RTS in MOSFETS, focusing on devices with dimensions largeibn, and therefore the associated change in the current, which

determines the relative RTS amplitudes.

Manuscript received May 29, 2002; revised January 16, 2003. The review OfOUI’ investigations focus on the change in the drain current
this paper was arranged by Editor R. Singh. induced by the trapping of an individual electron in an acceptor
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Fig. 2. Dependence of the RTS amplitude on the drain current in a relatively
large MOSFET with channel width 0.&m, channel length Itm, oxide
thickness 20 nm and channel doping'1@m—3 measured and simulated at
Vp = 50 mV.

centration contour plotted at the top and result in maximum
electron concentration approximately 1.5 nm below the inter-
face. A circular region with reduced electron concentration
surrounds the trapped electron.

In order to validate our simulation approach in Fig. 2, we
compare results of our simulations with experimentally mea-
sured dependence of the RTS amplitude on the drain current in
a relatively large MOSFET [26] with channel width Oudn,
channel length im, oxide thickness 20 nm and channel doping
10'” cm=3. Both the simulations using continuous doping dis-
tribution and random discrete dopants follow the general fea-
ture of the experimental dependence, which saturates in weak
inversion and decreases with the drain current in strong inver-
sion. However the maximum saturated value of the RTS ampli-
tude obtained for a single electron trapped in the middle of the
Fig. 1-I t(Bott0(;n) IPOttential Ctiri]stfibq(tjigr inf 6t1h303r? nmIMSS_FET Witth t,channel in the continuously doped case, and plotted in Fig. 2, is
2 gl apped slcton i Ihe middle of he ghanel, Edconcerttailver than the measured one. The introduction of randorn dis-
simulations are also shown. crete dopants results in an increase and large variation of the

RTS amplitudes. In Fig. 2, we have depicted only three curves
hf59m three different random dopant configurations and posi-

mobility associated with the trapped charge. It is believed t f the t d elect hich d loselv th
carrier number fluctuations dominate the RTS amplitudes angi?ngntalerersalﬁ)lﬁ)se electron, which reproduce closely the ex-

the LF noise in n-channel MOSFETs [9]. The simulated dé"
vices have a simplified structure with uniform channel doping
N4 = 5 x 10'® cm~3, oxide thickness,, = 3 nm and junc-
tion depthz; = 7 nm. The effective channel length.¢ and In order to understand the generic dependence of the RTS
width W.g are quoted as device dimensions in the paper. In taenplitudes on the position of the trapped charge and the
simulation experiments one design parameter is typically varisOSFET design parameters we first consider continuous
while the rest remain as specified above. doping charge in our simulations. It is clear that at low drain
The potential distribution in a 3830 nm n-channel voltage an electron trapped in the middle of the channel,
MOSFET with continuous doping and one electron trappedhere the potential barrier between the source and the drain
exactly in the middle of the channel is presented at the bottdras a maximum (see Fig. 1), will have the largest impact
of Fig. 1 for gate voltage equal to the threshold voltage and laan the current, resulting in a maximum RTS amplitude. The
drain voltageVp = 10 mV. The equiconcentration contourcorresponding low drain voltagd’, = 10 mV) dependence
in the middle represents results from classical simulation witf the relative RTS amplitudes on the drain current for a set
maximum electron concentration at the Si/SiGterface. of square MOSFETSL.x = W,.s) covering the range of
Quantum corrections using the density gradient formalism attevice dimensions from 100 to 30 nm is presented in Fig. 3.
incorporated in the solution corresponding to the equicofihe effect of the trapped charge is large at low drain current

I1l. CONTINUOUS DOPING
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Fig. 3. Dependence of the relative RTS amplitude on the drain current foF - 4. Dependence of the relative RTS amplitude on the drain current for

set of square MOSFETSs of different sizes and a single electron trapped in ?Fma?:r(le?(;tné?ﬁg(e)r?tlzclf;nw\g}t:gzglgIe electron trapped in the middle of the
middle of the channel atp, = 10 mV. ’

. . 10%
(weak inversion) and decreases near and above threshold due tc /

screening of the Coulomb potential of the trapped charge by the
inversion layer charge. It should be noticed that the maximum 204
RTS amplitude in the 3& 30 nm MOSFET is more than 40%
in the subthreshold region and remains larger than 5% in strong g 154
inversion. The inclusion of quantum corrections in the simula- o
tions for the 30x 30 nm MOSFET (black dots in Fig. 3) shows N
less impact of the trapped charge in the subthreshold region 107
due to the fact that the charge is separated by approx. 1nm from
the maximum in the quantum carrier distribution. In strong 5
inversion the impact in the QM simulations is stronger because L1012
of less screening coming from the distant and somewhat spread 101
inversion layer charge. In the transitional region between 0 10 20 30 40 50
weak and strong inversion the two effects practically cancel. x [nm]
However, quantum effects produce little difference overall in ) ] -
the RTS ampliudes therefore the further results presentecff2, erereree o e 1oeiv £75 ampitice or e postor o e
this paper are based on classical simulations. center of the channel of a 5050-nm MOSFET at different drain voltages.
The impact of the drain voltage on the relative RTS ampﬂ'he electron concentration at the interface along the channel is also presented.
tudes for the 5 50 nm MOSFET from Fig. 3 is illustrated
in Fig. 4. For the midchannel position of the trapped electromltage has a bell-shape with a maximum in the middle of the
the increase in the drain voltage does not produce appreciatii@nnel and is close to zero value near the source and drain
change in weak inversion butincreases the RTS amplitude abavetallurgicalp—n junctions. More than two orders of magnitude
threshold. The behavior at low drain voltage (10 and 100 mWariation offers a first order explanation for the experimentally
is in good agreement with the experimental observations [1@served scatter in the RTS amplitudes in identical MOSFETs
showing a plateau in the relative RTS amplitudes in weak ifit8],[20],[21] without any speculative assumption about the trap
version and a roll-off proportional t651 in strong inversion at nature, cross section, etc. The large variation can be understood
room temperature resulting in a slope of one on a double-loga-terms of the simple number fluctuation model bearing in
rithmic plot (see the inset in Fig. 4). Such roll-off slope is exmind the variation of potential and the corresponding inversion
pected from an elementary number fluctuation estimate yieldifayer carrier concentratiofV, along the channelV, increases
al/(Weg Lest N ) amplitude [5] when the mobility variation is from the center of the channel toward the source and the drain,
neglected IV, is the inversion layer carrier concentration pewhich should result in /N, reduction in the RTS amplitude.
unit area). At high drain voltage, however, there is a departure the source and the drain region where the carrier concen-
from the above simple theory, which is applicable to the line#ation, determined by the junctions doping profile, is high the
mode of operation, and the roll-off slope is reduced. trapping of an electron produces minute RTS amplitudes. With
The dependence of the relative RTS amplitude on the positithe increase in the drain voltage the maximum of the potential
of the trapped charge along a line running from the source ltarrier in the channel shifts from the middle toward the source
the drain of the 5 50 nm MOSFET through the center of theand so does the maximum in the RTS amplitude distribution.
channel is illustrated in Fig. 5. The dependence at low drairhe slight increase in the maximum RTS amplitude in this case
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Fig. 6. Dependence the relative RTS amplitude on the characteristic devit@- 7. Dependence of the relative RTS amplitude on the drain current for a set
dimensions for a set of square MOSFETs with fixed effective channel widtf 50 x 50-nm MOSFETSs with different oxide thickness and a single electron
fixed effective channel length, and with square geometrji/at= 10 mv. trapped in the middle of the channelias = 10 mVv.

Stand alone symbols—numerical simulation; continuous lines—analytical

model (1). 25

is associated with the drain voltage induced modulation (short-
ening) of the conducting channel. The shift in the bell-shaped 20
distribution with the increase in the drain voltage offers an
explanation for the controversy in the drain voltage dependence—

of the RTS amplitude observed experimentally [6], [27]. The &, 151
RTS amplitudes associated with electrons trapped in the source, Q
half of the channel will increase with the increase in the drain & 104
voltage while those resulting from trapping in the drain end of 2
the channel will decrease.

L

—0— 5x10!8
—0— 4x10!8

—— 3x1018

The dependence of the RTS amplitude in weak inversion s4 @ 2x10'8
(Ip = 1071% A) on the effective channel length and width —s— 1x10'8
are plotted in Fig. 6. There is a departure from the straight
1/(Weg Legg) dependence predicted by the number fluctuation 0

T T T T T

-11 -10 -9 -8 -7 -6 -5
theory [5], particularly at channel lengths/widths below 50 nm, 10 10 10 I IO[A] 10 10 10
when the simulated channel length and width dependences are D
distinctly different. The obs_erved nonsymr_netncal behav'_q:li’g. 8. Dependence of the relative RTS amplitude on the drain current for a
can be reproduced by a simple geometrical model whigbt of 50x 50-nm MOSFETSs with different channel doping concentration and
introduces, similarly to [18], a square channel exclusion regi@rsingle electron trapped in the middle of the chann&fat= 10 mv.
with length L;. Assuming zero conductivity in the exclusion

region and solving the equivalent resistor network, illustrateghcount the presence of Si@t the interface. The RTS ampli-
as an inset in Fig. 6, yields the following expression for thg,de roll-off in strong inversion can be included in (1) through
relative RTS amplitude: the reduction of., due to inversion charge screening, but again
AT 1.2 doing this analytically is a cumbersome task for the interface
D + . . . . .
I (Lot — L) Werr — Ly) + WoaLy 1) betv_veen_two media Wlth d|fferentd|electr|<_: constants.
b ot = )\ T eff = off =t Fig. 7 illustrates the influence of the oxide thickness on the
The analytical estimate df; for an electron trapped at the in-maximum RTS amplitudes (midchannel trapped electron) in a
terface between two media (Si and g)Ovith different dielec- set of 50x 50 nm MOSFETSs with different oxide thickness. In
tric constants is a difficult task particularly in the presence dfie subthreshold region the screening of the Coulomb potential
a gate electrode screening. Therefore welusas a fitting pa- of the trapped electron by the carriers in the gate increases with
rameter in (1) which we adjust to the relative RTS amplitudde reduction in the oxide thickness resulting in a reduction of
of the 50x 50 nm MOSFET (the crossover point of the thre¢he maximum RTS amplitudes. The corresponding reduction of
dependences in Fig. 6). A good match between the numerita exclusion region length; in (1), obtained by fitting the nu-
results (stand alone symbols) and the simple model (continugusrically simulated relative RTS amplitudes in weak inversion
lines) is obtained fol,; = 19 nm. As expected this value &, (Ip = 107" A), is presented as an inset in the same figure.
is larger than the estimated 8 nm in [18] which is based on thestrong inversion the screening from the inversion layer com-
shape of the Coulomb potential in bulk Si and does not take initetely masks the effect of the gate screening and, for all devices,
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Fig. 9. Potential distribution in three 5& 50-nm MOSFETSs with discrete random dopants in the channel region. The positional dependence of the magnitude
of the RTS amplitudes associated with the trapping of a single electron is mapped in the plane above each transistor.

an exclusion region length of 4 nm describes well the RTS am-
plitudes atlp = 107° A.

The impact of the channel doping concentration on the max-
imum RTS amplitude in a set of 5050 nm MOSFETSs is il-
lustrated in Fig. 8. The relatively weak influence of the doping __
concentration on the amplitudes in weak inversion is associated§
with screening of the trapped charge by the holes at the deple- o
tion layer edge. With an increase in the doping concentration the< 304
width of the channel depletion layer decreases slowly in propor- ~

50+

40-

tionto1/\/N 4 and the screening becomes stronger. < 20 o—
—0— Uniform doping
IV. RANDOM DISCRETEDOPANTS 10| —#— Random doping V=049V
—O0— Random doping V=0.66 V
In this section, we study the impact of the random discrete —O— Random doping V;=0.85 V
dopants in decananometer MOSFETs on the magnitude and the ~ [o'i 00 109 108 107 106 105
distribution of RTS amplitudes. Random discrete dopants are a ID [A]

major source of surface potential fluctuations in decananometer

; ; _ ; Fig. 10. Dependence of the maximum RTS amplitudes on the drain current for
transistors [23], [25]. For example, in the %(G0-nm transistor three 50x 50-nm devices with different atomistic doping. The corresponding

_simulated in Section _”l therg are, on average, 170 accept@Ependence obtained from continuous doping simulations is also presented.
in the channel depletion region. Their actual number follows

a Poisson distribution and their positions are random. At the
same time, in well controlled technology the surface density single electron at the interface. Unlike the continuous doping
the fixed charge is of the order of 10cm~2 which is equiva- simulations, the largest RTS amplitudes in this case are not in
lent to less than one additional discrete charge in every fouttie middle of the channel but in the regions with the deepest
50 x 50-nm MOSFET. Itis clear that the fixed oxide charge andhlley in the potential landscape corresponding to the highest
the interface states have a negligible effect on the precursor pgensity of percolating current.
tential fluctuations compared to the random dopants in such deThe drain current dependence of the maximum RTS ampli-
vices. The surface potential fluctuations result in current perdardes in the three transistors from Fig. 9 is compared in Fig. 10
lation through the valleys in the potential landscape which domwith the corresponding continuous doping dependence from
inate the current flow, particularly in weak inversion where thEig. 3. In weak inversion the maximum RTS amplitudes in the
ionised acceptor charges are not screened by the electrons irdiberete dopant simulations are always higher compared to the
inversion layer. Trapping of electrons in defect states positionedntinuous doping simulations. The difference is more than
along the dominant current percolation paths will produce RTiBree times for the discrete dopant MOSFET with the largest
with large amplitudes. threshold voltage. Inspection shows that in the device with the
The potential distribution in three 5050-nm MOSFETs lowest threshold voltagéVr = 0.49 V) a lucky arrangement
with discrete random dopants in the channel region is presentgddopants leaves almost half of the channel relatively low
in Fig. 9. The devices are selected from a sample of 200 trateped and highly conductive. The trapping of a single electron
sistors with randomly generated dopant distributions to hatteere has a less dramatic effect compared to the other simulated
the smallest, the largest and a middle range threshold voltagel@vices with discrete random dopants. The MOSFET with
the distribution. The plane above the channel of each transistoe largest threshold voltagd’r = 0.85 V) has a large
maps the RTS amplitudes associated with the trapping oftancentration of dopants in the middle of the channel leaving



844

1000 ¢

—

00+

Occurence

---- Continuous doping
—— Atomistic doping

L L | L P

0.01 0.1 1
AL /L

Fig. 11. Simulated distribution of RTS amplitudes in:6&0-nm MOSFETs

with continuous doping and random discrete dopants.

1000

T T T
IR AT

—

00

T

Qccurence

ol

vl

| 1

0.001 0.01 0.1
AL

Fig. 12. Experimentally observed distribution of RTS amplitudes in 187

500x 500-nm MOSFETSs.

very narrow paths for the percolating current. The trapping of a
single electron in the vicinity of a dominant but narrow current
channel has a strong effect on the overall current in this device.
The simulations using continuous and the discrete doping4!
produce distinctly different distributions of the relative RTS am-
plitudes illustrated in Fig. 11. The continuous doping simula-
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MOSFETSs. Relative RTS amplitudes of the order of 50% percent
in weak inversion and more than 5% in strong inversion could
be expected in square devices corresponding to the 65-nm tech-
nology node. This estimate is based only on the local modulation
of the conducting charge in the channel and does not include the
effect of the trapped charge on the channel mobility. The shape of
the potential barrier in the channel and the corresponding inver-
sion layer charge distribution result naturally in a several order of
magnitude variation in the RTS amplitudes in otherwise identical
devices. When the size of the region affected by the trapped
charge & 10-20 nm in weak inversion) becomes comparable
to the characteristic device dimensions we observe a departure
from thel/(Weg Los) dependence of the RTS amplitudes.

The random dopant induced surface potential fluctuations
and the associated current filamentation are responsible for a
significant increase in the RTS amplitudes in weak inversion
compared to simulation results assuming a continuous doping
distribution. The use of realistic random dopant distributions
in the simulations also modifies the distribution of the RTS
amplitudes in an ensemble of macroscopically identical but mi-
croscopically different devices reproducing the experimentally
observed high magnitude tail of the distribution.
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