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Suppression of Random Dopant-Induced
Threshold Voltage Fluctuations in Sub-Quin
MOSFET’s with Epitaxial and-Doped Channels
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Abstract—A detailed three-dimensional (3-D) statistical “atom- have also been developed [3], [11], [15], [16]. At the same
istic” simulation study of fluctuation-resistant sub-0.1.m MOS-  time, the integrated circuits are becoming more sensitive to the

FET architectures with epitaxial channels and delta doping is f,ctyation in the MOSFET characteristics due to the reduction
presented. The need for enhancing the fluctuation resistance of .

the sub-0.1xm generation transistors is highlighted by presenting In the_ supply Vplt"’.‘ge to red_ucg th,e power consumptlpn and to
summarized results from atomistic simulations of a wide range sustain the re“ab”lty. The intrinsic parameter variations and

of conventional devices with uniformly doped channel. According the corresponding transistor mismatch start to impinge on the

to our atomistic results, the doping concentration dependence performance and functionality of analog [8] and logical [17]
of the random dopant-induced threshold voltage fluctuations in circuits and SRAM’s [18].

conventional devices is stronger than the analytically predicted A relativel ¢ d the intrinsi ter fi
fourth-root dependence. As a result of this, the scaling of such de- relatively easy way 1o reduce the Intrinsic parameter tiuc-

vices will be restricted by the “intrinsic” random dopant-induced  tuations, without a major change in the MOSFET architecture,
fluctuations earlier than anticipated. Our atomistic simulations is the appropriate tailoring of the channel doping profile. Re-
confirm that the introduction of a thin epitaxial layer in the — gylts of continuous-charge 3-D numerical simulations [9], [11]
MOSFET's channel can efficiently suppress the random dopant- paye shown that the introduction of a thin, low doped layer
induced threshold voltage fluctuations in sub-0.J+m devices. . the MOSFET ch L diatelv b I’ the interf
For the first time, we observe an “anomalous” reduction in the In the o Channel, immediately below the |r_1 er ace:
threshold voltage fluctuations with an increase in the doping Can efficiently suppress the threshold voltage fluctuations. This
concentration behind the epitaxial channel, which we attribute approach has been successfully demonstrated experimentally
to screening e_ffects. Al_so, for the_ first time _we_study the effect in MOSFET’s with low doped epitaxial channels [15]. The
of a delta-doping, positioned behind the epitaxial layer, on the ;hwqqyction of a low doped region in the channel, however
intrinsic threshold voltage fluctuations. Above a certain thickness kes th di devi t',bl t h’ t
of epitaxial layer, we observe a pronounced anomalous decreaseMaKes e corresppn ing devices more susceptble 1o shor
in the threshold voltage fluctuation with the increase of the delta Channel effects. This drawback can be compensated to some
doping. This phenomenon, which is also associated with screen-extent by introducing a delta doping below the epitaxial
ing, enhances the impo_rtance _of the delta doping in the design of channel [19].
properly scaled fluctuation-resistant sub-0.1zm MOSFET's. In this paper we use an efficient 3-D “atomistic” simulation
Index Terms—Doping, fluctuations, MOSFET, semiconductor technique [20] to study the random dopant-induced threshold
device simulation, silicon devices, threshold. voltage fluctuations in sub-0,4m MOSFET’s with epitaxial
channels and delta doping. For the first time, effects associated
with screening of the random dopant charge in the depletion
, layer behind the epitaxial channel and in the partially de-
W HEN MOSFET's are scaI?_d (_jovyn” to deep subMieteq delta-doping layer are captured in our simulations. The
' crometer dimensions, the “intrinsic” variation in theycreening leads to an “anomalous” reduction of the threshold
transistor parameters arising from the small number ofdscr%tage fluctuations with the increase of the delta doping

dopants and their random position in the channel depletion {g-he yniform doping density below the epitaxial channel.
gion starts to become increasingly pronounced. This problefihis offers new means for the design of fluctuation-resistant
recognized almost three decades ago [1], [2], is confirmgthsEET's.

now experimentally [3]-[8] and in three-dimensional (3-D) |, the next section we summarize our atomistic results

continuous charge [9]-[11] and “atomistic” device simulationg,. the threshold voltage fluctuations in conventional sub-
[12]-[14]. Simple analytical models, describing, for example, ;.,m MOSFETs, highlighting the need for development of
the random dopant-induced threshold voltage fluctuationg, y,ation-resistant devices. Section Ill, after a brief review of
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0.08 The discrepancy between the above doping concentration de-
pendence and the analytical predictions is associated with the
fact that the refereed analytical models take into account only
the fluctuation of the total number of dopants in the channel
depletion region but do not include the effects associated with
1 the random position of the individual dopants. The stronger
doping concentration dependence suggests that the problems
J associated with the random dopant-induced parameter fluctua-
tions can be more restrictive to the scaling of the conventional
MOSFET than anticipated until now.

Our atomistic simulations have, however, confirmed that
0 . . , the theoretically predicted//L.g Wz dependence ofVr
OE+00 1E+07 2E+07 3E+07 and its proportionality td,, remain valid in properly scaled

N4 [em12] sub-0.1pgm MOSFET’s with uniform channel doping. This

Fig. 1. Threshold voltage standard deviatiotv as a function of the observation allows (1) to be transformed into an useful “empir-

doping concentratiofV 4 for a conventional n-channel MOSFET with uniform ical” expression relating V- to the basic structural MOSFET
doping distribution in the channel depletion regioh.;s = 0.05 pm, parameters
Weg = 0.05 um, andto.x = 3 nm. Samples of 200 devices.
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Il. CONVENTIONAL MOSFET's LegWen

In this section we summarize some important results relat@there all dimensions are in centimeters. Equation (2) has been
to random dopant-induced threshold voltage fluctuations @btained by fitting our atomistic results in the rangelqf;
sub-0.1xzm MOSFET's with conventional architecture. Thefrom 0.03 to 0.1um, W.g from 0.05 to 0.5:m, %, from 1
conventional devices have typically a high doping concentry 6 nm, andNV4 from 1 x 10*® cm—3 to 5 x 10'% cm—3.
tion in the channel region for suppression of short channell et us project the above results toward the end of the Silicon
effects and threshold voltage control. With a good degr@wadmap, according to which after the year 2010 [21], the
of approximation, the doping concentration in the channetfective MOSFET channel length is expected to be below 0.05
depletion layer can be considered uniform. We investigate then. V- larger than 30 mV can be expected in 0:08.05,m
random dopant-induced threshold voltage fluctuations in SUBROSFET’s with conventional architecture. This estimation
devices by using an efficient statistical atomistic simulatiog based on the assumption that the oxide thickness cannot
approach described in detail elsewhere [20]. The simulatiobs scaled bellow 1.5 nm and channel doping concentrations
are based on a 3-D solution of the Poisson equation whéseger than 4x 10'® cm~2 will be required to prevent
the doping charge is introduced as discrete, randomly placéte short channel effects in such devices with conventional
individual dopants. At low drain voltage, the current is calarchitecture. In the corresponding circuits with 0.1 to 10 billion
culated by solving a simplified current continuity equationtransistors, worst case threshold voltage deviationsrah@st
A current criterionl0~*Weg /Leg [A] is used for determining be considered. This translates to 180 mV worst case threshold
the threshold voltage. The threshold voltage standard deviatiaitage deviation in the transistors with square topology. It is
oVr is extracted from the simulation of samples containingear that such levels of intrinsic threshold voltage fluctuations
200 MOSFET's with microscopically different distributionswill be unacceptable even for digital applications, bearing in
of dopants. The corresponding relative standard deviation rafnd that threshold voltages below 0.3 V and supply voltages
the extractea V- is 5% for all results presented in this paperpelow 1 V are projected for this generation of devices.

When the channel length is scaled down to dimensions be-
low 0.1 m, the doping concentration in the channel region has
to be increased to levels above<110'® cm—3. The results of
our atomistic simulations show that the doping concentration The radical solution to the problems associated with random
dependence of the random dopant-induced threshold Voﬂéiﬁ;)ant—induced fluctuations in small MOSFET's is to remove
fluctuations in sub-0.1sam MOSFET'’s with conventional ar- completely the dopants from the channel region. Undoped
chitecture is stronger than th&¥%2> dependence suggestethannel MOSFET's with double gate [22], surrounding gate
by most of the analytical models [3], [11], [15], [16]. Fig. 1[23], and Schottky source and drain [24] have been proposed
illustrates the “atomistically” simulated dependencerbf- as Primarily to suppress short channel effects in devices scaled
a function of the doping concentratiaN4 for an n-channel to decanano dimensions. Simulations predict that such devices
MOSFET’s with uniform doping distribution in the channeMill remain operational to channel lengths below 10 nm [24],
depletion region, effective channel lengthy = 0.05 ym, [25] and hence may provide a solution to the problem of
effective channel widtiV.; = 0.05 zm, and oxide thickness dopant fluctuations once and for all. Building and integration

tox = 3 NM. The data in Fig. 1 can be approximated well witRf such devices, however, is a serious technological challenge.
the following expression: Technologically difficult areas are the use of SOI with very

thin silicon films (less than 10 nm) and the fabrication and
oVr =1.914 x 1079NG20L [v]. (1) connection of the back gate in the double gate devices; the

V] ()

Ill. FLUCTUATION-RESISTANT ARCHITECTURES
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Fig. 2. Schematic structure and doping profile of (a) a conventional MOSFET with uniform doping in the channel region, (b) an epitaxial MOSFET, and
(c) an epitaxial MOSFET with a delta-doping layer behind the epitaxial channel.

uniform vertical low damage etching, uniform gate oxidation, 0.07 0.25
and the drain integration in the vertical surrounding gate ar- T N
chitectures; and the gate isolation above the Schottky contacts %% T v
in the aggressively scaled Schottky source/drain FET's. 0osd T il A 020

A less technologically demanding modification of the MOS- ~° B "
FET architecture, which will enhance the dopant fluctuation 2, 0041 r 4 >
immunity, is the introduction of a low-doped epitaxial layer in .~ 0.034 <_(f e O .
the channel. Low-doped channel MOSFET's fabricated by the © - %
epitaxial growth of a thin undoped Si layer were introduced in 0.024 2 Lo 1o
the early 1990's [26], and their importance for the scaling of 001 D N g %’—’
the MOSFET's to sub-0.1:m dimensions was further justified ' o
in [27]. The initial drive behind the introduction of low- 0 ; . . . 0.05
doped epitaxial channels was the expectation for mobility and 0 Sd [nm]m 15

transconductance enhancement, together with the introduction epi
of new means for threshold _VOltage and SUbthre§h0|d. SIOB§. 3. standard deviation of the threshold voltage; as a function of
control. Later, based on continuous charge numerical simul@e thickness of the epitaxial channel layky; for a set of MOSFET's with
tions [9], [11] and elaborated analytical models [11], [15], [28]¢<tt = 0-05 pm, Weg = 0.05 m, Nj = 1x10'% cm—?, N} = 5 x10'

. . . 3, andt.x = 3 nm. Samples of 200 transistors.

it has been realized that the retrograde channel doping proﬁl

in the epitaxial devices will also significantly suppress the

random dopant-induced threshold voltage fluctuations. Theg@®vides a basis for comparison with the wide range of results
theoretical predictions were also confirmed experimentallgr MOSFET's with conventional architecture published in our

[15]. previous paper [14].
The introduction, however, even of a thin intrinsic epitaxial
layer in the channel makes the corresponding MOSFET's IV. EPITAXIAL CHANNEL MOSFETS

more susceptible to short channel effects and will require Fig. 3 illustrates the dependence @ on the thickness
higher doping concentrations behind the channel compar@eq)i of the epitaxial channel layer for a 0.08 0.05 ;m?

to the conventional devices. This, in turn, will increase thMOSFET witht.x = 3 nm. The background d0p|ng in the
source and drain capacitances and will reduce the breakdaygiitaxial layer is assumed to B = 1 x 10'> cm~3, and the
voltage. A carefully positioneds-doping layer below the doping behind it ISV = 5x10'® cm™3. oV decreases very
epitaxial channel [19] can provide an efficient short channgipidly for the first 10 nm of epitaxial layer and then tends
and threshold voltage control, reducing to some extent thg saturate. An epitaxial layer with thickness 12 nm reduces
detrimental heavy doping effects. Using our atomistic simulgne threshold voltage fluctuation almost five times. However,
tion approach, we study for the first time the effect of sucht@e thickness of the epitaxial layer has to be chosen primarily
delta-doped layer on the threshold voltage fluctuations. Figndt to compromise the short channel effect immunity of the
illustrates schematically the structure and the doping profilesrresponding MOSFET. The maximum allowable thickness
of the epitaxial and delta-doped devices in comparison witlepends on the channel length, oxide thickness, the junction
a conventional MOSFET. Idealized abrupt step profiles amiésign, and the doping profile behind the channel. Simulations
a plane delta doping are used in the following simulationsarried out with a standard commercial 2-D simulator indicate
The results in the next two sections are for MOSFET's witthat the aspect ratio between the channel length and the
Wer = Leg = 0.05 um, oxide thicknesg.x = 3 nm, and thickness of the epitaxial layeL.q/depi Should be greater
junction depthz; = 10 nm. This choice of device dimensionsthan five. This translates to epitaxial layer thicknesses less than
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Fig. 4. Standard deviation of the threshold voltager as a function of
the doping concentration in the epitaxial lay®t; for a 0.05x 0.05 pm?
MOSFET withdep; = 12 nM, tex = 3 nm, N4 =5 x 10'® cm™3. Samples = 0.51
of 200 transistors. ©
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; Fig. 7. Band diagrams in the middle of the channel in two epitaxidbped
- 5 ) — Y S— S g MOSFET's withN4 =1 x 10'® em™ andt,x = 3 nm, Qs = 8 x 102
>[” 0.02+ Qe < i y onm cm~2, and different thickness of the epitaxial layer: (a),; = 4 nm, (b)
o - depi = 10 nm.
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Fig. 5. Standard deviation of the threshold voltagér as a function of the ; g‘
doping concentratiom\"ﬁ‘ behind the epitaxial layer for a set of 0.650.05 = oole6d L 0.05 V
pm? MOSFET's withtox = 3 nm, N§ = 1 x 10'5 cm=?, and different o S
thicknessd,.p,; of the epitaxial layer. Samples of 200 transistors. (o) =
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T
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. 0.06 T 5 Fig. 8. Standard deviation of the threshold voltadée, as a function of the
> 0054 O 1 T dopingNﬁ behind the epitaxial layer for a 0.06 0.05um?> MOSFET with
‘_[; <i> O ? p tox =3 NM, N§ = 1 x 1015 em™3, dop; = 10 nm, andQs = 3 x 102
T 0.044 & X Q 6nm cm—2. Samples of 200 transistors.
3] £ o Je .
0.034 & x g
V.. A
0.02- e
0.011 v 20 nmin a 0.1xm MOSFET and less than 10 nm in a 0.06¢
o MOSFET. We do not present here values for the average
SE+12  4E+12  6E+12  SE+12 threshold voltage obtained from the atomistic simulation,
Qs [cm2] which can be misleading from a device design point of view,

since our simulations do not include the quantization in the

Fig. 6. Standard deviation of the threshold voltadér as a function of the jnyersion |ayer and the poly-depletion effect. However. in
delta-doping dos€), for a set of 0.05x 0.05pm MOSFET'’s witht,x = 3 d indi f th bl . d wi H h
nm,Ng = 1x10% ecm~3, N§ = 1x 1013 cm~3, and different thicknesses order to indicate some of the problems associated with the

d.; of the epitaxial layer. Samples of 200 transistors. threshold voltage control in epitaxial MOSFET’s in Fig. 3 and
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Fig. 9. Potential distributions in three 0.06 0.05 xm> MOSFETs: (a) MOSFET with conventional architecture, (b) MOSFET with epitaxial channel,
and (c) MOSFET with epitaxial channel and delta doping.

in some of our next figures, we present the ratio betweén MOSFET's. We believe that the fine resolution of the atomistic
and the average threshold voltager) calculated from the simulations, down to an individual dopant level, in conjunction
simulated samples. with the large statistical samples in our simulations, are
To grow an epitaxial layer with low boron concentratiorinstrumental in capturing the screening effects.
on top of the heavily doped substrate may be complicated,
because the boron has a tendency to segregate upwards during
the epitaxial growth. Diffusion associated with the post epitax-
ial processing steps may also increase the boron concentratiohhe introduction of a boron delta doping behind the epitaxial
in the epitaxial layer. It is technologically important to havéayer in n-channel MOSFET's will allow the doping concen-
an indication of what the tolerable doping level is in th&ation N, which surrounds the pn-junctions, to be reduced
epitaxial layer from a threshold voltage fluctuation point dfithout aggravating the short channel effects. When partially
view. The dependence afVz on the doping concentration depleted,.the delta doping will act as a ground plane efficiently
in the epitaxial layerVe is presented in Fig. 4 for a 0.0% suppressing the short channel effects. The mfluenc_e of_the
0.05 um? MOSFET with dep; = 12 nm, fo, = 3 nm, and Qelta-doplrjg d_oség(s on the threshold voltageé fluctuatlor?s is
NY% = 5 x 10'® cm2. Doping levels in the epitaxial layer up|Ilustrated in Fig. 6 for a set of 0.0% 0.05,m* MOSFET's

i _ b 18 —3 e __ 15
to 10 cm™* do not noticeably affect the threshold voltag |tr_13tox Tj :épfm A;Ath'_ kl x 10 Cfmth : Nét . 1| >|< 10 F
fluctuations in the above device. For doping concentratioﬁgq_ - and dierent thicknesses of Ihe epitaxial fayer. ~or
above 167 cm—3 oV increases rapidly. evices with a thin epitaxial layer (4 nmyVr increases

The dependence afVi: on the doping concentration with the increase on_é. However, _the same d_ependenc_;e
. o e . asses through a maximum for devices with an intermediate
behind the epitaxial layer is illustrated in Fig. 5 for a set

0.05 0.05m? MOSFET'S witht,, = 3 nm, N% — 1x 1013 ickness (6 nm) of the epitaxial layer and follows a monotone
. . ox — 1AV 4 —

~3 and diff t thick t epitaxial | | i decrease for devices with a thicker epitaxial lay28(nm).
cm 7, and ditferent thicknesses of epitaxial layer. In contragh,;q behavior, reported here for the first time, is also associated

to the convent|on.al M,OSFE_T’S’ n the epitaxial devices With screening. Its explanation becomes clear in Fig. 7 where
observe for the first time either an increase or decreaseQl pang diagrams in the middle of the channel for two of the
oVr as a function of the doping concentration, depending Qo sFeET’s from Fig. 6, with 4 nm and 10 nm epitaxial layers,
the thickness of the epitaxial layer. The anomalous red”CtiPé‘spectively, are plotted fory = V. In the device with the

of oV with the increase waﬁ in the devices with thicker hinner epitaxial layer (4 nm), the delta doping is completely
epitaxial layer is associated with screening. When the ep'taxéﬁlpleted and, in addition to this, a depletion layer in the region
layer is relatively thick, the width of the depletion layer inyehind the delta-doping is also present. All randomly placed
the heavily doped region beneath the epitaxial layer becomgspants in the delta-doping layer and in the depletion layer
rather small. The holes in the heavily doped region start fghind it contribute to the threshold voltage fluctuations. In the
screen the charge of the discrete random acceptors in the #éice with a thicker epitaxial layer (10 nm), the delta doping
depletion layer, reducing their effect on the threshold voltage only partially depleted. The high residual hole concentration
fluctuation. Any further increase in the doping concentratidn the delta-doped layer screens the charge of the random
reduces further the width of the depletion layer and enhanagiscrete dopants in it.

the screening. Screening effects from the free carriers in thef the delta doping is only partially depleted, any increase in
substrate are not present in the available analytical models ahe doping concentratioV? behind the epitaxial channel will
have not been reported in the previous continuous charge 3d3ult in an anomalous reduction ®¥7. This is illustrated in
simulations of doping fluctuation effects in epitaxial channélig. 8 where the dependence @F7 as a function ofVY, is

V. THE EFFECT OF THEDELTA DOPING
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plotted for a 0.05x 0.05m?> MOSFET’s witht,, = 3 nm, a result of this, a design window is available in sub-Qrf-

Ng = 1x10 em™3, dep; = 10 nm, and@s = 6x10*2 cm~2.  MOSFET range where, for the same thickness of epitaxial
Due to the anomalous dependenceddf; on Qs, for a layer, devices without delta doping but with high doping

range of thicknesses of the epitaxial layer, transistors witoncentration behind the epitaxial layer will have the same

delta doping and a relatively low level of doping behindlopant fluctuation immunity as devices with high delta doping

the epitaxial layer may have threshold voltage fluctuatidsut low doping concentration behind the epitaxial layer.

resistance comparable to this of transistors without delta
doping but with a much higher level of doping behind the
epitaxial layer. For example, a 0.05 0.05 m* MOSFET’s
with dep; = 10 nm, no delta doping, andv} = 5 x 10'®
cm—3 will have the samerV; = 0.016 V as its counterpart
with delta doping@s = 6.5 x 102 cm=2 and N§ = 1 x 10*®
cm~3. This gives an additional degree of freedom in tailoring
the threshold voltage and reducing the short channel effects jn
the corresponding devices.

Finally, Fig. 9 compares the typical atomistic potential[z]
distributions at the Si/SiQinterface in three 0.0% 0.05;:m?
MOSFETs: one with conventional architecture, the seconé!
with epitaxial channel, and the last one with epitaxial channel
and delta doping. The reduction of the potential fluctuations
at the interface as a result of the low doping in the epitaxiaﬁ“]
layer is clearly visible in the second device. The introduction
of a delta doping in the third device does not have a visibléd]
detrimental effect on the smoothness of the surface potential.

(6]
VI

In this paper we apply 3-D statistical atomistic simulationd]
to study dopant fluctuation-resistant MOSFET architectures
with epitaxial channels and delta doping. The atomistic simuts]
lations of conventional sub-0/4m MOSFET’s with uniform
doping in the channel depletion region suggest that the dop-
ing concentration dependence of the random dopant-induced
threshold voltage fluctuations is stronger than the fourth-ro
dependence present in most of the available analytical mod:fs.
This may have serious implications to the scaling of such
devices to sub-0.1sm dimensions. The atomistic results for a"!
wide range of conventional devices are used to derive a simple
empirical expression relatingVy to the major MOSFET [11]
design parameters.

Our atomistic simulations confirm that the random dopanit2]
induced threshold voltage fluctuations can be significantly
suppressed in MOSFET's with low-doped epitaxial channeIﬁS]
A tradeoff, however, has to be made between increasing the
fluctuation resistance and reducing the short channel immunity
with the increase in epitaxial layer thickness. For the first timg,
we report an ambiguous dependence of the threshold voltage
fluctuations as a function of the doping concentration in su?&]
devices. For MOSFET’s with thin epitaxial layers, a “normal’
increase otV with the increase of the doping concentration
behind the layer is observed. However, in devices with (3]
thicker epitaxial layergV; anomalously decreases with the
doping concentration. We attribute this anomalous behavior to
screening of the random dopant charge in the depletion Ia%p
by the holes behind it.

The screening effects and the corresponding anomalous
reduction insVy become even more pronounced when %8]
delta-doping layer is placed behind the epitaxial channel. As

CONCLUSION
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