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Intrinsic Threshold Voltage Fluctuations in Decanano
MOSFETs Due to Local Oxide Thickness Variations

Asen AsenoyMember, IEEESavas Kaya, and John H. Davies

Abstract—intrinsic threshold voltage fluctuations introduced by Similar to the simulation of random dopant fluctuation effects
local oxide thickness variations (OTVs) in deep submicrometer (de- [12], the numerical study of local oxide thickness fluctuation
canano) MOSFETSs are studied using three-dimensional (3-D) nU- gffacts requires three-dimensional (3-D) statistical simulations

merical simulations on a statistical scale. Quantum mechanical ef- . . . .
fects are included in the simulations employing the density gra- of ensembles of MOSFETSs with macroscopically identical de-

dient (DG) formalism. The random Si/SiO, and gate/SiG, inter-  Sign parameters but with microscopically different oxide thick-

faces are generated from a power spectrum corresponding to the ness/interface patterns. It is also important to include quantum
autocorrelation function of the interface roughness. The impacton  mechanical confinement effects [13], which push the inversion
the intrinsic threshold voltage fluctuations of both the parameters layer away from the rough interface and smooth the spatial in-

used to reconstruct the random interface and the MOSFET de- . h ati 14 d to cl ical simul
sign parameters are studied using carefully designed simulation \{erS|on charge variations [14] compared to classical simula-

experiments. The simulations show that intrinsic threshold voltage tlONs.

fluctuations induced by local OTV become significant when the  In this paper, we use 3-D numerical simulations on a statis-
dimensions of the devices become comparable to the correlationtical scale to investigate intrinsic threshold voltage fluctuations
length of the interface. In MOSFETSs with characteristic dimen- j4,,ced by random local OTV in decanano MOSFETSs with gate
sions below 30 nm and conventional architecture, they are compa- __. . . .
rable to the threshold voltage fluctuations introduced by random oxide thlcknegs in the range 1__3 nm. We den.wonstraFe the _|m-
discrete dopants. portance of this phenomenon in carefully designed simulation
examples, and explore the extent of its impact on the next gen-
eration decanano MOSFETs. Quantum mechanical corrections
are included in the simulations using the density gradient (DG)
formalism [14], [15]. At this stage, the simulations reflect the

I. INTRODUCTION electrostatic effects associated with the OTVs, but do not in-

HE scaling of the MOSFET to decanano (sub-50-nnfjude variation in the interface-roughness limited mobility and
dimensions near the end of the International Technologye 9ate tunnelling current. _ _

Roadmap for Semiconductors [1] involves aggressive reductionSection Il describes in detail our simulation approach. After

in the gate oxide thickness [2]. Prototype MOSFETSs with corebrief introduction of the simulator itself, we give details about

ventional architecture, gate length of 30 nm, and oxide thicknel§§ generation of the random oxide interface. The importance of

below 10A have already been successfully demonstrated [3]i€ quantum corrections introduced using the DG algorithm is

In such devices, not only the discrete and random dopant cha illustrated in a specifically designed simulation experiment.

[4]-[6], but also the atomic scale roughness of the Si4Si6d The results of the systematic simulation study are presented and

gate/SiQ interfaces will introduce significant intrinsic param-discussed in Section Ill. They highlight both the impact of the

eter fluctuations. Indeed, when the oxide thickness is equival@@ameters used to generate the random interface and the de-

to only a few silicon atomic layers, the atomic scale interfaddCe design parameters on the intrinsic threshold voltage fluctu-

roughness steps [7] will resultin significant oxide thickness vartions '”dUCEd'by random OTVs. The'scale of this phenomenon

ation (OTV) within the gate region of an individual MOSFETIS compared with the random dopant induced threshold voltage

The unique random pattern of the gate oxide thickness and int@.ﬂctuations in identical devices. The conclusions are drawn in

face landscape makes each decanano MOSFET different fré@gtion IV.

its counterparts and leads to variations in the surface roughness

limited mobility, gate tunnelling current [8], [9], and real [10] Il. SIMULATION APPROACH

or apparent threshold voltage [11] from device to device.

Index Terms—MOSFETSs, numerical simulation, oxide thickness
fluctuation, quantum effects, 3-D threshold.

The results presented in this paper are obtained using

_ _ _ . a hierarchical 3-D drift-diffusion simulator [12] with DG
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discrete dopants in order to isolate the threshold voltac
fluctuation effects associated with OTV. The requirement fo
statistical analysis and interpretation of the results transforn
the problem effectively into a four-dimensional one, where
the fourth dimension is the size of the statistical sample ¢
devices with identical design parameters but microscopicall
different pattern of gate oxide thickness/interface. Statistic:
samples of 200 MOSFETs are simulated and analyzed fi
each combination of device design and interface roughne i
parameters producing typically one data point on the graph = (h)
which will be presented later. In order to save computations :
time in the laborious statistical simulation experiments, similar e
to [15], the simulations are restricted to low drain voltage
Current criterionl = 10™3Weg / Leg [A], whereW.g andL.g
are the effective channel width and length, respectively, is use
to estimate the threshold voltage of an individual device. Sinc
the threshold voltage is extracted in the subthreshold regio
where the current depends exponentially on the gate voltac
the choice of the mobility model has a negligible effect on the
accuracy of the presented results.

i)

(<)
A. Modeling the Interface

The exact details of the Si/SiQnterface are still the sub-
ject of intensive research despite a constant interest from i
dustry and academe over the last couple of decades. Some
the difficulties in the past stemmed from employing transmis
sion electron microscopy (TEM) which is a two-dimensional
(2-D) projection technique to study an inherently 3-D and cherfig. 1.  (a) Typical profile of the random Si/SiOnterface in &80 x 30 nn®
ically incoherent interface [16], [17]. In addition, sensitivity tgW/OSFET. followed by (b) an equiconcentration contour obtained from DG

. .. . .. simulations, and (c) the potential distribution.
the ambient conditions during fabrication, and to the material’
quality on either side of the interface, can often create further
complications. However, the significant advance during the lastA typical random Si/Si@ interface, generated according to
decade in ultra-high-resolution analytic techniques, includirtge above described procedure and used in the simulation of a
atomic force microscopy (AFM) [18], scanning reflection elec30 x 30 nm” MOSFET described in detail in Section Ill, is
tron microscopy (SREM) [19], surface second harmonic gen&hown at the top of Fig. 1. The interface has been reconstructed
ation, and X-ray scattering analysis [20], has advanced signiising a power spectrum corresponding to a Gaussian correlation
cantly the understanding of the Si/Si@terface. function. Only the roughness of the Si/Sidterface was intro-

The random 2-D surfaces used to represent the boundary $éced in the simulations and the gate/gidterface was flat.
tween the oxide and the silicon and/or between the oxide and tHe€ potential distribution at threshold voltage is shown at the
gate material in our simulation are constructed using stand&@ftom of Fig. 1. The oxide thickness fluctuations introduce sur-
assumptions for the auto-correlation function of the interfad@ce potential fluctuations similar to the fluctuations introduced
roughness. Generally, the interface is described by a Gausdi¥fandom impurities. DG quantum corrections are included in

or exponential auto-correlation function with a given correlatiofff® Simulation. One equiconcentration surface corresponding to

lengthA and rms heightt [17]. The corresponding power Spec_electron charge densityx 1017 cm~2 is plotted in the middle,

trum can be obtained by 2-D Fourier transformation (in radimustratir_]g th_e guantum confinement effects in both vertical and

coordinates). In order to reconstruct the interface, we generiigral directions.

in the Fourier domain a compleX x XN matrix. The magni-

tude of the elements of this matrix follows the power spectrufr Quantum Mechanical Effects

of the chosen correlation function, while the phase is selectedas described in [15], the DG quantum corrections have

at random. Several conditions [21] must be satisfied to ensuggen carefully calibrated in the direction normal to the channel
that the corresponding 2-D surface in real space, obtained dgyainst rigorous one-dimensional (1-D) full-band Poisson—
inverse Fourier transformation, represents a real function. T8ehrodinger simulations [13]. Excellent agreement has been
“analog” random 2-D surface obtained using this procedureaghieved both in terms of threshold voltage shift and inversion
than quantized in steps to take into account the discrete naturésgtr charge distribution. It has been also demonstrated in 2-D
the interface roughness steps associated with the atomic laystamples [14] that DG simulations give a qualitatively correct

in the crystalline silicon substrate [7]. The step heightis approsesult in respect to lateral confinement effects associated with
imately 0.3 nm for the (001) interface. the roughness of the Si/SiOnterface. However, the rigorous
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Fig. 2. Threshold voltage of 30 x 30 nm? MOSFET as a function of the
periodd of the variations in the oxide thickness at the Si/SiBterface. The
thick (1.5 nm) and the thin (1 nm) oxide strips are aligned with the direction «
the current flow in the channel. Results from classical and DG simulations ¢
compared. ’ [c)

calibration of the DG simulations in respect to quantur W "
confinement in the plane of the channel is still an open issue '

In order to illustrate the importance of quantum confineme
when studying OTV effects, simulation experiments were ce
ried out in a30 x 30 nn? MOSFET with periodical gate oxide
structure with alternating thin (1 nm) and thick (1.5 nm) oxid
strips in the direction parallel to the current flow in the channe
The dependence of the threshold voltage on the pefioicthe
gate stripes, calculated classically and with DG quantum cc
rections, is illustrated in Fig. 2. Completely opposite trends a
observed in the two sets of simulations. The classical rest
show reduction in the threshold voltageddecreases, while the
guantum mechanical results show an increase in the thresh
voltage.

The explanation of the opposite trends becomes apparen
Fig. 3. The top of the figure illustrates the Si/Siiterface fol-
lowed by two equiconcentration surfaces obtained from cle
sical and DG simulations. The bottom of the figure illustrates _ - _ _
the potential distribution. In the classical simulations, there is gsfﬁ :r'l atgf(‘;)e,',:,(,‘l’g'gFoéTt’hfo”S(;ﬁg Lr}tiﬁceeqﬂ Cﬁ%eﬁtrzgoﬂfur?:éeesog'&;n od
increase in the carrier concentration at the corners of the invere#h (b) classical and (c) DG simulations, and (d) the potential distribution.
silicon wells due to field crowding there. Such field crowding is
responsible, for example, for the inverse narrow channel effect
observed in MOSFETSs with shallow trench isolation [22]. The I1l. RESULTS AND DISCUSSION
increasing numbers of high current density contributions from ] ) ) ) ) )
the comners, when the period of the stripes decreases, results iin® generic device simulated in this study issachannel
a reduction of the threshold voltage in the classical case. How! % 30 nm? MOSFET with simplified, but well-scaled, archi-
ever, due to 2-D confinement effects, the quantum mechanitgfture. The typical average oxide thickngss) is 1.05 nm.
charge distribution cannot follow the local increase in the potefb€ junction depthx; is 7 nm. The acceptor doping concentra-
tial in the corners and the maximum in the charge distributidiPn V.1, which is constant in the channel region sisc 10*®
moves to the middle of the wells, resulting in an effective nam~>. Continuous doping distribution instead of random dis-
rowing of the current filaments. This is causing an increase @ete dopants is used in most of the simulations. In the simula-
the threshold voltage whehbecomes smaller. tion experiments, one design parameter is typically varied while

Similar 2-D confinement effects, pushing the maximum dhe rest remain as specified above. The polysilicon depletion ef-
the inversion charge distribution to the middle of the current fifects are excluded and the gate potential is fixed at the gatg/SiO
aments formed by the random pattern of the interface roughnédstgrface.
are noticeable in the equiconcentration contour shown in Fig. 1.The choice of autocorrelation function and the corresponding
In this case, the height of the interface roughness steps respaower spectrum when generating the random interface is contro-
sible for the lateral confinement is only 0.3 nm. versial. Early attempts to fit surface roughness limited mobility

(d)
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Fig. 4. Threshold voltage variation ir38 x 30 nm?* MOSFET with average Fig. 5. Dependence of the threshold voltage standard deviafignon the
oxide thickness{t.,) = 1.05 nm for different correlation lengths of the correlation lenght\ for the30 x 30 nm? MOSFETS as in Fig. 4. Classical and
Gaussian power spectrum used to generate the Sif8térface. DG simulation results are compared.

to experimental data were used a Gaussian autocorrelation fumeich larger than the characteristics device dimension, there is
tion [23]. Later, the preference changed to an exponential oadiigh probability that in the whole gate region the oxide will
[17]. The most recent studies show that both Gaussian and bg-either 0.9 nm or 1.2 nm thick and most of the devices will
ponential autocorrelation functions can fit the experimental mbave the corresponding uniform oxide threshold voltages. There
bility data but need different parameters for electrons and hole#l be, however, threshold voltages in between associated with
[24]. It was also demonstrated in [24] that electron and hole mBIOSFETS in which a boundary between thin and thick oxide
bility data could be fitted using identical parameters, if a poweegions divides the channel along the direction of the current
spectrum, which has a Gaussian shape for small wave vectorfow.

changeg but a steeper decay for largeis used. In this paper, The dependence of the threshold voltage standard deviation
we have adopted a Gaussian power spectrum for generatingdafig on A obtained from classical and DG simulations is
random interface. The corresponding 2-D surface is smootlg@mpared in Fig. 5. The introduction of quantum corrections
compared to the one generated using an exponential autocof@sults in an increase in the threshold voltage variation. We
lation function and less demanding from a grid generation poiglieve that this is related to the lateral confinement effects,

of view. which narrow the current percolation paths. In both cases,
the dependence afV; on A is linear for correlation lengths
A. Correlation Length Dependence much smaller than the characteristic MOSFET dimensions and

saturates for large\. The dependence of the kurtosis as a

of the interface roughness reported by different sources. In {chtion Of A in the DG case Is sh(_)wn in the inset of the_
e figure. The increasingly negative values of the kurtosis

same time there is more than one order of magnitude differe N ; T .

in the reported values for the correlation lengthCorrelation are indication for the fIa'ttenlng of the- distribution with the

lengths in the range of 1-3 nm are reported from TEM measu}g(—:_lfﬁzssehgf teh?)fct%g?/angg I:r?gg:w.ce oft can be easilv un-

ments [17] and are typically used to fit surface roughness Iimit%d pe ot ! 7 J€pe o y

mobility to experimental data [24]-[26]. At the same time theerstood qualitatively. The binary distribution of the threshold
) ' voltage atA > L.g, Werr result inoVy saturation at a value

values ofA reported from AFM measurements vary from 10 t%V““X ~ (Vi(for = 12 A) — Vir(for = 9 A))/2. This gives,

30 nm [18], [26]. Bearing in mind this uncertainty, we first StUd¥orTexampIeaV1‘PaX — 49mVinthe DG case. In the case where

th?r;]mpﬁct Or:A Ign trlle thresh_olql vo_Ita%e vana;cﬁ;;w. 2 A <« Leg, Weg, we assume as a simplification that gate area
e threshold voltage variation in the gen x 30 n West X Leg is divided into uniformA/2-sided squares, each

MOSFET is illustrated in Fig. 4 for different values At Only ik thin or thick oxide at random. Averaging the contribution
roughness at the Si/Silnterface is considered in this Caseyf 4 total of N cells, whereN = 4W.q L, 2/A2, the standard

The sample size in all histograms is 200. The average oXiggyiation of threshold is reduced by a factondN. Therefore
thickness(t.x) is 1.05 nm. The interface roughness is quan-

tized allowing only one step of 0.3 nm, which results in the AoV mex

. . . . . oV ="
generation of random oxide regions with thickness 0.9 nm and T 2/Wer Lo
1.2 nm, respectively. For small values &f the distribution of
the threshold voltage is close to a Gaussian. With the increagsus, for very small values aof, the standard deviation should
of A a broadening of the distribution occurs. Wheecomes increase linearly.
comparable with the characteristic dimensions of the MOSFET,Bearing in mind the strong dependence-df- on A, and the
two peaks corresponding to the 0.9 nm and 1.2 nm oxide thiakacertainties in this parameter, we have carried out further in-
ness become apparent. It is clear that, for correlation lengtrestigations for two characteristic correlation lengths. The first

There is a relatively close agreement in the rms valdes,

@)
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Fig. 6. Dependence of threshold voltage standard deviatibp on the
average oxide thicknes$,.) for a 30 x 30 nm? MOSFET with random
Si/SiO; interface.

0.7

Fig. 8. Dependence of threshold voltage standard deviatibp on the
average oxide thicknegs..) for a30 x 30 nm?¥ MOSFET with roughness
at the Si/SiQ interface, at the gate Si/SiOnterface, and at both interfaces
A = 10 nmin all cases.

tox IS plotted in the same figure as a functiontgf (lines). It
is clear that the average threshold voltdde) of the devices

057 with random oxide thickness is very close to the corresponding
~ threshold voltage of uniform oxide MOSFETSs with = (tox)-
~ 03l The slight lowering of(Vr) in the classical case is associated
N with the increase of the current density at the boundaries
\% between the thinner and thicker oxide regions due to the field

0.3 nm

crowding effect discussed in Section 11.B.

0.11
Classi Although very little is known about the properties and the
assical o o . .
description of the gate/SiQOinterface, we have designed sim-
0.1 : : , ulation experiments in an attempt to understand its importance
0.5 1 L5 2 25 for the threshold voltage variation. The graphs presented in
,y [nm] Fig. 8 summarize the results of these experiments in which

Fig. 7. Dependence of the average threshold voltdge) on the average
oxide thicknesst.x) for a30 x 30 nm¥ MOSFET with random Si/Si©
interface (symbols) and of the threshold voltdge on the oxide thickness,,
for a similar device with uniform oxide (lines).

only one correlation lengtih = 10 nm is considered. In the
first experiment, roughness was introduced at the gate/SiO
and the Si/Si@ interface was flat. The parameters used to
generate the random gate/Sitterface were identical to the
parameters used previously to generate the Si$itrface.

one,A = 2 nm, is in the middle of the values used to fit moIn the classical simulations, the amount of threshold voltage
bility data. The second ond, = 10 nm, is at the lower end of fluctuations introduced by roughness at the top and at the
correlation lengths extracted from AFM measurements, but fepttom interfaces is the same. In the DG simulations, the
the30 x 30 nm? MOSFETSs gives a distribution which is notroughness at the top interface results in smailér compared
strongly peacked at the two bounding valued/pf to roughness at the bottom interface. This is consistent with the
assumption made in Section Ill. A that the quantum enhance-
B. Oxide Thickness (In)dependence ment in the threshold voltage fluctuations is related to lateral
The dependence, or more accurately the virtual indeonfinement effects. In this case, the lateral confinement is
pendence, ofV;- on the average oxide thickness,) for Weaker resulting only from potential fluctuations introduced at
a 30 x 30 nm> MOSFET is illustrated in Fig. 6. Again, the smooth Si/Si@interface by the rough gate/SiGnterface.
roughness only at the Si/SiOnterface is considered in the!n the second simulation experiment, uncorrelated roughness
simulations. This trend is related to the linear dependend@s introduced at both interfaces. The analysis shows that
betweenVy andt., known from the textbook expression forthe threshold voltage fluctuations introduced by each of the
the threshold voltage, which results in a constant variance ifi{erfaces are statistically independent, and the total threshold
respect to oxide thickness. We also present in Fig. 7 the dep¥fliage standard deviation in this case closely follows the
dence of the average threshold voltdde) on (t.x) calculated relationshipo Vi°* = \/(aV{f"’)? + (oVettom)2 To the best
classically and quantum mechanically, this time only foe=  of our knowledge, there are no conclusive measurements and
10 nm (symbols). For comparison, the dependence of thgreement in the literature to what extend the roughness at the
threshold voltagd/ of devices with uniform oxide thicknesschannel and the gate interfaces are uncorrelated. The question
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Fig. 9. Dgpend_ence of threshold voltage standard de_viaﬁc'm on effe_cti_ve Fig. 11. Dependence of threshold voltage standard deviatiop on the
channel widthWey for 2 30 x 30 nn? MOSFET with random SiSi9©  channel doping concentratiding for a30 x 30 nm? MOSFET with random
interface. Si/SiO, interface.

D. Doping Concentration Dependence

30.0
Doping concentrationV 4 higher thans x 10*® cm=32 will
25.04 e be required to suppress short-channel effects and to adjust the
* . threshold when the conventional MOSFET is scaled to channel
~ 20.01 -l P SN R © lengths below 30 nm. As shown in Fig. 11, the standard devia-
£ 150, ‘ tion of the threshold voltageV;- in the30 x 30 nm? MOSFET
; ‘ & o Quantum mcreases .sublmearly with the increase in the doping concentra-
® 100 o Classical tion following a dependence stronger thg@V 4.
The results from Fig. 11 obtained with DG quantum correc-
5.0 tions serve in Fig. 12 as a basis for comparing the standard devi-
ation in the threshold voltage induced by OFV, 2TV and the
0.0 standard deviation in the threshold voltage induced by dopant
10

70 fluctuationsaV.PY. In order to isolate the doping fluctuation
(DF) effects, simulations were carried out first using random

Fig. 10. Dependence of threshold voltage standard deviatiop on the dlscret_e dOpam,S and umfor_m gate oxide. The C,O”eSpondmg

effective channel lengtiL i for a 30 x 30 nm2 MOSFET with random ¢ V2T is approximately two times larger tharV, 2T for cor-

Si/SIG; interface. relation lengthA = 10 nm, and more than five times larger for

A = 2 nm. However, with the increase in the doping concen-

) _ _ _ _tration, the gap betweenV,Pt ando V2TV closes up. Refer-
What will happen if the roughness at the both interfaces is dyig hack to Figs. 5 and 8, it is clear that for correlation lengths

to steps in the original silicon surface and therefore strong'%(rger than 10 nm, taking into acount the roughness at both in-

L [nm]

correlated?” will be addressed in a follow-up paper. terfaces, the intrinsic parameter variations associated with OTV
and dopant fluctuations become comparable.
C. Geometry Dependence Finally, simulations were carried out in which the OTV

and the dopant fluctuations are taken into account simul-

dthe effective ch I Jlustrated in Figs. 9 dtaneously. The close inspection of the results reveals that
and the effective channel lengthy are illustrated in Figs. 9 an the two sources of intrinsic parameter fluctuations act in a

10, respectively. The variation ef- in respect tdV . follows isticallv ind d It . |

losely the expectet/y/W.s dependence from (1). The varia—StatIStlca.y /indepen en.t manner resulting in a tqta gtan-
¢ ) off ’ dard deviationo V" which closely follows the relationship
tion of oV in respect tdl. follows thel//L.qx dependence .

O.vtot — (O_VoTV)Q + (O’VDF)2

only for A = 2 nm and for values of..¢ larger than 30 nm. For “ "7 T T :
Lexr < 30 nm 2-D charge sharing effects significantly reduce
the amount of the charge in the channel controlled by the gate
and its contribution to the threshold voltage variation, which re-
sults in a departure from the/+/L.g dependence. This effect The interface roughness related oxide thickness fluctuations
is more pronounced at correlation length= 10 nm where the will introduce significant intrinsic fluctuation in the threshold
departure from thé/+/L.s dependence efVr occurs at effec- voltage when the correlation length of the interface becomes
tive channel lengths below 40 nm. comparable to the characteristic dimensions of aggressively

The dependence ofV on the effective channel widtW g

IV. CONCLUSION
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(12]
Fig. 12. Comparison of the standard deviation of the threshold voltage intro-
duced by oxide thickness variation (OTV) and by doping fluctuations (DFs).

(13]

scaled MOSFETSs near the end of the International Roadmap
for Semiconductors. The introduction of quantum corrections; 4
in the simulations results in further increase of the fluctuations.

In the oxide thickness range of 1-3 nm, the intrinsic threshold
voltage fluctuations are practically independent of the oxide
thickness. The fluctuations introduced by uncorrelated S¥SiO[15]
and the gate/SiQinterfaces are statistically independent. A
departure from the expectet/+/ Area dependence of the
threshold voltage standard deviation is observed when the
short-channel effects start to play a significant role. The dopindé!
concentration dependence of the threshold voltage standard
deviation is sublinear but stronger thafiV 4. For devices with  [17]
characteristic dimensions below 30 nm, the oxide thickness
induced threshold voltage fluctuations become comparable to
the fluctuations induced by random discrete dopants, partigis]
ularly when the contribution of both interfaces is taken into
account and the larger correlation length suggested by AFI\(!lg]
measurements are adopted.
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