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Limit of Gate Oxide Thickness Scaling in MOSFET:
due to Apparent Threshold Voltage Fluctuation
Induced by Tunnel Leakage Current
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Abstract—We report on a new roadblock which will limit the  argued in terms of stand-by power consumption due to the di-
gate oxide thickness scaling of MOSFETSs. Itis found that statistical rect tunnel leakage current [4], the transconductance saturatiol
distribution of direct tunnel leakage current through 1.210 2.8 nm g6 10 g finite inversion layer thickness [5] and gate poly-Si de-
thick gate oxides induces significant fluctuations in the threshold . .
voltage and transconductance when the gate oxide tunnel resis- plet_|on [6]. The |r_1fll_Jence of gate leakage tunnel (?urrent on the
tance becomes Comparab|e to gate p0|y-S| resistance. By Ca|cu.deV|Ce CharaCterIStICS haS not yet beeﬂ We" exam|ned except fO

lating the measured tunnel current based on multiple scattering the negative drain current offset problem [1], [2] which can be
theory, it is shown that the device characteristics fluctuations will - solved by scaling the gate length.

be problematic when the gate oxide thickness is scaled down to less In this work, we have fabricated 0.1 to 20 gate length

than 1 nm. NMOSFETSs with 1.2 to 2.8-nm thick gate oxides to investigate
Index Terms—Device scaling, MOSFET, tunnel current, ultra-  the influence of direct tunnel leakage currépbn the dc char-

thin gate oxides. acteristics of MOSFET's. We have found that the statistical dis-

tribution of the direct tunnel leakage current through the ultra-

|. INTRODUCTION thin gate oxides induces significant fluctuations in the threshold

ltageV;;, and the t duct . [7]. A simpl del
EMONSTRATION of excellent performance for MOS-Vo ageVi, and the transconductancs, [7]. A simple mode

to quantitatively explairty;, and G,,, fluctuations induced by

FETs with a 1.5-nm thick gate oxide [1], [2] has stimu-I is proposed. The measured tunnel current through gate ox:

lated extensive effort to further reduce the gate oxide thickn g : ; .
) i s has been in good agreement with theory, by whicl{the
T,.. Momoseet al. [1], [2] have obtained a high transconduc-, g g y. by 1

tance of 1010 mS/mm for 90-nm gate length MOSFETSs. Thsgallng limit can be predicted.
gate oxide was grown by rapid thermal oxidation (RTO) at 800
°C for 10 s. The source/drain (S/D) extensions of 30-nm junc-
tion depth were produced by solid-phase diffusion from a PSGGate oxides with thicknesses of 2 to 3 nm were grown at
film, achieving a sheet resistance of less than ©)K. Re- 850 °C in 2% oxygen diluted with nitrogen on Si(100) sub-
cently the highest transconductance, 1120 mS/mm for 60-1stnates, whose surfaces were hydrogen-terminated by treatmer
gate length MOSFETSs has been obtained with a 1.3-nm thigka 0.1% HF+ 1% H,O, solution [8]. For preparing oxides
gate oxide [3]. The oxide was grown by RTO at 1E@in pure thinner than 2 nm, 2-nm thick oxides were etched-back by 0.1%
oxygen at pressures from 1 to 500 torr. The shallow S/D juncti®fF. A schematic cross section of a fabricated MOSFET is shown
was formed by low energy 2—4 keV As implantation with a dosie Fig. 1(a) together with the TEM picture [Fig. 1(b)]. The gate
ranging from 26 x 10'* cm~2. TheT,,, scaling limit has been poly-Si was patterned with two-step electron cyclotron reso-
nance (ECR) plasma etching. The anisotropic etching was first
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Fig. 1. (a) Schematic and (b) TEM cross sections of a fabricated MOSFE

2.5 125

T T

0.1% HF

T V. Asillustratedin Fig. 3(a), the gate currentflowsintoachann
via the gate poly-Si and gate oxide. When the gate oxide res
tanceR ;o2 is lowered byT,,, scaling, the voltage drop due to
the gate poly-Si resistandg,,;, can no longer be neglected. As

aresultV;, apparently increases by the productf,;, andl,

2.0 20

1.5

Oxide Thickness T,, [ nm]
Thickness Uniformity [ % ]

1.0 10 [Fig. 3(b)]. As depicted in Fig. 3(b);;. fluctuates due to the sta-
tistical distribution off , over the range determined by the produc
0.5 o> 5 of R, andAl,. The slope of _the dotted line ar_ld t@@xis-i_n-
o O o/)o tercept correspond tB,,.;, and idealV;,, respectively. For sim-
0.0 IR R i | 0 . . .
01 2 3 4 506 7 8 plicity, the gate electrode is treated as a lumped resistance he

Etchback Time [ min ] Formoreaccurate modelinginreal devices, effective [Ggahift
e to the gate tunneling current on an active region isimporta

Fig. 2. Oxide thickness and uniformity versus etching time. Because gﬁ . R ] .
This localV, shift problem is discussed in Section IV.

layer-by-layer etching mechanism of Sig11], [12], excellent thickness
uniformity and thickness control are achieved.

IV. RESULTS AND DISCUSSION
tsrilgnnfi)::nﬁicotlnovnv.azh;b(t)c:?;(t)h;rirjt tgge&tment time after exten-ry girect tunnel currert, through 1.2 to 3.5-nm thick SiD
The oxide thickness as a function of the wet etchback timemeasured as a function of oxide voltaigg, for MOSFETS and

S NFOS diodes are compared with that calculated by the multip
sh_own in Fig. 2. The efch rate decregses Wheﬂ_];tg_ebecomes scattering theory (MST) as shown in Fig. 4. Since the tunn
thinner than 1.2 nm because the oxide layer within about 1 n lrrent measured for 1,0m gate length MOSFETSs is quite
from the SIQ/Si(100) interface is compressively strained [10]mnsistent with that for.the MOS diodes and the calculate

[11]. The thickness uniformity of the etched oxides is less th%rﬁe no significant change in the tunnel current is induced |

o . : ; .
s At ATIOSFE T brcaon rocesses such s gale paterin o
y 9 yer-vy-ay implantation. Typical drain current-gate voltagk-V;) and

etching mechanism, which was confirmed not only by atom| ate current-gate voltagd,{V,) characteristics for a 1.2-nm

force microscopy (AFM) [12] but also by scanning reflectiory_. : g :
electron microscopy (SREM) [13] at each step of oxide stri[%hmk gate oxide MOSFET are shown in Fig. 5, whégés a few

. . . I yrders of magnitude larger thdp and normal operation of the
pIng. Receljltlyz !t has been found Fha_t Fhe oxide thinning by w OSFET is c?onfirmedIS is rela%ively large WitI’Fl) respect tfy
etg:hback S|gn|f|captly reduces SiGi mterface states abovei the linear-mode turn-on region because electrons flow in
midgap by employing photoelectron yield spectroscopy [l4ﬂle gate from both source and drain. The tunnel leakage curr:

The oxide thickness was determined by ellipsometry using t 1€ 1 2_2 8 nm thick gate oxide MOSFETsIf = 1.5V was

refractive index of 1.460 and calibrated by X-ray phOtoeleCtrorﬁeasured as a function of gate lendth as shown in Fig. 6
spec.trosc.opy [.15]' It has been demo.nstrated that the elll.p &jether with calculated results in which the oxide electric fiel
metric oxide thickness agrees well with the gate oxide thic frength al/, = 1.5V for each oxide thickness was evaluatec
ness obtained from theoretical analysis of measured tunnel cur-' =~ g : o

rent based on multiple scattering theory (MST) [15], [16] andcﬁIy using device simulation. The measutdior 7, = 1.2

o X . ) : nm is slightly lower than the theoretically calculatgd while
s e o105 .. 203042 8rmageeuih e caested el
zation effects and gate poly-Si depletion [6] |—|owever, the_experlmental data oy, = 1.2 nm are in good

' agreement with the calculated result in which the voltage drc
by poly-Si gater,.;, I, is taken into account. The result of [2],
wherel,, = 1.5nmandl, atV, = V3 = 1.5V was measured
as a function of, is also shown in Fig. 6. Note thaj for any
Here we propose a quantitative model to explain the relatiocases increases in proportiorftpbecause the gate width is kept
ship between the statistical distributionigfand fluctuations of constant, while the relationship s L} ® was obtainedin[2].

I1l. M ODEL OF V;;, FLUCTUATION INDUCED BY GATE TUNNEL
LEAKAGE CURRENT
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Fig. 4. Tunnel current density against oxide voltage for MOS diodes (solif proportion to L, (solid squares, triangles and circles). The solid line
circles) and MOSFETS (cross). The oxide thicknesses indicated in parenth%g,srespond to theoretical calculation without taking into accalipt:,7,
are obtained by fitting theoreticatV curves to measured ones, being in gooqj,.op‘ while the dashed line fdF,, = 1.2 refers to the calculated result
agreement with the ellipsometric data. corrected byR,,.., I, drop. Open circles refer to the result of Ref. [2], where

I, oc L}® with a gate width of 1Qum.
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Fig. 7. Average off, atV, = 1.5 V and normalized, deviation for 1.2—
2.8 nm gate oxide MOSFETs with, = 0.5 um.

Fig. 5. I,-V, andl,—V, characteristics of 1.2-nm thick gate oxide MOSFET

with L, = 0.15 pm. The solid lines correspond to a linear mad¥ atV, = 600 ———r— ——————r
0.05 V, while dashed lines refer to a saturation mddé” atV, = 1.5 V. Ave. 409 mV (a) Ave. 380 mV (b)
500 [o 54.2mV AT s 200mv
. . . . - -V, 005V 4 .
The statistical distributions of, at v, = 1.5 V for 1.2 to = ’ R WOV o

2.8-nm thick gate oxides were measured. The averagdyg iof = 400 i o T £g053 um |
creases exponentially 85, is reduced as shownin Fig. 7. How- = [ o T.120m | [ 08 aw@oo
ever, normalized, fluctuation defined as the standard deviation [ f7°  L0Seum 1 F i

. . P 0 i 300 Y T N N T T | 1 1 1 1
divided by the average df is vylthm 10% for all cases. The di 0 2 4 6 83 4 5 6 7 8
rect tunnel current is proportional to the exponenfipf [17] Iy [PA] I [pA]
as follows:

Fig. 8. Relationship between linear mode threshold voltdge (lin)
I, x exp(—KT,y). (1) and 7, distribution atV, = Vi (lin) for (a) 1.2 nm, and (b) 2.0 nm
gate oxide MOSFET's.V;, is obtained by the constant current methot
Here, K is a constant value consisting of the electron effectivéd: = (Ws/L;)"107" A).
mass, the barrier potential and the oxide voltage. Assuming the
T... is the only factor which leads tf, deviation, the following is less than 0.1 nm, which is smaller than 1 molecular layer
equation is obtained using the law of the error propagation. the oxide. Such an extremely uniform, ultrathin gate oxide lay
12 can be grown on the Si wafer because the layer-by-layer oxi
oI, /I, = [(8Ig/8Tom)2 UTOQW} /I, = KoT,,. (2) tion mechanism controls the oxide growth [18]. Fluctuation |
gate-poly-Si resistancg,,.;, is also a possible cause of thg
Here,ol, andoT,, are deviations of , and7,,, respectively. fluctuation, while no correlation was found between fthend
Therefore, the result that the normalizédis comparable for R,.;, fluctuations by a whole wafer measurement.
all 7%, means that17,.. for the 1.2-nm oxide after the wet etch- Different from I, fluctuation, as shown in Fig. 8/ for
back is also comparable to that for the thicker oxides grown Ry2-nm thick gate oxide MOSFETSs significantly increases
dry oxidation only. In the case df,, = 1.2 nm, the oxide proportion tol, [Fig. 8(a)], while V;;, remains nearly constant
thickness deviation estimated from the measuigdeviation regardless of thd, distribution for 2.0-nm thick gate oxide
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Fig. 11. Relationship between linear mo@g,._...x andI, distribution at
V, = 1.5 Vfor 1.2 nm gate oxide MOSFETs with, = 0.56 pm.

Fig. 9. Dependence 6f;;, onT,... The dashed line refers ig,, evaluated by
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difference betweel,, (lin) andV;,, (sat) seems to be increased by the increase

of I,, this is attributed to lowering of intrinsi¢%; and the corresponding

reduction ofR,:, I, drop at apparerity, at higher drain voltage. Fig. 12. (a) Equivalent circuit model for a MOSFET gate structure employ

for estimating the influence of the gate tunneling current. (b) Variatiow,in
along the gate width direction.

MOSFETs [Fig. 8(b)]. A systematic variation df;;, with
changes in/,; as indicated in Fig. 8(a) is over 200 mV, whichreductions ofI, and the corresponding reduction of the ga
is not acceptable for the circuit desigh,.;, evaluated from voltage dropR,.;,{,. Thus, the apparent increase in DIBL i
the slope ofV},, versusI, curve [see Fig. 3(b)] is 800/0, explained by the reduction df atV;,.
which agrees with the measured poly-Si sheet resistance. Thés a result ofl;;, fluctuation due td, distribution,G,,,_max
dependence df;, onT,, is shown in Fig. 9, where an averagealso fluctuates with thé, distribution as shown in Fig. 11 for
value ofV;, for 1, = 1.2 nm is larger than that fdt,, = 2.0 1, of 1.2 nm. This can be explained by a decrease in effect
nm. However, an intrinsic value dfy, for 7;, = 1.2 nm as V, applied to the gate oxide because®f,;,/, drop. Drain
defined by they-axis-intercept in Fig. 8(a) is very close to thecurrent-drain voltagel{;—V;) characteristics for 1.2 nm thick
result evaluated by device simulation as also indicated in Fig.gate oxide MOSFETSs exhibit the negatikgoffset for longL ,,
The influence ofRz,,.;, I, drop depends on the operating biasvhile the offset disappears fdér, = 0.56 xm in consistent with
pointof MOSFETS. For example, under the saturation conditioa previous report [1]. In contrast;, andG,,,_max fluctuations
1, has a large gradient along the channel because of poterfigal?;,, = 1.2 nm are similarly observed even for the shorte
change along the channel and tatals smaller than that for the channel length MOSFETS. This is because the valug,gf,
linear region. To confirm how the difference in the operating biascreases as,, is scaled down. The observed fluctuatioriin
point affects FET characteristics, thedependence df,;, inthe  for 7, = 1.2 nm MOSFET’s makes the circuit design difficult
linear mode regio;;, (lin) is compared to that dfy;, in the sat-  Also the fluctuation of+,,_..x by thel, distribution spoils the
uration regiorVy, (sat) as shown in Fig. 10, whevg;, is plotted merit of 7},,, scaling.
against/, for V, = 1.5 VandVy = 0.05 or 1.5 V. Generally,the  Inthe above discussio®gsios andR,,.;, have been treated as
Vi lowers by increasingy; because of the drain-induced barrielumped constants for simplicity. In order to accurately evalue
lowering (DIBL). In this figure, the difference iiiry, (lin) and the potential variation along the gate electrode, the gate struc
Vin(sat) seems to be larger Asbecomes larger. In other words,is approximated with an equivalent circuit model as illustrated
DIBL seems to be enhanced by However, this tendency can beFig. 12(a). The tunnel currej; in the segmented portion of the
attributed to the variation of; caused by, change. As shown gate structure was calculated from the measuggdate current
in Fig. 5,1, increases exponentially &5 increases. The small density) versu¥, characteristics. As shown in Fig. 12(b), in th
decrease in the intrinsig;, due to the DIBL causes a significantcase of the poly-Si gate with a 8@/ sheetresistance, the gat
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tistical distribution of gate tunnel leakage current causes sigr
icant fluctuations inV;;, when the gate oxide tunnel resistanc
becomes comparable to the gate poly-Si resistance. Since
phenomenon is attributed to the voltage drop in the gate el
trode, characteristics other th&fy,, such as7,,_max, are also
affected. The scaling limit of gate oxide thickness is discuss
based on both measured and calculated results. It is predic
that when using a low-resistive salicide gate, these problems\
not emerge until the oxide thickness is scaled to 0.8 nm.
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potential falls by 65 mV at 1@m from the gate pad wheig, =
1.25Vis applied. For the lower sheet resistance of#8q., the
voltage dropis negligible. This result shows that arelatively large
tunneling current harms the dc performance of MOSFETs with a
largeV. Concerning the influence af, variation, as indicated
in Fig. 4,J, for Tox = 1.2 nm MOSFET very weakly depends
onthe oxide voltag&,, x . Therefore, the potential drop along the
gate over the range of 0—65 mV shown in Fig. 12 hardly modifies ®]
the local tunnel current. This supports that the discussion based
on the simple model in Fig. 3 is reasonable. [4]
A proposed model of th&};, fluctuation due to thd, dis-
tribution as shown in Fig. 3 indicates that the gate oxide tunnel[g
resistancéis;o» decreases with decreasihg. and wherniis;oo
becomes comparable to the gate poly-Si resistd)ce,, the

(2]

Vi1 fluctuation is significant. In Fig. 13Rs;02 as defined by [l
OV, /01, atV, = 1.5V wherel, is the calculated tunnel
currentis plotted as a function @, together with experimental ("
data. In the calculation, the oxide electric fiel], and gate
areaL, x W, were 5 MV/cmand.l x 10 um?, respectively.  [8]

Measured values ofgio> were obtained from/, vs. oxide
voltage curves in Fig. 4, being consistent with the calculated|g
one. As references, resistances of poly-Si dgig,, (this work)

and salicided gaté..iiid. are indicated in the figure. In this
calculation, we employed sheet resistances of the poly Si ga{e !
and the salicided gate to be 10Q@1 and 102 /], respectively.
Considering thaR,.iiciqae for 0.1 x 10 um? gate areais 100Q,
Rsio2 becomes comparable 18,,;.i¢c WhenT,,. is decreased
to 0.8 nm. Namely, even if the gate electrode resistance ig2]
reduced by using salicid&}; and,,, fluctuations will emerge
when the7,, is reduced to 0.8 nm. Though many alternative
high-k materials are under investigation for such sub-1-nnj13]
equivalent-oxide-thickness generations, the fluctuation problem
described in this paper should be taken into account. Becauggy
any materials have possibility to meet the same problem by the
further reduction of thickness and increase of the gate current.

[15]

(11]

V. SUMMARY

MOSFETSs with 1.2 to 2.8 nm thick gate oxides have beeril6]
fabricated. The gate tunnel leakage current has been evaluated
both experimentally and theoretically. It is shown that the sta-
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