Nanoscale field-effect transistors: An ultimate size analysis
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We have used a simple, analytically solvable model to analyze the characteristics of dual-gate
metal-oxide-semiconductor field-effect transisttvEOSFETS with 10 nm-scale channel length

The model assumes ballistic dynamics of two-dimensional electrons in an undoped channel between
highly doped source and drain. When applied to siliceMOSFETSs, calculations show that the
voltage gain(necessary for logic applicationdrops sharply at. ~10 nm, while the conductance
modulation remains sufficient for memory applications uintit4 nm. © 1997 American Institute

of Physics[S0003-695(97)02151-7

The recent industrial forecaspredicts that the progress that in fact it presents a quantum well with two-dimensional
in scaling down the metal-oxide-semiconductor field-effectelectron gas. For Si100) surface the sixfold valley degen-
transistorseMOSFETS will result in MOSFETs with chan- eracy of the bulk Si is lifted and only two valleys participate
nel lengthL at least as short as 70 nm. Such devices wouldn the lateral transportunless the carrier density is so large
allow the implementation of dynamic random-access memothat the electrons start to populate higher subbdwtiéch is
ries (DRAMSs) with density up to~5 Gb/cnf. not the case for the devices considered bgloMre channel

On the other hand, single-electron transist@E&T), in is sandwiched between plates of a “dual gat&®the opti-
particular the recently suggested SET/FET hybfidsay al- mal structure to suppress the “short channel effedfsit a
low room-temperature operation of dynamic memories withreview see, e.g., Ref. 10If 2s is small enoughz depen-

a density of 100 Gb/cfand beyond, using a silicon-based dence of the electric potentiad can be assumed quadratic
technology with minimum feature size below5 nm. Thus, inside the channel and linear inside the dielecttie well-

it is very important to understand whether purely MOSFET-known parabolic approximatioh. Substituting this depen-
based devices can operate on a comparable scale. Recélence into the Poisson equation one arrives at a one-
experimentdwith ~10 nm-long MOSFETSs have shown that dimensional equation for the distribution of electric potential
their conductance can be gate modulated by at least threg at z=0 along the length of the device:
orders of magnitude. We are not aware, however, of any 5

published analysis of 10 nm-scale MOSFETs, with the ex- d°¢ ¢#—Vy  4mp(X)

ception of a couple of Monte-Carlo-calculatédV curves dx? A2 Ky

for some particular devices with=15 nm (Ref. 4 andL

=30 nm (Ref 5) The main goa' of this work was to use a Here p=—e€en is the electric Chal’ge density aVeraged over
simple model of nanoscale MOSFETSs, which captures théhe channel thicknesss2 within source and draip includes
essential physics of such devices, for semianalytical calculz!so the dopant chargeeNy . V, is the gate-source voltage,
tion of their basic characteristics. All the examples presente@nd\ is the effective screening length
below are for silicon-based-MOSFETSs, although our ap-

proach is certainly more general. .

@

For nanoscale devices channel doping beconmesc- §§§§§§§\\§§ ~ Y \\\§§\§§§§\§§§Z d
ceptable In fact, the volume of the channel region of a 10 (a)
nm-scale transistor is of the order ok20~° cm?, so that £.=0 g,=eV
even doping at a level as high as?4@n?® (beyond the de- \W\\ N\ .l S
generacy threshold for silicorwould result in less than 20 \\ . §§\\\§s
dopants in the whole channel, and hence in large statistical Np Sio Np
device-to-device variations of transistor parameters. For the 2% p

i i NN T N T -
same reason, contact doping has to be high3( §§§§§\\§\§§§§ v 1§§\§§§§§§§

%X 10%° cm™3). On the other hand, channel dopinguisnec-
essary because the channel length is comparable to the
screening length in highly doped source and drain, so that the
carriers may be delivered from the contathis is why in

our model the channel is a layer of an intrinsic semiconduc-
tor connectingn™ source and draifiFig. 1(a)]. Because of
the absence of impurities, electron scattering is so small at
our scale of channel lengthL~10 nm) that it may be
ignored®* and the electron transport in the channel consid-
ered as completely ballistic. Electrons in the source and drai'n_IG. 1. (a) Sketch of the MOSFET model considered in this work dad

are assumed to be in thermal eqU”ibrium- scheme of the conduction band edge diagram for the electron potential en-
Thickness 2 of the channel is assumed to be so smallergy®=—e¢.
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A =§+K—23(d—5). (2

For the examples presented below we took the dielectric cor
stants to bex;=12 (Si) and k,=4 (SiO,). The parabolic
approximation is strictly valitt if X is much larger thas but
much less than relevamtscales of the problem, notably, the

channel length and the screening length of the electron . {
gas without the ground pland., is close to the effective = s
Bohr radiusag= ax#?/mé*, wherea~1.5 accounts forval- 35 0.5

ley degeneracy.

The second equation relatingand ¢ follows from the
condition of conservation of the ballistic current components
j- for each energy: -0.5

jZ(x)=—en; (X)v_(x)=const=j,, 3

wherev * (x) = * y2[ e— ®(x)]/m is thex component of the
electron velocity,®(x) = —e¢(x) is the electron potential
energy, and _, are currents into the ballistic channel from

the surfaces of sourdsign +) and drain(sign —). The latter F1G. 2. Distribution of elect ential g (eolid line3 and densi
P . 2. Distribution of electron potential enerdy (solid lineg and density
currents can be found from the usual thermal eql‘”“bm‘m‘]n (dashed linesalong a two-dimensional silicon-MOSFET with a 10

distribution, then the velocity [(x) and densityn.(x) are  nm.jong intrinsic channel and* source and drainNp=3x 102 cm™3),
found with self-consistent values db. The total electron for a moderate negative bid=—0.52 V and several values of gate voltage
densityn and currentj (per unit channel widthcan be ob- V,. Geometric parametefig=ig. 1(a)] are: Z=1.5nm and #=6.5nm.
tained as integrals ofn/ (x)+n_(x)] and (/,—j), re-  Temperaturd=300K.

spectively, over energies>®(x) [or e>® ., if the poten-

tial maximum lies between the pointand the contact, Fig. devices show clear saturatigfig. 3) and hence relatively
1(b)]. For the parameters considered below, tunneling undfigh voltage gainGy=dV/dVg|—cons: Their transconduc-
the potential barriéf can be ignored fot. =5 nm. tance is also as high as that of the best present-day

The resulting simple set of equations allows the channefransistors,’ for exampleS~1.5 S/mm atv/=V,=0.5V for
lengthL and currenj to be expressed explicitly as analytical L=10 nm.

(though bulky integrals for an arbitrary relation between  However, as the length becomes comparable to the
temperaturél and Fermi energy in the source and drain, effective screening length, electron concentration in the
provided that®,,,, is considered knowiftogether with the
real parameters of the system, including the gate and source
drain voltages The resulting functiorL =L(®,,) can be
numerically interpolated to the desired values of channel
length.

Figures 2—4 show the results of such semianalytical cal-
culations for a Si/SiQ n-MOSFET with a contact doping
level of Np=3%10?° cm™3, channel thickness<=1.5 nm,
and gate oxide thickness—s=2.5nm. For these param- 15
eters, the parabolic approximation is indeed applicable: Eq
(2) yields A\=~2.5 nm. Though the factax/ag~1.5 can be
hardly considered as large, we still believe that the parabolic
approximation should work reasonably well provided that
the channel length is much larger thap, because the
screening adg is polynomiaf (for a point chargeg~r ~2 at
r>ag), while that due to the gates is exponential. Hence in a
relatively long device I(>ag) the wave vectors of the order
of agl can give only a small correction to our results,
crudely equivalent to a channel length uncertainty of the or-
der ofag~2 nm. oL

Figure 2 shows the distribution of electric potential 0 0.2 0.4 0.6 0.8 1
(solid lineg and electron densitydashed linesalong a 10 V (Volts)
nm-channel MOSFET. Clearly, our model is capable of de-
scribing the penetration of the electric field into source and., 5 o/ rce-drain -V curves for an-MOSFET with L= 10 nm for

d_rain, as well as the pinc_h-of_f effect in relatively long de- seyeral values of gate voltayg . Device parameters are the same as in Fig.
vices(such as that shown in Fig).2ZThel -V curves of such 2.
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comes larger than the channel current. The boundary of this

= 102 . . . . . . . i
100 = region rises very rapidly with a decrease in oxide thickness;
. for d—s=2nm it corresponds tg~10 ¢ A/lcm. On the
10° ] other hand, if the oxide is thicker than 2.5 nm, the transcon-
10-1 S ductance and voltage gain fall, while the modulation range
i remains virtually the same because of the hole activation
10-2 ~ effects. Hence this value of oxide thickness may be consid-
“10-2 - \‘ ered as optimal. Thus the channel current modulation can
é §F~. o< hardly be better than that shown in Fig. 4. One can see that
St N 100 the maximum modulation depth falls belowx3aC® at L
~10-s S~ i ~4 nm; crudely, this value may be considered as the mini-
= \\\ ) ] mum length of silicon-based MOSFETs for application in
10-¢ o A traditional DRAM cells. This does not preclude the possibil-
10-7 T e ] ity that smaller transistors could be used in some novel
~J] memories based on different physical principles.
107 ¢ 1 In our analysis, several other potentially important ef-
10-¢ ////// DT fects have been neglecteq, including impact ioniz_ation,. finite
I e i 2 2P NN NNNNANN rate of the energy relaxation, and source and drain resistance
-1.5 -1 —0.5 0 0.5 and self-heating. Simple estimates show, however, that all

Vg (Volts) these effects can be ignored for our parameters.

To summarize, we have found that for silicon-based
FIG. 4. Linear current density (solid lineg and voltage gainGy MOSFET room-temperature operation with reasonable pa-

=dV/dVg\|:mnst(dashed lingsas functions of gate voltagé, for various rameters is still feasible for channel Iength down to

channel length& and source-drain voltage near the onset of saturatibn ( . . .
=0.52 V). The fine hatching shows the area of parameters where the gate 10 nm for |Og|C circuits and~4 nm for DRAM cells.

leakage current exceeds the drain current. The coarse hatching shows tRdnce we have considered a virtually optimal MOSFET
region where the intrinsic carriers in the channel cannot be ignored. structure, it is hard to imagine that these limits could be
surpassed without suggesting some radically new physical

channel becomes controlled more by the drain voltage antfleas.

less by the gate. The saturation disappears, and the voltage Fruitful discussions with D. Ferry, M. Fukuma, S. Luryi,
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lematic. However, for DRAM applicationssee, e.g., Ref.

13) the voltage gain, as well as the depletion operation mode

of the transistors\{;<<0), are of minor importance, since the !The National Technology Roadmap for SemiconductBesniconductors

compact memory cells can be controlled by drivers usmgzrd}gsﬁiiykﬁasiglczgﬁrk SNanK\Z)?ZteI;o?/Ai’ré?g:eedin s of the 1995 Interna

more Co_nservatlve technology. What is really important for ti(.Jna{I Semiconductor' Dévice Res’earch Sympg,si(umiversity of Vir-

DRAMs is to have the channel current modulated by at least ginja, Charlottesville, VA, 199 p. 335.

eight to nine orders of magnitudthis determines the neces- 3L. Guo, E. Leobandung, and S. Chou, Appl. Phys. L#®.850(1997).

sary ratio of retention refresh time to read/write time AnMaloFUkUg“aar; li;igi%esé Xf Igcggiﬁgpiggﬁy?begﬁgg on ;/Laildgech-
The quulatlon is limited from the Sldg of small currents 5D. J.g>l/:,rank, S. IQ—I] ’Lau>;, and M. V.y{:ischetrt,i, IEEE TFa%s. EIectrén De-

by two major effects not accounted for in our model: the vices40, 2103(1993.

thermal activation of holes and tunneling through the gate®A. A. Grinberg and S. Luryi, J. Appl. Phy$1, 1181(1987.

oxide. The hole activationand hence the sharp loss of .T-Ando, A B.Fowler, and F. Stern, Rev. Mod. Phgd, 437 (1982.

t ¢ @' tak | h th . tential i 8F. Balestra, S. Cristoloveanu, M. Benachir, J. Brini, and T. Elewa, IEEE
gate contr aKes place wnhen € maximum potental In Electron Device Lett8, 410 (1987.

the channel approaches the middle of the band gap; theT. Tanaka, K. Suzuki, H. Horie, and T. Sugii, IEEE Electron Device Lett.
corresponding region in Fig. 4 is coarsely hatched. T(()jwlS, 386(1994.

; ; Y. Taur, D. A. Buchanan, W. Chen, D. J. Frank, K. E. Ismail, S.-H. Lo, G.
estimate  the .tunr_lellng effects, We have calculate A. Sai-Halasz, S. G. Viswanathan, H.-J. C. Wann, S. J. Wind, and H.-S.
the current taking into account the image charge effects yyqng proc. IEEEBS, 486(1997).
and using potential barrier height of 3.2 eV and effective'k. K. Young, IEEE Electron. Dev36, 504 (1989; V. Aggarwal et al,
electron mass of Si{0.4m, (see, e.g., Ref. 24and assum- 1230“d-itate Electron37, 3537(1994)- Lon (1994
; ; ; J. Tucker, C. Wang, and P. S. Carney, Appl. Phys. 1651.618 (1994.
ing that .the gates (_)ve_rlap so_u_rce and. drain b_y Z(ﬂ"e flr!al 13B. Prince,Semiconductor Memorig&nd ed.(Wiley, Chichester, 1991
conclusions are fairly insensitive to this vaJuEine hatching  14g_ prar, G. D. Wilk, and A. C. Seabaugh, Appl. Phys. L@8, 2728

in Fig. 4 shows the region where the tunneling current be- (1996.

Appl. Phys. Lett., Vol. 71, No. 25, 22 December 1997 F. G. Pikus and K. K. Likharev 3663



