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Abstract

The narrowest feature of an integrated circuit is the silicon dioxide gate dielectric (3±5 nm). The viability of future

CMOS technology is contingent upon thinning the oxide further to improve drive performance, while maintaining

reliability. Practical limitations due to direct tunneling through the gate oxide may preclude the use of silicon dioxide as

the gate dielectric for thicknesses less than 1.3 nm, however. Ó 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

An integrated circuit (IC) is a conglomerate of a large

number of practically identical, very reliable switches

interconnected with wires to express a computing func-

tion. The quintessential IC design is implemented using

complementary pairs of silicon n- and pMOSFETs as the

switches. Over the last 30 years, the cost to manufacture a

transistor along with the wires necessary to incorporate it

into a circuit has decreased by a factor of 100,000. It is

anticipated that this unprecedented increase in produc-

tivity will continue unabated for the next 15 years.

One of the primary means for reducing cost, im-

proving performance and increasing the scale of inte-

gration in an IC has been miniaturization. The guiding

principle for miniaturization has been the scaling of the

classical transport equations that describe the operating

characteristics of an existing device to smaller dimen-

sions to predict the characteristics of the smaller device

with minimal design investment. An accurate appraisal

of the limiting performance obtained by scaling CMOS

technology is necessary, not only to identify the main

impediments, but also to spur the timely development of

alternatives. Currently, the critical dimensions of a

MOSFET are the gate length (180 nm), the p±n junction

depth (100 nm), and the gate oxide thickness, tox (3±5

nm); the narrowest feature is the gate oxide.

Here, we identify the gate oxide as the principal im-

pediment to scaling the gate length of nMOSFETs and

pMOSFETs to 35 nm, as shown in Fig. 1.

The viability of sub-50 nm CMOS technology is

contingent upon the drive current performance. Im-

provements in the drive performance can be used to

derate the power supply voltage, thereby improving

reliability, reducing power dissipation, and enabling ul-

tra-large scale integrated circuit (ULSI). The drive per-

formance of a MOSFET is dictated by the SiO2 gate

dielectric thickness, and by carrier scattering in the

channel. In what follows, we show that gate leakage

current due to direct tunneling through the gate oxide

will render SiO2 thicknesses less than 1.3 nm impractical

[1]. Consequently, the drive performance for tox > 1:3 nm

is essentially limited by ballistic transport in the channel.

2. Gate leakage current

The motivation for reducing tox is apparent in

Fig. 2(a) and (c); the observed increase in capacitance
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translates into increased drive current capability. Thus,

ultra-thin gate oxides make a low voltage power supply

practical. However, concomitant with the increase in the

capacitance is a detrimental exponential increase in

leakage current due to direct tunneling, as shown in

Fig. 2(b) and (d). Juxtaposed with the measured expo-

nential increase with voltage and tox observed in the MOS

capacitors of Fig. 2(b) and (d) are the self-consistent

quantum mechanical calculations of the tunneling cur-

rent, which account for the measured doping pro®les

and the quantization of the accumulation layer. The

agreement achieved over the range 1.3±3.1 nm is re-

markable, considering that (1) the only free parameter is

the tox (assuming a 3.15 eV electron barrier with a 0.5 m

electron mass, and a 4.8 eV hole barrier with a 0.42 m

hole mass), which nevertheless compares favorably to

the measured ellipsometric value; and (2) that the trap

density, Nt � 0.

A gate leakage current in excess of 1 A/cm2 may

preclude the use of oxides thinner than 1.3±1.4 nm, be-

cause the o�-state power dissipation becomes compa-

rable to the active power. The prospect of improving the

tunneling characteristics by producing oxides with a

lower trap density seems unlikely. The correspondence

between the simulations and the measured leakage cur-

rent indicate that the current at Vg � ÿ1:5 V is domi-

nated by the direct tunneling, not trap assisted tunneling

[2]. As Fig. 3 indicates the data are consistent with a

trap density cross-section product of 4 cmÿ1 over the

range 1.1±3.1 nm, or a trap density of 4� 1014 cmÿ3 for

r � 1 nm2.

To explore the possibility of improving the tunneling

characteristics by reducing interface roughness, we used

electron energy loss spectroscopy in conjunction with

scanning transmission electron microscopy (STEM) to

map, with atomic resolution, the unoccupied electronic

density of states (DOS) by site and atom column [3]. In

this way, we can characterize the electrical and struc-

tural properties of the gate stack simultaneously. To

improve contrast and sensitivity, we used the O±K edge

to provide information about the unoccupied O-p con-

tribution to the DOS. Fig. 6 shows the oxygen pro®le

inferred from a 1.1 nm (ellipsometry) thick gate stack.

An oxygen signal indicative of the bulk SiO2 DOS is

observed in a region approximately 0.8±1.0 nm wide,

while a signal indicative of interfacial oxygen is located

about either interface ranging in thickness from 0.3±0.5

nm wide.

At least two of the ®ve silicon atoms, which span

the oxide thickness are associated with the silicon/ox-

ide interfaces, and the interfacial atoms have very

di�erent electrical and optical properties from the

desired bulk silicon dioxide. In particular, the addi-

tional electronic states associated with the interfacial

regions, which appear at energies below the bulk SiO2

conduction band, are roughly aligned with the bulk Si

conduction band and imply an altered dielectric re-

sponse there (which may explain the discrepancies we

Fig. 1. (a) A high resolution transmission electron micrograph of the cross-section through a 35 nm gate length nMOSFET prior to

side wall etch. The inset reveals a gate oxide thickness of approximately 1:2� 0:3 nm.
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observe between tox measured using ellipsometry ver-

sus TEM.) These gap states result from the exponen-

tial decay of the silicon conduction band wavefunction

into the oxide, and the tunneling current depends on

the overlap of these states. An adequate tunneling

barrier must be at least 6k, where k is the decay length

of the evanescent state. The minimum thickness for an

ideal oxide barrier is about 0.7 nm. Interfacial

roughness contributes at least another 0.6 nm, which

puts a lower limit of 1.3 nm on a practical gate oxide

thickness.

3. Boron penetration

The most stringent requirements for high perfor-

mance sub-50 nm CMOS technology are dictated by the

PMOS transistor. In addition to satisfying the gate

Fig. 2. (a) The capacitance versus gate voltage measured at 1 MHz on 200 lm� 200 lm capacitors with n+ poly gates on p-sub-

strates with gate oxide thickness as a parameter (ellipsometry measurements shown as the black numbers). (b) The measured leakage

current versus gate voltage (black symbols) and the corresponding simulations (red). The high frequency C±V measurements are

compromised for tox < 1:3 nm, because the admittance is dominated by the conductance due to direct tunneling. The only free pa-

rameter in the quantum mechanical simulations is the oxide thickness (red numbers). (c) The capacitance versus gate voltage measured

at 1 MHz on 200 lm� 200 lm capacitors with p+ poly gates on p-substrates with oxide thickness as a parameter (ellipsometry

measurements indicated by the black numbers). (d) The leakage current versus gate voltage (black symbols) on the same substrate.

The corresponding simulations of the leakage current are shown in red. These simulations account, not only for the measured doping

distribution and quantization of the accumulation layer, but also treat the hole tunneling and electron tunneling from the conduction

and valence band.
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leakage criterion, the pMOSFET gate oxide must resist

boron penetration from the heavily doped polysilicon

gate electrode through the oxide into the underlying

channel to avoid threshold variations. The absence of a

shift in the ¯at-band voltage with tox in Fig. 2(c) and

the linear dependence of the threshold voltage tox shown

in Fig. 4 indicate minimal boron penetration through

oxides as thin as 1.0 nm. This resilience of the gate oxide

to boron penetration is consistent with other estimates

of the boron di�usivity (Db < 5� 10ÿ17 cm2/s) and

segregation coe�cient [4]. To corroborate these results,

a SIMS analysis was performed to investigate boron

penetration in oxides ranging from 1.0±10 nm thickness.

The SIMS data show no indication of excessive boron

penetration into the underlying substrate for oxides as

thin as 1.0 nm relative to the 10 nm gate oxide, following

a thermal cycle of 1050°C for 5 s (Fig 5). Boron pene-

tration is observed through a 1.0 nm thick oxide for a

1050°C 10 s cycle, however.

4. The ballistic nanotransistor

If the gate leakage current renders SiO2 thicknesses

<1.3 nm impractical, then the drive performance of a

MOSFET is limited by ballistic transport in the channel.

The correspondence between our measurements of the

DC drain characteristics of sub-50 nm gate-length

nMOSFETs and 3D full band Monte-Carlo simulations

show that ballistic transport can be achieved for e�ective

channel lengths <30 nm. To characterize the transport,

we use as a metric the transmission probability (T) of a

net ¯ux emanating from the source to reach the drain. In

the degenerate limit, the saturated drain current is given

by IDsat � T=�2ÿ T �qnhv�n�i, where hv�n�i is the average

thermal carrier velocity for a degenerate gas with density

n, where n � Ceff�Vg ÿ Vt� and Ceff is the e�ective gate

capacitance. For transverse ®elds >0.5 MV/cm, the

scattering in the channel is dominated by interface

Fig. 3. Gate leakage current plotted as a function of oxide

thickness. The open circles represent measurements taken at

Vg � 1:5 V using n+ poly on p-type substrate capacitors. The

solid (black) line represents the direct tunneling simulation; the

(blue) dashed lines represent trap-assisted tunneling simula-

tions.

Fig. 4. The threshold voltage of 165� 10 nm gate pMOSFETs

versus oxide thickness. A linear dependence extrapolates to

tox � 0:9 nm and indicates minimal poly-depeletion and boron

penetration following a 1000°C, 5 s anneal.

Fig. 5. SIMS analysis showing the boron pro®les through a

cross-section of a capacitor following an anneal at 1050°C for

10 s. The pro®le corresponding to the 1.0 nm thick SiO2 layer

indicates boron penetration, however the 1.0 nm thick SiOxNy

layer shown minimal penetration for this thermal budget.
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roughness like that illustrated in Fig. 6. The drain and

subthreshold characteristics measured in sub-50 nm

nMOSFET and pMOSFET with a 1.5±1.6 nm thick gate

oxide and a 1.5 V power supply are shown in Fig. 7. The

transmission, corresponding to the drain current at 1.5 V

is 0:86 < T < 0:95 for the nMOSFET and <0.5 for the

pMOSFET indicating that a 20%=300% improvement in

the nMOSFET/pMOSFET IDsat may still be possible,

provided T � 1 can be achieved. The fundamental nature

of the interface roughness, illustrated in Fig. 6, demands

that the transverse ®eld be reduced to promote higher

transmission.
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