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From the Dawn of Transistors

First Transistor Atomic Scale Transistor
Bell Labs, 1947 Bell Labs, Lucent Technologies, 1997
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* Near atomic scale transistor is proven to be functional
e Further scaling requires New Dielectric Materials!
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Motivation and Challenge
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SIA Roadmap

1999 2001 2003 2006 2009 2012
Gate Length 575 475 415 320 220 160
Gate Di€lectric thickness| 10-16 6-10 6-10 5-6 <5 <5
Metal (atoms/cnf) 410 3710 210 1'10 <100 <10
ILD low-k 2.5 2-25 15-2 1.5 £15 £15

Unit of length = p Angstroms ~ 1 Silicon Atom

» Reasons and challenges for high-k dielectric materials:
— Reduce tunneling current through ultra-thin dielectrics

— Etchable
» Reasons and challenges for high-k dielectric materials:

— Reduce RC delay and cross-talking
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Metal Oxide Selection

Criterion 1: Solid Metal Oxide at 1000K

A 1B VB VB VIB VIIB

1A IVA VA VIA VIIA —VIIA —— 1B 1B

L anthanide* 58 59 60 62 63 64 65 66 67 68 69 70 71
Ce| Pr Nd Sm| Eu| Gd| Tb| Dy | Ho| Er Tm| Yb | Lu

Actinide+

Criterion 2: S +§|\/|Xoy > sio, +2y—X|v| . DG>0at 1000K
Criterion 3: (xz +%) Si +M,0, > X MSi, +% S0,, DG>0(1000K)

J. P. Chang, Electronic Materials Processing Laboratory Department of Chemical Engineering, UCLA



Additional Consider ation

Dielectric e Vigp (MV/cm) E, (eV)
SO, 3.9 12-15 8
SIO,N, ~4 15-16 6
Si,;N, 7-9 10-11 5

TiO, 80-120 0.5 4
Ta,0, 20-25 35 34
Zr0, 15-22 15-20 57
Y,0, 12-15 4-5 6
ALO, 0-12 10 8
Z1Sio, 13 ? ?

e ZrO, hashigh e, large Vg, and wide band gap
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Chemical Vapor Deposition of ZrO

Main Gas Flow Region
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« Surface reaction: kinetically driven chemical reactions
o (Gasphase reaction: lower reaction activation barrier
« RTCVDand PECVD
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Process Schematic
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 Fully integrated in-situ chemical processing
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Process Seguence

Precursor Exposure OXxygen Exposure

Chamber base pressure

e Precursor: Zr(OC,H,),
— Time
— Bubbler temperature
— Substrate temperature

 Oxygen
— Time
— Substrate temperature
e Chamber base pressure ~107 torr
e Substrate temperature < 300°C  no deposition
o Substrate temperature ~ 350°C  atomic layer deposition

o Substrate temperature ~500°C  multi-layer deposition
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Atomic Layer Deposition
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* Nearly atomic deposition at T, ~ 350°C
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Ln [Rate (A/min)]

Plausible Reaction M echanismstd

E_= 4 kcal/mol
(transport limited)

E_= 29 kcal/mol
(reaction limited)
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Reaction limited to transport limited transition

b-hydride elimination could regenerate surface hydroxyl groups
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Effect of Precursor Exposure Time
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e Oxidation timeisheld constant at 20 seconds
* Film Thickness depends strongly on precursor exposure time.
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Effect of Oxygen Exposure Time
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*FIm thickness is nearly independent on oxygen exposure time.
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Effect of Oxidation Temperature
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 Film thickness decreases dightly at higher oxidation temperature
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Deposition Unifor mity

IR radiation
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 Deposition rate and stoichiometry strongly depend on the temperature profile

« RTCVD requires much |ess ener gy than typical oxidation process using furnace
(eg. Heating Time from RT to 500°C : 15sec. by RTCVD vs. 45min in afurnace)
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Film Morphology

RMS=2.4A
490°C

RM S=11.2A 0.0 nM
560°C

o

« Surface roughness depends strongly on process conditions.
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| ndex of Refraction
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* Index of refraction ~ 2.1 (consistent with literature values)
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Chemical States Analysis

X-ray Electron Energy Analyzer
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» Stoichiometric ZrO, deposited with some carbon incorporation
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J. P.

Single Transmission |R Analysis
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O-H stretching vibration (3200-3700 cmt) scaled linearly with film thicknesses
C-H stretching vibration (2920 cm?) was invariant with film thicknesses
Most hydrocarbons were due to air exposure
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Thermal Stability of ZrO,
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* Good thermal stability with carbon reduction at high temperatures
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X-ray Diffraction
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e Amorphous ZrO, films deposited
e (Crystalline ZrO,: cubic, monoclinic, tetragonal) ‘“}
* Nore-crystallization observed at 750°C S
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Zr,S ZrS ZrSi,

 Poly-silicon capped ZrO, thin film
o ZrS0,: thermally stable and chemically inert
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High Resolution TEM
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 |Interfacial layer exists between Sl and ZrQO,
« Monoclinic ZrO, and amorphous ZrS O,
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Concentration ( 0.0274 A*)

MEIS Composition Profiling

Zr0O, (20.4 A) on Silicon
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e 100keV H+ (thickness agrees with ellipsometry measurement)
o Significant mixing at the interface
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SIN Interfacial Barrier
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Excellent Step Coverage

High Aspect Ratio Nano-Cylinders

No Deposition

1M 20Ky

o Highly uniform thin film deposited over memory cells!
o Simulation verifies conformality vs. reactant sticking coefficients
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MQOS Capacitors
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o Effective dielectric constant = 15 (1 MH2)
o Small hysteresis and low leakage current
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NMOSFET Devices

20 mm n-Channel Device
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e DeviceDimensions W=100mm: L =1, 2,4, 8, 12, 20, 100 mm
* No threshold adjustment

Low leakage current obtained: 2x107 A/cm* @ 1.5V
» No obvious breakdown at -5V
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Summary

* Amorphous and stoichiometric ZrO, deposited by
RTCVD

e Didectric constant and index of refraction are 15 and
2.1, respectively

* Interfacial ZrSIO, poses challengesin device
Integration

« High breakdown field and low |eakage current obtained
for ZrO, based MOSCAP and NMOSFET devices

« RTCVD and etching are critical to the utilization of
novel dielectric materials
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