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Multiphoton photoemission and electric-field-induced optical second-harmonic generation
as probes of charge transfer across the Si/SiQOnterface
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Multiphoton photoemissiofMPPE) and electric field-induced second-harmonic generatl®RISH) are
used as complementaiy situ probes of light-induced electron transfer across the Si(100)/8i@rface.
Pulses of~150 fs duration with photon energy 1.55 € w<<1.75 eV at repetition rates of 250 kHz or 76
MHz impinge on samples with 1.6-nm-thick thermally grown oxides. Oxygen-assisted charging of the surface
via internal photoemission from Si to Sj@ shown to increas@ecreasgthe EFISH intensityMPPE current
with EFISH (MPPB being sensitive to charge transfer at, @ressures 4 P(0,)<10° Torr [107°
<P(0,)<1 Torr]. At 10° Torr and averagépeal irradiances 1 kW cm? (25 GW cm 2), the surface
charge density reaches*#0cm™2. Adsorption is shown to follow a Fowler-Guggenheim isotherm consistent
with repulsion of charged species; an effective diffusion conskartl0™’ cn?/s is obtained. The small
residual EFISH/MPPE signal on return to vacuum conditions indicates transfer of some electronsttaf&iO
[S0163-182699)07903-3

. INTRODUCTION strongly affect the electric field in Si near the Si/Siter-
face. Small irreversible changes in the EFISH response fol-
The properties of the Si/SiOsystem form the basis of lowing evacuation of @ suggest transfer of charge from ad-
much of the semiconductor industry and are therefore theorbed Q to oxide traps. Since IPE alters the charge
subject of intensive research. As metal-oxide-semiconductadistribution, the laser acts as both pump and probe. Never-
(MOS) device dimensions penetrate further into the submitheless, the IPE/EFISH combination opens up new opportu-
cron regime, the properties of ultrathit6 nm or lesy  nities for quantitatively studying surface charging effects for
oxides? on Si become more critical. Charge accumulation inO, pressures =1 mTorr and surface charge density
SiO, is an important effect which can cause long-term drift>10"" cm™2,
in MOS devices. This can occur via trapping by defédisit In this paper, using a §8i00/1.6-nm SiQ wafer we offer
impinging or adsorbed gases can also assist film chafging.results from multiphoton photoemissiofMPPE experi-
Oxide charge is typically measured by capacitanceiments to independently corroborate our EFISH studies and to
voltage and current-voltage methotfs.However, optical demonstrate increased sensitivity to surface and bulk oxide
second-harmonic generati¢8HG) is a proven noninvasive, charging effects. We also extend earlier EFISH work to in-
non-contact tool for studies of electronic and structural prop-

erties of Si/SiQ,% Y7 MOS®-2Land metal-silicof?2*sys- Epgom — o __ Yo __
tems. Optical techniques offer the advantagénafitu mea- 1.0 eV
surements in the presence of gases or fluids and can also CB X

probe buried interfaces such as Si/gi@ has been demon-
strated that high repetition rate femtosecond laser pulses can
yield high signal-to-noise ratios while minimizing sample
heating effects® In recent works, we have shown that elec- CB_y
tric field induced SHGEFISH) is a sensitive probe of elec- ve_ % 8.9 eV
tron transfer in the Si/SiQsysten® 8 When wafers exposed

to O, gas are illuminated by 800-nm, 150-fs pulse trdifis,

the surface is efficiently charged via internal photoemission

(IPE) of electrons from Si to Si@ Other gases have consid-

erably reduced effect@ general mechanism of gas-induced VB
surface charging will be proposed elsewK&reFrom the
intensity dependence of the charging time we shdwibet
IPE involves excitation of electrons from the Si valence band
(VB) to the oxide conduction ban¢B) by absorption of at
least three photons. The relevant energy level sch&itias .
shown in Fig. 1. In addition to the band edges in Si/SiO —
Fig. 1 shows the ground states of, @nd of Q~, which Si Sio, 0, @
likely forms following charging of the surface. Electron

transfer to the surface decreases with increasing oxide FIG. 1. Band-edge energies in Si/SiOCB, conduction band;
thicknes$ and vanishes for oxides thicker than 10 nm. ThevB, valence bandE, .., vacuum energy level. The ionization en-
resulting surface charge and superoxide Bf% (O,”)  ergy and electron affinity of Qare also shown.
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> illuminated by pulses from two laser systems. The first sys-
tem(“Ti-osc” ) is a Kerr-lens-mode-locked Ti:sapphire laser
E, ——+——- emitting a 76-MHz train of 130-fs pulses, tunable from 720
to 825 nm with average power up to 1 W. The second system
\ CB (“Ti-amp™ ) uses the Ti-osc to seed a regenerative amplifier
W which provides 2uJ, 150-fs, 800-nm pulses at repetition
hw - rate 250 kHz. The pulses illuminate a 1p0n? area produc-

ing peak irradiances up to 25 GW/€mAs Fig. 2 indicates,
- it is weak nonlinear absorption processes that lead to electron
) transfer to SiQ and so alter the extent of the space charge
\ - region in Si. However, much stronger linear optical absorp-
tion produces high electron-hole densities which screen the
EP¢ > space-charge electric field. We now outline how EFISH and
MPPE probe the charge distribution in Si/$SiO

CB—"’/ = A. Electric field-induced second-harmonic

(o) generation in Si/Si0,

VB _/+ 1. Sources for SHG

- In the absence of electric fields, SHG in centrosymmetric
+tt media such as Si and amorphous $i©due to surface elec-
Si S0, O, tric dipole and bulk quadrupole contributiohs®*=#! The

FIG. 2. Influence of IPE and charging of adsorbegad EFISH surface polarization density at the second-harmonic fre-

and MPPEE®, static electric field in Sisolid horizontal arroy quency 1S
hw, photon energyE,.., vacuum energy level; CB, conduction p(20) _  (2) Spepe 2.1)
band; VB, valence bandy, surface charge density. Here three- sD;i ~ Xijk &) ko '
photon absorptiortvertical arrows excites an electrofdot-dashed  \yhile the bulk-quadrupole polarization can be written as
arrow) from the Si VB to the SiQ CB.

(2w) _ 1. ® ®
clude spectroscopic studies, and present a fundamental PEgi = Lij E'ViES"- (2.2

model of the EFISH time dependence under surface chargingere,x(a,s is the surface dipole susceptibility tensdlyy

conditions. MPPE has previously been used to sitidy Si 1K - )
and®3 a-Si0,, and bot_h MPPERef. 38 and EFISH(Refs. the bulk quadrupole susceptibility tensor aifl the funda

22-24 have been applied separately to high-speed electrdﬂenta‘.I belam elgc;cl?%ﬁelij. Wk|1er_1 at<_jc e(ljectrl_? f.|eld Is present
optic sampling. However, EFISH and MPPE have not beeri €€ IS &ls0 a bulk-dipole polarization density:
applied in parallel to nondestructive measurements of ® wpord
SIS0y P 1= X EVELES, 23

The IPE, MPPE, and EFISH processes are illustrated ilvvhere)(i(]-3k)I is the EFISH susceptibility anB the local dc
Fig. 2. MPPE is sensitive to the total potential barrier in Sig|ectric field. Sincdx®)| is ~10*x smaller in SiQ than in
and Si0,, while EFISH measures the electric field integral 5j EFISH from Si/SiQ is dominated by the near-interface
in Si alone. The two techniques therefore provide relateGiectric field in Si. In MOS structures EFISH
information although MPPE remains sensitive to oxygencontributed®1%42significantly to SHG forE%=1¢° V/cm.
pressures as low as1 wTorr. From our experiments we A more detailed model of the SHG response considers the
observe several novel effects includirig localization of  ejectric-field distribution in Si including screenifig.For
charge in the laser-irradiated region during €posure(ii)  Boltzmann statistics, and an excess electron-hole concentra-

irreversible electron transfer to Sj@raps after @ exposure,  tjon N in Si, the Debye screening length is

(iii) slow redistribution of trapped charge, afid) photoin-
duced electron trapping in the oxide filim vacuowith areal ( esksT 12
0=

, (2.9

density as high as-10'* cm™2. >
The remainder of this paper is organized as follows. In the Ne
next section we outline the basic theoretical formalism forwith static dielectric permittivityes;, Boltzmann’s constant

EFISH in Si/SiQ with emphasis on how charge transfer \ . ang electron-hole plasma temperatdieThe time scale

yields time-dependent SHG signals. We also briefly review, screening is set by the plasma frequency:
concepts related to MPPE processes. Section Ill describes

the experimental techniques, while Sec. IV presents results Ne? | 1?2
of the EFISH and MPPE experiments. The paper concludes wp= " (2.5
with a summary of our major findings. €sim

where the conductivity effective massns* =0.26m,.
The time dependence of the near-interface density of ex-
In anticipation of the experimental results that follow, we cess carriers in Si is shown schematically in Fig. 3 for both
model the EFISH and MPPE response of Si/S#b 295 K the Ti-amp and Ti-osc. We take a surface-recombination

Il. THEORETICAL CONSIDERATIONS
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~ 10" 3 3 i ic fi
2 ] E The interface electric fiel@E™, and the surface charge den-
g . sity o can be estimated by comparing the EFISH response to
< 107 3 3 that in dc-biased MOS structures.
o The effective SHG polarization density can now be writ-
© 10 4 J ten as
O
" Pt = eoxif B ER + €0 (20) [y 'V EY
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FIG. 3. Interface excess carrier density in Si duefi®  \here the integration over the SHG absorption depth for the
=155 eV laser sources with average irradiane8.6 kWicnf.  pylk quadrupole and EFISH contributions is implicit in the
Upper curve, 250-kHz, 150-fs Ti-amp. Lower curve, 76-MHz, gecond and third terms, respectively. For fixed orientations
130-fs unamplified Ti-osc. of E(kw) and El(w), the SHG intensity is

velocity***® S=10° cms™?, a bulk recombination time of 1% oc|y2S+T (a2 (2w) +exFonp leg] 1112,

3 us and an absorption coefficiéhta(w)=10° cm ! at (2.12)
A~800 nm. For the Ti-ostN~10'® cm 3, A\p~4 nm at
295 K, andw;1~30 fs. Cumulative pulse-to-pulse effects
determineN since the 13-ns interval between pulses is shor
relative to the time-scale for carrier recombination. For the
Ti-amp apeak N~10'° cm™3 results, with\p~1 nm and
wgl~10 fs. The source region for EFISH in Si is limited

wherel(®) is the fundamental intensity. The effective scalar
usceptibilities imply a sum of tensor elements weighted by
resnel factor§®4

2. SHG time dependence

by screening, and not by optical absorptidg<a ™~ (2w) The time dependence of is given by
<a Yw) for*® a 1(2w)~80 nm.

The EFISH response is related to the integral of the d_‘TZM_ g (2.12
screened electric field in Si, and thus to an areal defsib§ dt Ty T4’ '

negative charges on the oxide surfa€égg. 2). In what fol-
lows, the greatest contribution tois charge transfer from Si
to SiO, due to multiphoton absorption in Si. Any interface or
oxide trapped charge can also be incorporated inté-rom
Gauss's law, the electric field in Si at the Si/Sitdterface is

for a densityo, of empty charged sites a0, dissipation
time 74, and accumulation timey. Since o,.— o as 7y
—oo, a dissipation process is required to attain a steady state
with o,.<oy. Possible dissipation processes include Cou-
lomb repulsion among adsorbed, @olecules, carrier re-
combination, and exchange between the adsorbed and gas

doe A _den €04 phases. Asr increases, the potential barrier to IPE ang
E™(z=0)z=Ej,z= P (2.6 poth increase. Neglecting tunnelifythe rate ofn-photon

' IPE through SiQ of thickness g, is

wherez is the outward normal to the surface. Bt 0 in the 1 1 [ e?0dyy 2
semi-infinite substraf[e, theetcharge density in the screened 75(0) Tg(O)[l es(Nho—fop)
space-charge layer is
ezodox) 2
| nhw—hwr— . (2.13
SN(z)=SN(0)exp(z/\p). 2.7 €si
The change in the IPE threshaldv; due to surface charge
Since the electric field vanishes as» + «, o is eE®dy=e?0d,y/ €si. The path length for electron en-
ergy loss may actually exceeat], due to the space-charge
SN(0)e\ electric field in Si. The IPE energy dependence is due to
Ed(z)=——— L expz/\p)2 Kane?®%% and will be described below in connection with
€si MPPE. With 1.55 e¥sfhw<1.72 eV andiwi~4.2 eV,

0 the lowest-order multiphoton absorption processes leading to
with J ON(Z2)dz=6N(0)\p=0c. (2.8 IPE from the Si VB to the SiQ CB haven=3. IPE may be
T due to direct three-photon absorption, cascaded linear and
two-photon absorption, or a combination thereof. For suffi-
The electric-field integral over the SHG absorption depth isciently largeo, the maximumo corresponds tcr;l=0 in
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FIG. 4. (a) Surface charge density vs time. Points, IPE-surface- FIG. 5. (a) Steady-state surface charge density vs oxide thick-

charging model withr,(0)=10 s, 74=100 s.(b) Corresponding "€S3: IPE-surface-charging model wit{0)=10 s, 74=100 s.
SHG intensity vs time. (b) Steady-state SHG intensity. Line, numerical model. Circles, our

data from Ref. 7.

Eq. (2.13, or 0<1.6x10" cm 2 for three-photon IPE,

with Aw=1.55 eV andd,,=1.6 nm. for n-photon absorption coefficiert,, in Si, reflectanceR,
The numerical solutionr(t) of Egs.(2.12 and(2.13 and  and electron mean-free path=10 nm. Equation(2.15) is

the SHG intensity are shown in Fig. 4 for three-photon IPEWeighted by the duty cycl&, 7, of a pulsed laser with rep-

with ¢=0 att=0. In anticipation of typical experimental €tition rateR_ and pulse durationr,. For simplicity the

conditions, we have usedE*=10° Vem ! or o, charge-transfer efficiency is set to unity and the electron mo-

—10" cm 2, and have taken the ratio of the steady-statgNentum is unrestricted. WithKs=10"° cm’/(GW)? R

EFISH contribution to field-independent terms in E.1) = 0.2, and{)=20 GW/cnf, we obtain7y(0)~100 s for
to be 1.24. Phenomenological valliésr Si/SiO, exposed to the Ti-amp, in good agreement with observations presented
air were used forry(0) andg. here and in Ref. 7. The corresponding time-averaged IPE

Equation(2.13 implies that greater electron-energy loss €lectron flux is 16! cm™2s™*. For the Ti-osc the observed
occurs in thicker oxides. IPE is totally suppressed when Tise times are 0.1 to 10 s, depending on the photon energy
and 1(®), However,n=3 and (®)=0.06 GW/cn? in Eq.
(2.15 give rg(0)~107 s for the less-intense Ti-osc source.
(2.14 Given the large carrier density excited by linear absorption
e’o., (N~10'® cm™3), cascaded two- and one-photon absorption
may dominate IPE for the Ti-osc. Assumimg=2 andK,
Assuming o,.=10" cm 2, dy,c~3 nm. Figure 5 de- =10 cm/GW (Ref. 53 in Eq. (2.15, and taking the effi-
picts the exact steady-state solution of Egs.(2.12 and  ciency of free carrier absorption to bel0~* (corresponding
(2.13 for differentd,,. The corresponding SHG intensity is to a conservative absorption cross sectior-dfo~ 1’ cm™?)
also shown. The same ratio between EFISH and fieldene findsry(0)~10° s, much closer to the value observed
independent SHG was used as in Fig. 4. A convenient anaxperimentally.
lytical approximation iso.. = 0y ax@XP(—dox/dox ). Both the
calculation using Eq(2.14 and the numerical solution in
Fig. 5(b) agree withd,, c~3.5 nm from the data of Ref. 7. ] ] o ] ]
The discrepancy fod,,<d,, c may exist because our model A partial separathn pf the _contrlbutlons tc_J the anisotropic
excludes scattering and restrictions on the electron momerHG response of Si/SiCconfirms that the time-dependent
tum. part of SHG is EFISH. As discussed in Refs. 18 and 40, in

From scaling relatior?s for multiphoton absorption, Si(100 the p-polarized SHG intensity due to @polarized
fundamental is

(nﬁw—ﬁw-r)es-
dox= dox,C:—l-

3. SHG anisotropy and spectroscopy

1 K [171(1-R)"R, 7
_ Kl 171 )"RL 3 (2.15
74(0) Nhw o 1290 |ay+ a,coq 44) |2 (2.16
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with =0 for a[011] axis in the plane of incidence. The
isotropic coefficienta, comprises interface-dipole, EFISH,

Here, ¢ denotes sample rotation about the surface normal v

and bulk-quadrupole contributions. Since the fourth-rank €

['jjix alone can produce a fourfold anisotroy, represents

only bulk-quadrupole contributions. The signature of EFISH ®

is increasing|ay| and decreasingay|/|ao| for increasing
EdC

int-

A two-photon resonance of the bulk-allowed

contributiort®*?°?1at 24 w=3.4 eV in both Si and Si/SiQ
was first reportetf by Daumet al. This SHG feature is red-
shifted relative to the nearbl, and E; resonances in the
linear response of Si. Dauet al. attributed® the redshift to

inhomogeneously strained near-interface Si layers. Studies o

dc-biased MOS structur@s*lexhibit a weak interface dipole

peak at 3.25 eV and a strong EFISH peak near 3.4 eV. Both

resonant features contribute onlydg in Eq. (2.16). For the

purposes of identifying EFISH processes, the resonant en-

hancement ofay| and decrease d,|/|ay| with increasing
Eﬂ?t are most pronounced neaft@=3.4 eV.

B. Multiphoton photoemission

Photoemission is sensitive to changes in the enebgy
needed to emit an electron from the meditthn this paper,

A Sio,
L Si

FIG. 6. Geometry used to measure SHG and MPREollector
potential.

tion (2.20 can be modifiet?® to reflect multiple initial
states. For MPPE from the VB edge in Si= ¢y
=5.15 eV for indirect transitions, anfl= ¢4=5.45 eV for
direct transitions® Figure 2 depicts three-photon MPPE
from the CB with Jiw=4.65 eV and ¢s;,= byg—Eg,ig
~4.3 eV, whereEgy 4 is the minimum(indirec) band gap

¢ increases as the surface charge density increases. Fof Si. For four-photon MPPE, #w=6.20 eV and gy,

MPPE from metal$>®® the current density emitted from
the sample is a sum afphoton contributiond, where

|3nl = o[ 11", (2.17
with the n-photon ionization cross section being

e)nA 1-R)"T2 F(nﬁw_¢) 21
7o (1-R) “keT ) (2.18

Here, A is the Richardson coefficient (120 AcrK?),

F the Fowler function, and the electronic temperature. The
constant of proportionalitya,, is usually determined
empirically?” with

ogn=4a,

P K pre

&% D (@) + 1N’ (2.19

where p is the electron escape probability aig, pg the
photoemissive part df,,. The charge emitted is the integral

of J-z over the surface area and the pulse duration.

A model of MPPE in semiconductors repladesn Eq.
(2.18 with expressions due to Kaffawvhich take least-order
energy band expansions abebifor the electronic density of
states. AlsoT may not be well-defined for nonequilibrium

carriers generated during a 150-fs Ti-amp pulse, but a more
detailed model for the transient-carrier distributions is not.

justified at this stage. The integrated photoelectric Y&t
is

YPEM(%> [Niw—(p+Ap) ™ (1) (2.20

Here we useA ¢ to represent changes i#h due to photo-
induced charge transfer. The effectigas determined by the
initial state, which may be a VB state, mid-gap defect state,

=¢4. The relative importance of three- and four-photon
MPPE can be estimated from Wherret's scaling relations for
multiphoton absorptioA* The n-photon and i— 1)-photon
absorption processes are related  by,(1(“)"/

Koo (1) 1=/ Here,l ,~10" GW/cn? is the criti-

cal irradiance at which (—1) photon absorption in Si
matches n-photon absorption. In this paper, ()

<25 GWicnt andl{®)/|.~10 6. However, given the high-
electron density excited to the CB by a single Ti-amp pulse
(N~10* cm™2), the four-photon process is not likely to
overwhelm the three-photon process on the basis of the den-
sity of initial states. Thus, the efficiency of sequential linear
and three-photon MPPE processes may be higher than that of
direct four-photon MPPE. One usually takes=2 in Eq.
(2.20 for direct MPPE dominated by bulk processes. For
near-threshold [Aw—¢]<0.1 eV) indirect photo-
emission®%%%® m=5/2 is expected. We shall usa=2,
since Frw— ¢3;,~0.3 eV. As Ref. 37 indicates, neither
Coulomb forces nor three-body electron heating in the,SiO
CB are expected to cause photoelectron energy shifts for
|(©)<25 GW/cnf.

Ill. EXPERIMENT

The geometry for MPPE and SHG experiments is shown
in Fig. 6. The Ti-amp and Ti-osc laser sources were de-
scribed in Sec. Il. Unless otherwise stated, samples were
irradiated by 150-fs pulses from the Ti-amp source. For
I(©)=25 GWi/cnt in a 100- um-diameter spot, time-
averaged MPPE currents werel nA (10" electrons/
cn?s). For measurements of MPPE alone, a normal inci-
dence geometry could be used. For simultaneous MPPE and
EFISH measurementg;-polarized laser radiation was inci-
dent at 45°. As shown in Fig. 7, a polarizer, Pellin-Broca

or a CB state populated by linear absorption. Equafprism, and filters selected thepolarized component of the
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FIG. 7. Optical layout for SHG: TS, Ti:sapphire laser; RA, re-

generative amplifier; P1,P2, cube polarizers. F1,F2,F3, filters; FIG. 8. Time-dependent SHG from Si/Si@ air illuminated by
L1,L2 lenses; PMT, photomultiplier tube; UHV, ultrahigh vacuum p-polarized\ =800 nm laser light. Scatter-plot, data. Curve, IPE-
chamber. surface-charging model.

reflected SHG, which was detected by a photomultiplier tubénd was determined by ellipsometry to be 1.6 nm thick. The
(PMT). Gated by the Ti-amm switch, a photon counter e€ssential features of experiments using other samples, in-
recorded the SHG signal and subtracted a near-zero dagtuding n-type S{100 with device-quality dry oxides and
signal. Gated photon counting yields high sensitivity andp-type S{100) anodically oxidized in HCI, are similar to
high signal-to-noise measurements despite the low SHG corihose reported here; details will be reported elsewfrere.
version efficiency €10 9.

The Ti-osc was used for spectroscopic SHG measure- IV. RESULTS AND DISCUSSION
ments with 1.55 e¥hw<1.72 eV. The 200-mW-average- ) i . .
power, p-polarized beam impinged at a 45° angle of inci- _ Figure 8 presents a typical time-dependgrpolarized
dence on a Si/Si9sample in air. The Ti-osc power was SHG trace for Si/SiQin air eXgosed to 25 GWent Ti-
constant within 15% across the tuning range. The photo®MP pulses. The increase EP® during laser exposure is
counter was gated by a 300-Hz mechanical chopper placed M{ell-described by the numerical solution of E¢8.12 and
the  beam. To correct for the PMT spectral response and2-13. A fit to the data shown in Fig. 8 gives,(0)=6.7 s
changes in peak irradiance with, the signal was normal- and 7¢=67 s. To establish that the SHG enhancement is
ratus was otherwise the same as in the Ti-amp experiment82l using Ti-osc as indicated in Fig. 9. The resonance in the

The sample chamber was maintained at presssrés ISOtropic (ap) SHQ Component at 2&):3.37 eV (
x10~7 Torr prior to O, exposure. For measurements of =735 qm) is consistent with EFISH. Figure 10 _shows the
charge trapping in vacuum, the chamber achieved a baseHG anisotropy measured vs timeat 735 nm. Given the
pressure<10~° Torr. A quadrupole mass spectrometer de-l0ng recovery timery, a distinct area of the sample was
tected no significant amount of,@ollowing gas exposures.

Ultrahigh purity (=99.994%)Q was used. 12} °®, 1os

A grounded picoammeter measured a positive current I ° ]
equal in magnitude to the MPPE current via a wire contactto 1.0 b dos
the sample surface. A-1 cn? collector plate could be & | ®
placed 1 cm from the sample. As the collector poterial § 08 L o4
increased to several volts witi>0, the MPPE current in- g ° 1 B
creased fourfold, then reached a plateau when all photoelec-E %6 s 103 &
trons were collected. Similar results were obtained for nega- ° - u 1 ©
tive currentsV=0, and a sample held at negative potential. %4 o N _u "oan 102 §
Photo-induced changes igpp were confined to the area TYR LA = " + 1 &
probed by the laser. Translating the sample>bi00 um is 02f m¥mm gm « XTX % 1
effectively the same as using a virgin sample. The sample *x x xoXER T % x oo
was also heated from time to time to remove the effects of *°F o e - YV E—

previous exposures, but all MPPE/SHG experiments were
conducted at 295 K.

The samples were polishedtype S{100 wafers(resis- FIG. 9. SHG spectra of Si/Sidn air. Left axis, initial(squares
tivity 20—100 2 cm) 2 mmX12 mm in area and 0.3 mm and steady-statéircles isotropic componenia,|. Right axis, ini-
thick. The existing Si@ film was grown in steam at 850 K tial (X) and steady-stateH{) anisotropic componengy,|.

Two-photon energy (V)
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FIG. 12. SHG(top) and MPPEbottom) during O, exposureA,
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o
o

b 10 20 o o =0 Yee=K[1{]". The fittedn=3.3+0.1, suggests that three-
. . photon MPPE dominateS.However, 3io=4.65 eV, less
Sample orientation (degrees) than the VB-to-vacuum MPPE thresholé 5.3 eV). This
, suggesty > MPPE from defect/ impurity states or CB states
FIG. 10. SHG anisotropy on-resonandee(=1.69 eV). Top,  fjjeq py linear absorption, withh~4.2 eV. Note that the
SHG response vs time. B°“°m' 'n't'ahangl.eg and steady-state current-intensity curves wit=0 andV=+60 V are par-
(circles SHG normalized to unity. Curves, fits to B@.16. allel. This together with the absence of a plateau in the

robed at each anglg. The upper figure indicates the an- MPPE current at high'*), even forv=0, shows that MPPE
b g'é. pper g is not limited by vacuum space charge effects. In what fol-

! i
isotropy after 1, 10, and 100 s of laser exposure, correspond- .
ing 10 |a|/|ag|=0.20, 0.13 and 0.10, respectively. The?ZWS’ all experiments used a grounded sample and collector.

lower figure presents the “initial” {—0.33 s) and “steady Since the MPPE current could only be measured {8
state” (t=290 s) anisotropy, witha,|/|a|=0.22 and 0.10, over one order of magnituda,cannot be determined to high

respectively. A comparison of these EFISH signatures wittPrecision. Figure 11 also shows data for a selected region of

the data of Dadapt al.for MOS structure® indicates a field sample, which yields very high MPPE currents, with
. dc ~3.7. Variations im across the sample surface suggest that
increaseAE; ;1 ~3 MV/cm.

int ¢ is somewhat nonuniform. However, tiheagnitudeof the

We now consider MPPE from the same sample when II'MPPE current is similar even wheres obviously different.
luminated in vacuum by Ti-amp pulses. Figure 11 shows

. . he average exponent for several similar measurements was
oo e e MPEe e aeys o oo =37, T, b ree-phcton and four-proton processes
’ may contribute to the MPPE current. This exponent should

not be overemphasized, however, since the actual irradiance-
dependent distribution function probably cannot be described
by a thermodynamic temperature, which E2.18 assumes.
Intrinsic defects of the ultrathin oxide may also have some
effect, but tunneling is not expected for an unbiased sample.
Increased laser scattering and high MPPE currents were
sometimes observed near the sample edges, suggesting me-
chanical damage. Such regions were easily excluded from
study.

Figure 12 shows simultaneous SHG and MPPE measure-
E ments of photoinduced charging of the Sifim during ex-
posure to 70 Torr @with 1()=20 GW/cnf. For this high-
dose case, the relative change in the SHG intensity was
|@o)|(2)=13 We estimate EX~1.5 MV/cm from
EFISH in MOS structure¥’ or c=1x 10" cm~2. Suppres-
sion of MPPE due to charge accumulation is evident in the

FIG. 11. MPPE vs peak irradiance. Lines, power laws with ex-data of Fig. 12, bottom. Note that electron scattering fron O
ponentsn. Circles, collector bia¥ =+60 V, n=3.2. Squaresy gas phase molecules has a negligible effect on MPPE. In the
=0, n=3.3. Crossesn=3.7. range from 1 to 1000 eV, the total electron scattering cross

SHG Intensity (arb. units) SHG Intensity (arb. units)
MPPE current (pA)

1000 ¢ T T y y T

100 £
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>

-
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FIG. 13. MPPE response &O,) increases from 1QuTorr to FIG. 14. Site-specific decrease of MPPE in vacuum.
A, 100 wuTorr, B, 200 uTorr, C, 600 uTorr. D, evacuate . . .
chamber. MPPE current remained reduced, as in Figs. 12 and 13. The

Ti-amp beam was blocked and then briefly unblocked at
0 i s <10-15 on? 0 5-min intervals so that the MPPE current could be recorded.
section” in O is <10 cnr. Only 0.01% of the MPPE ¢ Gircles in Fig. 15 indicate the gradual decreasepin

flux is scattered from @molecules aP(O;)=1 atm. (increase inYpg) in the irradiated region. A similar experi-
As depicted in Fig. 12, the SHG and MPPE signals re<,ant was conducted in which the sample was translated
cover partially when the analysis chamber is evacuated. F

(201 (20) — Yo %50 um perpendicular to the Ti-amp beam following the
t>700 s, I7 /15 =1.05, Ejp~0.2 MV/cm, ando~1  jnitig irradiation and Q exposure. The second MPPE mea-
X10% cm 2. The changes in MPPE and SHG dependgyrement indicates a slow increasedn(decrease ifYpg),
strongly on the gas used, with the strongest effects due tgepicted by the squares in Fig. 15. The slow decréase

7 . . .
O,." MPPE and SHG maintain constant residual levels everreasgpin ¢ inside (outside the treated area indicates lateral
when the laser beam is blocked for 5—10 min. This rules OUhigration of charge in the oxide film. Both of the above

artifacts due to sample heating. We therefore attribute th@yperiments would give similar results if laser-induced heat-
residual change to charge transfer to Sitaps, possibly ng were relevant. We estimate an effective diffusion con-
from a_dsorbed superoxide §O) anions! formed by IPE stantD~10"7 cn#/s for the trapped charge. The charge
from Si. transport may be driven by Coulomb repulsion, not thermally
Figure 13 shows the MPPE response at”)  activated. Since trap states lie in the band gap of the insulat-
=25 GW/CrT"r_ for 107°< P(O_2)<10*3 Torr. While sig-  ing Si0,, transport may be limited to trap-to-trap hopping.
nificant Q,-stimulated SHG is observed only fdP(O;)  Measurements of Odesorption using a mass spectrometer

=1 Torr, MPPE extends observations td(O,)  did not detect any change ®(O,) at the 10°*2 Torr level
~10° Torr. The gradual decline in MPPE current repre-

sents @Q-assisted, IPE-induced charge accumulation on the
SiO, film. The reduction of the MPPE current upon evacua-
tion of the chamber remained evident following a 10-min 06
interval during which the laser beam was blocked. P

Figure 14 illustrates a peculiar MPPE response of par-
ticular “virgin” areas of a sample in vacuum exposed to the
Ti-amp atl(®)=25 GWi/cnf. We attribute the decrease of
the MPPE current to direct, i.e., gas-independent,, Sié)p-
ping processes. The effect remains at least for several hours®
Since there is no corresponding increase in SHG, the trappecs g, L
charge density here is5x 10" cm™2 or less from com- - [
parison to the data of Fig. 12. While the residual drop in s . .
MPPE due to @ exposure is evident anywhere on the
sample, direct trapping normally has a lesser influence be- 00- B X X X X X4
cause it is confined to specific areas.

The high sensitivity of MPPE can be exploited to measure o 30 600 90 1200 500
charge redistribution from the sample area irradiated by a Time (s)
normal-incidence Ti-amp beam, as shown in Fig. 15. The
threshold shiftA¢ was calculated using Ed2.20. With FIG. 15. MPPE threshold shift insidéircles and outside
P(O,)=30 Torr, a 100xum-diameter region was irradiated (squarey the laser-irradiated region after 30 Torr, @xposure.
for several minutes. When the chamber was evacuated, th&osses, control measurement on an untreated sample.

rb. units)
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05 (T e | coverage is linear in IA over several decades. At 1 Tasr
I o ® ~10" cm 2, so u~6kgT for singly charged adsorbates.
o4l °® ] The Coulomb forces implicit in the data of Fig. 16 should
I o ® lead to redistribution of charge.
s ° EFISH and MPPE are complementary techniques for
0s b - n ] measuring related charge-transfer phenomena in Si/€9
— am 1 in different regimes of @ pressure. EFISH is best suited to
3 [ g ® ] pressures P(O,)=1 Torr, where o~10% cm 2,E™
S0z 0 - ~10° Vicm, andA $=0.1 eV. The more-sensitive MPPE
i T can resolveA ¢~0.01 eV forP(0O,)~10"° Torr, equiva-
I ] lent to o~10" cm 2. However, for P(O,)=1 Torr,
0.1 . MPPE is totally suppressed and is limiteditovacuomea-
[ | surements of residual effects. A biased collector anode might
i extend the sensitivity of MPPE to lower pressures.
00 sl PERTETEuTIT | R | PETErERETT | PEETETERETT |

10° 107 10" 10° 10’ 10? 10°

Pressure (Torr) V. CONCLUSIONS

FIG. 16. Steady-state threshold shift measured by MPPE We. have Showr‘.that EFISH an.d MPPE methods can .be

(squaresand SHG(Gircles during O, exposure. combined to sensmvel_y measure important charge trapping
processes in/on ultrathin Sj@ims on Si. Using both EFISH

and MPPE, we observed,@ssisted charging due to internal
within 5 min of evacuation of the analysis chamber. Therephotoemission of electrons from the Si valence band to the
fore, redistribution of charge is not related tg.O SiO, conduction band, at surface negative charge densities

The sample was then heated to 700 K for 20 s to detrapp to 1d° cm™2. The threshold changes¢ in MPPE and
electrons in Si@, then cooled to 295 K. As a control, a electric fieldE in EFISH were compared as an approximate
MPPE measurement was conducted in vacuum, but withowross-calibration of the two techniques. Residual charge
prior O, exposure. As indicated by the crosses in Fig. &5, transfer to SiQ traps is observed via EFISH and MPPE
was almost constant. The very small increasgimay rep-  when Q gas is removed. MPPE measures the slow lateral
resent direct trap filling. Furthermore, no lateral charge reredistribution of trapped charge, giving an effective diffusion
distribution was measured in a region of the sample exhibitgonstantD~10"7 cn?/s at 295 K. In vacuum, the MPPE
ing direct trapping in vacuum similar to that represented inprobe is also able to deteet10' cm™2 electrons trapped in
Fig. 14. This indicates that the,&ssisted anth vacuotrap-  specific areas of the SiOfilm. The relative sensitivity of
ping mechanisms involve distinct trap sites. EFISH and MPPE may differ in other regimes of photon

Figure 16 compares MPPE and EFI3Hp data over a energy/irradiance, or in materials with different third-order

broad range oP(O,). Each Q exposure lasted 200 s. SHG suysceptibilities and multiphoton absorption mechanisms.
data were analyzed using E2.11). The maximum,A ¢

~0.45 eV, exceeds the nominal 0.40 eV limit for IPE with
hwr=4.25 eV(Refs. 26 and 2fand 3 iw=4.65 eV. This
may be because the reference EFISH Hatefer to p-type We acknowledge stimulating discussions with Dr. J.
MOS structures wittd,,=18 nm. Nevertheless, we intend Bloch and Dr. Z. Burshtein. We also thank Dr. J. Bardwell of
only to show howA ¢ scales withP(O,), not to precisely the Institute for Microstructural Sciences for ellipsometry
calibrate EFISH. For three-photon MPPEg was calcu- measurements. This research was funded by Photonics Re-
lated using Eq. 2.20 withh= ¢5;,=4.33 eV>®® The lin-  search Ontario and the Natural Sciences and Engineering Re-
ear variation ofA ¢ with InP(O,) is consistent with Fowler- search Council of Canada. H.M.vD. gratefully acknowledges
Guggenheim adsorptid. For repulsive interactions with the support of the Canada Council. J.G.M. received assis-
interaction energyu=2kgT between adatoms, the surface tance from the Ontario Graduate Scholarship Program.
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