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Trapping and detrapping of electrons photoinjected from silicon
to ultrathin SiIO , overlayers. I. In vacuum and in the presence
of ambient oxygen
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Transient trapping/detrapping of electrons at th€l@)/SiO, outer surface is studied studied in
vacuum or with an @ ambient (between 102 and 30 Tory following internal electron
photoemission from Si. Photoemission-curr@mtoduced by a 150 fs, 800 nm laser souraad
contact-potential-difference techniques were used to investigate a wide varietyaoél p-doped
samples at 300 K with thermally grown, steam grown, and dry oxides with thicke®ssn as well

as samples with the oxide layers removed. Characteristics of the steam grown oxide were also
studied at 400 and 200 K. For samples in vacuum charging is attributed to direct filling of at least
two families of traps, one related to the oxide and the other the Sii8t€&face. For samples inO

details of oxygen-assisted surface charging as reported previ®isfg. Rev. Lett77, 920(1996)]

are given. A fast, Coulomb-repulsion driven spillover of surface charge from the irradiated spot to
the rest of the surface was detected. Oxygen aids trap filling of the in-vacuum filled and
gas-sensitive traps and also detrappiing efficacy of which increases strongly from 400 to 200 K
when the optical excitation source is removed. Surface transient charging and charge trapping
efficacy for the oxidized samples are not very sensitive to sample preparation. A mobility of the
trapped charges, probably hopping between traps and also Coulomb-repulsion driven, was
measured. ©2000 American Institute of Physids$S0021-897€00)05114-§

I. INTRODUCTION suring charge accumulation at the oxide surface, in oxide
traps and at adsorbed gas-phase species in the
Charge trapping and detrapping phenomena at oxidizegi/SiO,Jambient-gas systefi->1°
silicon surfaces are of fundamental interest as well as of Figure 1 illustrates the essential physical phenomena in
crucial importance to silicon device technology. For ex-MPPE experiments. Intense laser radiation with photon en-
ample, the development of submicron metal—oxide semicorergy 1.55 eV transfers electrons from bulk silicon via three
ductor(MOS) structures is highly dependent on the develop-Photon phtoemssioi3PPE or four photon photoemission
ment of device-quality ultrathit5 nm thick or less MOS ~ (4PPB. In the former case, which we refer to as internal
gate dielectrick? and charge accumulation within these lay- Photoemission(IPE), electrons can transfer to the external
ers is harmful to performance. Charge transfer from Si tdntérface and become trapped. For simplicity, emission from
SiO, via thermionic or photoemission is also known to bedonor levels and mid-gap statéshich are a minority are

important in thermal oxidation of Si* The characterization omitted in the scheme, but can take place as well. Since the

of the oxide traps has long been dominated by capacitancethrEShOId energy of silicon 1§ ~5.15-5.40 eV, electrons

__~~can be photoemitted from the solid via external photoemis-
voltage (C-V) anéj current—voltggél V) mgasurementslln sion if they are excited via 4PPE from the Si valence band
MOS structures:® However, optical techniques, estpemally- (VB), or by 3PPHin the case of previously excited electrons
those based on femtosecond pulse sources for which nonli; doped materiajsfrom the conduction bandCB). The
ear optical effects can be achieved with minimal sampléseparation of charge establishes electric fields up to 1
heating] have been shown to provide high temporal, spatialpy/cm which can be monitored via EFISH or through the
and spectral resolution capabilities for studying Si/SiO change in the work function as measured by MPPE. Al-
systems™® Recently we have shown that electric-field- though both techniques require independent calibration of
induced optical second-harmonic generati®@FISH and the magnitude of the associated electric field or work func-
multiphoton photoemission(MPPBE current techniques tion the changes in these parameters can be directly used to
present a more versatile method th@aV or |-V for mea- monitor charge dynamics. In particular we have
demonstrated how both techniques illustrate the role of
oxygen in assisting charging of the oxide layer following
Ipermanent address: Nuclear Research Center-Negev, P.O. Box 9001, BePE. MPPE is sensitive for Opressure,P<10 Torr with

b)f,?:::at'srgsgress_ DALSA Inc. 605 MoMuray Rd. Waterloo EFISH usable at higher pressure. In this article we also use
ON N2V 2E9, Canada. : N "MPPE to perform detailed studies of how oxygen assists
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FIG. 1. Schematic diagram of the MPPE processes.

FIG. 2. A diagram of the layout used for photoemission-current and work

. " unction measurements. TS—Ti:sapphire laser; RA—regenerative amplifier;
prepared under a variety of conditions and we separate al’Tf['J_HV—uItrahigh-vacuum chamber; KP—Kelvin probe; and pA—pico-

bient G, effects from intrinsiddirect charge trapping effects ampermeter.
as occur for samples in vacuum. Because optical techniques
are unable to directly measure absolute values of work func-

tion (WF) changes, a Kelvin probéKP), measuring WF 4
changes by the contact-potential-differef@PD) method? (10 electrons/crfis) were observed. The mean free path of

was also used. The introduction of the CPD method in thi€" elle.ctron. emitted by 3PP@'65 eV or 4.PPE(6'2 eV n
study (unlike the previous orfd) enabled looking at adsorp- M€ S"'COZ"; Is~10 nm according to the universal experimen-
tion phenomena without the laser beam effect and also oufgl_curve. The meggured PEC was maX|mur_n.for_5 nm thick
side its area, which is not possible by the former techniquegxIde and not 5|gn|f|ca}n_tly Iarger.for clean Si, |n(j|cat|ng that
since the laser beam serves both as pump as well as probghptoelectrons are efﬂmently emitted from the Si throggh the
The remainder of this paper is organized as follows. Inomdg for sam4ples hgvmg oxides a few .nanometers thick. .The
Sec. Il we briefly review the experimental techniques and(elv!n probé* consists (_)f a 2.5 mm diameter mesh, which
give sample characteristics. In Sec. Il we give experimenta!nonltors an area-10° times larger than that of the laser

results, which are analyzed and discussed in Sec. IV, and \t:gadiated spot. Since the processes inside the _spot yield Wk
conclusions are given in Sec. V. In a subsequent paper anges sm_aller than 1 é’vt_he K.P s not sensitive to pro-
will discuss the role of other gases in assisting charging efc€SS€S confined only to the irradiation area. Therefore, it can-

fects on silicon. Oxygen is seen to be a special case since Tt servg_to absollutelylcahb:at_e thef I\:I]PF\;\Imeﬁmtored p;_o-
not only appears to catalyze charging and trapping effects, g£sses. Since no lateral resolution of the changes taking

do other gases, but it also leads to charge accumulation oq{ace outside the irradiated spot is available, the KP yields
the surface. the average value of the WF on the whole surface. Since the

KP is not sensitive to processes that are confined to the laser
irradiated spot, the latter was placed 1-3 mm below the area
monitored by the KP in order to ensure that no direct inter-
The overall experimental setup is presented in Fig. 2action between the probe and the laser beam occurs. No sig-
The vacuum chamber is equipped with various diagnostiaificant change in the CPD measured when changing the
tools including mass and Auger spectrometers. The basdistance between the KP and irradiated beam was observed,
vacuum in the measurement chamber was usually in the lownd it is assumed, therefore, that the KP measures WF
10" 8 Torr range, but to ensure that no residual gas effects arehanges that occur on the whole surfdoatside the irradi-
present some of the experiments were repeated in thated spot As can be expected, the KP, being a vibrating
10" °Torr range. The samples were irradiated by 150 fsbiased electrode near the surface, affects the PEC, the effect
pulses with energies 3J from a 250 kHz regeneratively being larger for the lower energy MPPE. Therefore, no use
amplified Ti:sapphire laser source operatinghat800nm  was made of the PEC measurements that were performed
(1.55 eV} producing a peak irradiance of up to 30 GWfcm simultaneously with the CPD ones for calculating relative
in a spot of diameter-100 um spot on the sample. A pi- PEC intensities or WF changes. However, the simultaneous
coammeter connecting the sample to ground and monitoregheasurements provide essential information about relative
by a computer provided a measurement of the net currerttme constants and comparative behavior in and outside the
from the sample by recording thipositive compensating laser beam spot. For unaffected PEC, to be compared to the
current of equal magnitude to the photoemission currenCPD, separate measurements were conducted, using the
(PEQ. Currents(produced by MPPEof up to several nA same experimental conditions. The sample temperature could

Il. EXPERIMENTAL TECHNIQUES AND SAMPLES
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be varied using liquid nitrogen flow or resistive heatimgt 4
during PEC measuremegnover a temperature range from
200 to 400 K.

The samples were chosen so that the effect of such pa
rameters as the presence of an oxide, its thickness, an
method of preparation, as well as the silicon doping on the
studied processes, could be determined. Severdl(001) 3t
and p-Si(001) samples were used. All samples were taken s
from polished, optically smooth wafers and had a surface
area of~2x 12 mnt and thickness 0.3 mm. Since the stud-
ies presented indicate that the relevant parameter for mos
results is the type of oxid@ather than amount of doping, at
least for levels below T8cm™3), the oxide thickness and
preparation method, and type of doping will denote the
samples. The samples used & 15Sn:a~1.5nm oxide
film grown in steam at 850 K on a low-dopingSi(001)
substrate(resistivity 20-100) cm); (b) 50 Dn: a 5.0 nm
oxide grown in dry Q at 1000 K onn-Si(001) (resistivity
20-10d) cm); (c) HFSn: HF partially etched 15Sn sample;
(d) 10 Ap: a 1.0 nm oxide layer produced by anodic oxida- #
tion using 0.1 M HCI with a low-dopindresistivity 3—7 e
Qcm) p-Si(001) substrate;(e) CLn: the oxide of a 15Sn i @;
sample was remove(@n UHV) by resistive heating at 1400 0
K (cleanliness checked hip situ Auger electron spectros-
copy); and(f) CLp: a 10 Ap sample, the oxide of which was
removed by the same method as(@. Both clean Si sur-
faces were passivated by a long exposure to oxyfming
a chemisorbed laygrso further gas admission resulted in ) .
reversible CPD values. As shown below, since the PEC a 0 200 400 600 800
the end of a measurement did not recover to the initial value
due to long-lifetime trap states, the initial conditions were Time (Sec.)
restored by heating the sample t0 900 K in vacuum for
several minutes before allowing samples to cool to roonFiG. 3. Normalized time-dependent PEC signal illustrating typical direct
temperature. It should be noted that the initial intensity of théilling process on the different sampléd) 15Sn;(2) 15Sn after~5 heating
PEC can vary by as much as an order of magnitude foé~900 K)-cooling cycles(3) HFSn; (4) CLn; (5) 50Dn; (6) 10Ap, and(7)
different surface locations. This and other measurements’
variation with surface position will be discussed later. Unless
otherwise indicated, the i_nitial behavior of the PEC repreq\ tens of microns relative to the laser beam gives photo-
sents the common behavior for all the samples. emission characteristics similar to a virgin sample. This in-
dicates that the mobility of trapped charges leading to work
. RESULTS function changes is small and/or slow. However, from mea-

Here we present the salient features of the MPPE angurements of the type shown in Fig. 3 but at different sample
CPD experiment. We defer an extensive interpretation angpots we note a lateral variation of initial PEC. Indeed for
discussion of the results to the following section. We beginsome spots the PEC does not decrease.
by considering the photoinduced charge trapping in the vari- As mentioned before, EFISH and PEC measurements are
ous samples under vacuur (08 Torr) conditions. unable to determine whether immediate transient-surface-
charging also occurs in vacuum, or ambient gas is needed for
this process. This is because the laser beam serves as both

Figure 3 presents PEC measurements on the varioysump and probe. A CPD measurement before and after beam
samples(including two measurements on the 15Sn sampléllumination can answer this question. The reaction to the
after different treatments In most cases, following com- laser irradiation(for a grounded sampleis an immediate
mencement of laser excitation of the sample, a fast decreastop in the CPD 0f-0.1 eV (see Fig. 11 beloyy reaching an
of PEC is observed followed by a much slower decrease. Thenmediate steady stat€9), and recovering almost immedi-
magnitude and time scale of this decrease changes from spately when the laser beam is turned off. For a floating sample
to spot and from sample to sample. The PEC intensities wera similar effect, albeit 50 times larger, occurs. This is attrib-
normalized to unity at 100 &so the slow-decrease compo- uted to a compensating current to the PEC, reaching a SS
nent of the signal is comparable for all the samplasd that is equal in intensity, but slightly delayed. Therefore, a
shifted for convenience. The effect of the laser beam appeassnall potential difference is maintained, acting as a continu-
to be confined to the illumination spot. Moving the sample aous driving force to the compensating current. For a floating

Normalized PEC

A. Samples in vacuum
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sample the effect is strongly increased since compensatir Lo \3
the PEC depletes the neighboring free electron rese(ubir 0.0 e o —— e N ,
the metallic sample holder and the attached catitess be- 0 500 1000 1500 2000 2500
ing driven by a much higher potential difference. This CPD Time (sec.)
drop is only weakly dependent on the laser intensity, as op
posed to f’:m expe_cted MPPE-d_rlven_ trar_15|ent surface ChargTG. 5. Photoemission currePEQ measurement sequences before, dur-
ing, and is also in the opposite direction, apparently noing, and following exposures to various oxygen pressgsaifted in time,
pointing to vacuum surface charging. Since the CPD drop ifor conveniencgfor (a) 15Sn: A—beam off, B—gas admission, C—beam
immediate, neither the PEC nor the EFISH are affected by ito™ D—gas pumping(b) CLn, the dashed area presents the range of direct

. . . . filling saturation for different spots on this sample.
having the new SS as their starting point. In some cases,
however, this SS is not reached immediately, and the PEC
increases before reaching the SS.

Figure 4 shows how the PEC current varies with laserout, some recovery of the PEC intensity occurs, but the cur-
irradiance. It is clear that the temporal characteristics areent does not reach the initial intensity. The specifics, how-
nonexponential and dependent on laser irradiance. A twoever, are different for the different samples, as can be seen
exponential function, at least, is needed to fit the PEC curvefor the examples presented in Figs. 5 and 6. Note that accu-
such a fit is presented in the figure. The very different demulation of gas exposuréwithout laser beam gnhas no
pendence of the two time constants on irradiance points tapparent effect. The initial current drop as well as the slower
different processes as will be discussed in Sec. IV A. ensuing drop are independent of the time and pressure of
exposure to the gas when the beam is blocked. The final PEC
(as well as the final EFISH sigrfd?) after a sequence of
gas exposure in the presence of the laser beam is always

Figure 5 presents a series of PEC measurements for difewer (highep than the initial one(as can be observed in
ferent Q exposures at various pressures of tRel5Sn and Figs. 5 and § i.e., a residual effect is present. This residual
(b) CLn samples. After gas removal in an illumination and effect is very stabléup to day$. Its removal, as mentioned
exposure sequence, the PEC has a value significantly lowesarlier, is achieved by heating the sample~t600 K for a
than the initial one. The same measurement sequences foouple of minutes. Using high gas dosesy.,P>1 Torr for
the 10Ap and CLp samplésot presentedare essentially the > 100 s, or 30 Torr for even shorter timjeghile the beam is
same as for 15Sn and CLn, respectively. Figure 6 illustratesn, a saturation level of the PEC is achieved. It was noticed
the normalized PEC for the different samples under the samihat after many heating/cooling sequences this residual PEC
illumination/exposure sequence as in Fig. 5. For all sampless significantly lower than that for a virgin sample.
an immediate(pressure dependendecrease in intensity of The effect of the laser beam, combined with gas expo-
the PEC, when the beam is turned on, is followed by asure, appears to be confined to the vicinity of the spot of
slower (also pressure dependgmiecrease in intensity until laser illumination. By moving the sample a few tens of mi-
saturation(or nullification) occurs. When the gas is pumped crons relative to the laser beam, one obtains a new measure-

L
:lb»b»»b»» >

B. Samples in oxygen
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FIG. 6. The PEC measurement sequences before, during, and followin
exposures to 1 Torr £for the various studied samples.

ment spot with photoemission characteristics of a virgin
sample. For oxide covered samples, this is true for a few
minutes after which a diffusionlike effect starts to affect the
vicinity of the illumination spot(see Sec. IV F For the

clean Si samplef€CLn and CLp this mobility effect does not

seem to occur. Exposure sequences, measured using differe
laser powers, always exhibit the instantaneous initial de-
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FIG. 7. Gas exposure/illumination sequence for sample 15Sn and,an Q
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FIG. 8. lllustration of detrapping effects in sample 15Sn fgra@mission.

This entails PEC measurement of exposure sequences, following a satura-
tion sequence of exposure to 30 Torp. Ohe PEC is normalized to the
initial current before the saturation sequence; a—beam off; b—0.002 Torr;
c—beam on; and d—pump-ou) Uninterrupted PEC recovery after pump-

ing; (b) beam blocking and 9admission during the recovery: A—beam
blocked(in vacuunm; B—beam blocked+ ~30 Torr G;; C—beam blocked
+0.01 Torr Q.

gas-exposure and illumination sequence and on exposure to
oxygen of the residual PEC. Figure 7 presents a sequence of
0.01 Torr Q exposure on a 15Sn sample, performed at 400,
300, and 200 K. It can be observed that the initial PEC
decrease and the residual PEC value are almost temperature
independent. The accumulation effect, however, is maximum
at 300 K. Figure 8 presents a 0.002 Tory €xposure mea-
surement, starting with a residual PE@eviously saturated

by a high dose of oxygen and beam illuminadionhere is a
slow recovery to the initial saturated PEC valudan In (b),

for the measurement performed at 300 K, the beam was
blocked for several periods. In period &acuum the PEC
recovery seems to be beam independent. In periods B, a high
(~ 30 Torn pressure oxygen was introduced into the vacuum
system and pumped out before the beam was turned on. It
can be observed that there is a small effect of the oxygen
admission, i.e., the initial curreriéafter turning the beam on

b—gas admission; c—beam on; d—pump-out for 400 and 200 K; andS somewhat higher and a slow decrease, like that of virgin

e—pump-out for 300 K.

PEC in vacuum, takes place. For 400 K, the PEC recovery is
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FIG. 9. Time dependence of the resid(sdturatef PEC (transformed into 0.3
WF, see Sec IV A |, at an irradiation spofa), PEC at a nearby~100 ’
um) point, n. p.(b), and a far(~1 mm) point (c) for both an oxide covered

(15Sn and clean S{CLn) sampleqd) and(c).

~ 02

essentially beam and gas independent. For 200 K, only 0.08
Torr oxygen was admitted, but the effect of beam recoveryg
beyond the saturation value, and the following decrease ar~—
very pronounced. = 01

As mentioned earlier, the effect of laser beam and gasg_
exposure are largely confined to the measurement spot. T
determine whether this is valid for longer times, a fulj O Y|
exposure(and PEC measuremegrgequence was performed o 0.0
on a 15Sn sample and the saturation value of the residui .
PEC was achieved. The illumination spot was then move(S\
~100 um away and the current measured foR0 s. The @
current was measured again at intervals of 5 min. A simila|D 0.1
sequence of current measurements was performed on a syq_
> 1 mm from any former measurement. The same measurd)
ment sequences were performed after removal of the oxid
(by heating. The normalizedto virgin) current intensities, 0.2
transformed into effective WF changésee Sec. IV Aver-
sus time of the two sequences for both samples are present
in Fig. 9. Figure 10 depicts similar measurements performe:
at 200 K on a 15Sn sample for two spots, adjacent to thi
initially saturated PEQ,,s. For one spot the virgin PEC was
lower thanl,.s and no change in current with time was ob-
tained, while for the other, having a PEC higher tHan

>
w)

Y 15Sn
0.01 Torr

CPD
foeen e - CRpIBANY- - - - - .-
- PEC
0 200 400 500 800
Time (sec.)

temperature effect on the rate of WF increase with time ision, and D—pumping.

L . . . ; FIG. 11. A combined PEC and CPD measurement of a 0.1 Torr exposure
there was a significant increase in WF with time. Also, NOsequences on a 15Sn sample. A—beam on, B—beam off, C—gas admis-
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qualitative behavior. It is observed that the CPD measurebeing monitored by KPP However, this is not plausible since
ment is essentially a mirror image of the PEC experimenfor the gas-assisted surface charging there i€aulomb-
when the beam is on. This is not trivial to achieve since theepulsion driven charge spillover from the irradiated spot,
CPD measurement is performed outside the irradiated areaasily monitored by the KRsee Sec. IlIB. There is no

at a distance of about 1 mm from the KP edge. reason why similar transient charging in vacuum should be
bound to the irradiated spot in spite of the repulsion force. It
IV. DISCUSSION is therefore concluded that transient charging does not take

he basi lated ; idized sil place in vacuum and the residence of gas on the surface is a
The basic concepts related to MPPE from oxidized sili- recondition for this effect.

con have been discussed elsewhere. The PEC method uses The residual low intensity of the PEC following its slow

E:écfa(:t thatl thg PEG‘ﬁlPPE as \If]vell ?13 SP:?Eﬂagnitudz_ Is decrease in vacuum is stable for a long time after the beam is
strongly dependent on the photoelectron extkss turned off and it is attributed to direct filling of charge traps

netig energy. The photoemission yieldyse, changes by MPPE (as opposed to trap filling following gas-assisted
through A®, the threshold energy change caused by they, .o charging’* The DF process is not monitored by the
photoinduced charging, &s CPD measurement, since it is confined to the irradiated spot.
Yeex[nho—(Er+AD)]™, (1) It is observed for all samplegig. 3), but not at all spots on
a specific sample, and with parameters changing from spot to
pot. Also surface treatment can change the specifics of the
vacuum level, while® is the separation between the Fermi process(graphs 1 and 2 in Fig. 3 illustrate DF processes on
the same sample, the second one after a few heating and

level and the vacuum level. One usually takes 2 in Eq. i les 1 cteady t d chardém
(1), consistent with photoemission dominated by bulk-state”00'INg cyCcles to remove quasi-steady trapped ¢ )

processes, except for very close to the threshakle(— ® srt]rong dl}é)(lar5|t)1 in the Spfeﬂflci'oi the DF é)rocess oll?sr(]:ures
<0.1eV) wherem=3/225 We will take m=2 in what fol- the possible relevance of the thickness and nature of the ox-

lows, since we expect #w—d=6.2-5.15eV*~1eV and ide to the Process. . .
3hw—(®—Ey)=4.65-4.05eV-0.6eV for 4PPE and The functional behavior of the time-dependent PEC may

3PPE, respectively, wherg,=1.1eV is the Si band gap. point to the specific process t_aking place. In_order to learn
Normalizing the yield to its initial(virgin) value, Yo, we about actual charge trapping via the changes in the threshold
obtain energy Y has to be analyzefEq. (1)]. Most of the DF
curves can be fitted with a two-exponent decay function. For
a high-intensity beami>20 GW/cnf), the fast decay time is

in the range of tens to hundreds of seconds, while the slower
one is>1000 s and ugsee Figs. 3 and)4This could point

to the existence of either two different trapping processes
and one family of traps, or to one process and two families of
ACDzl—I%’Z. 3 traps. Two processes could involve, e.g., 1PPEs and 2PPEs.

Since the PEC is not purely a 4PPE prodkssd 4w For a family of identical traps, however, the ratio between
—E;>1eV, Eq.(3) is not accurate and only the functional the two processes should be constant for a particular experi-
depTendencé ok on - will be used. The units are arbitrary, Ment but this is not observed. The possibility of two families

n . ’ . .
although the values are not far from the actual eV values. ?Ifl I?ijtrapsd_tf'\favmg dlﬁe[)e_nt _energfyl\;levae;Gso edach dqan be
A general remark is in place here about the possibility offiled by a different combination o Eand a diverse

derivation of quantitative parameters from the MPPE as welfoncentration across the sample seems to be more plausible.

as CPD results. These techniques are sensitive to the initié\ﬁIOSt DF curves for th? CLn .and QLp sampleee -Fig. .3’
charging of traps on the one hand and trap density on th raphs 4 and)7can be fitted with a single exponential with a

other hand, and both vary lateralljas will be discussed ong d.ecay constant. L . .
later). The inability to map these initial conditiorithis could I.t is hard to draw quantlta.mve. conclgsmns from the in-
be achieved by a scanning Kelvin probe, not available in th ensﬂy dependence of andt.z In Fig. 4, since th? different
present study strongly cripples quantitative calculations. ehavior at different spots is undoubtedly partially respon-

However, as can be seen in the following, distinction be—s'ble' However, the trend seems to be that witjlecorre-

tween trap families, the differentiation in their existence insponds_ to nearly !"?e"” dependence with Iasgr !r_rad|ance,
the oxide and bulk and observation of processes of trap filiSuggeting 1PPE fillingt, corresponds to a significantly

ing, gas-assisted and temperature-dependent detrapping a?fgher power law, as would occur with MPPES' Also, the
aster decrease &, the preexponent df;, relative toA,,

surface mobility of trap charges can be derived and is pre:"" . o .
sented. is in accordance with MPPE. This implies that one family of
DF traps lies low enough in energy above the Si VB to be
filled with 1PPE, having a very low filling efficiencglong
time constant and the other family lies significantly higher
in energy but has a much higher filling efficiency. Both trap
In principle, vacuum transient surface charging is posfamilies are present in both the oxide and the Si substrate,
sible if it is confined to the irradiated spot argherefore not  but, deduced from the CLn and CLp DF curves, the high-

wheren=3 for 3PPE and 4 for 4PPE for photons of energy
hw;Eq is the energy separation between the Si VB and th

nho—(Er+Ad)]? )
nﬁw—ET ’ ( )

wherel ,=Y/Y,. Hence(assuming that the PEC is a 4PPE
process and #w—E;~1 eV)

n=

V. VACUUM DIRECT FILLING (DF) OF CHARGE
TRAPS
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Both families are very diverse in absolute as well as relative
trap densities.

For different spots there is a strong variation in the PEC
current(up to an order of magnitugleand decay time con- GA
stant. A variation in DF-trap density could account for dif- O
ferent saturation magnitudes of the PEC decrease but not fol
the initial decrease rat@nless the density is practically zero
at certain spofs A more plausible possibility, which can also
account for the different initial values of the PEC and SH, is Si O

a diversity in the initial trap population. A locally DF trap-
filled spot(prior to laser illuminatiop will not exhibit a DF-

induced decrease of the PEC. A diversity in the initial filled- W
traps-induced electric field can also count for the diversity in A j/ \
PEC and SH intensities. Since the escape depth of the MPPE _

electrons is~10 nm?3 lateral variations in the oxide thick- S] PIGAC

ness do not play a significant role in the variation of current

intensity. However, defects/voids in the oxide may cause lo- IPPE nPPE
cal variations in initial trap filling. A significant, long living,
diversity in initial charging of Si/SiQ is consistent with
scanning KP measuremeﬁ?sl\/leasuring the PEC yield at a FIG. 12. A schematic presentation of the proposed model for traps and

DF saturated spot tens of minutes after the illumination wagharge transition processes. nPPE represents the variety of single and muilti-

hoton-photoinjection DF processes. A star denotes DF traps-f)GAC
stopped revealed no significant change. Thus no mobility 0Flled) an ellipse denotes GS trafRIGAC filled). E—PIGAC induced elec-

charges in DF traps was detected. tric field, T—trapping, D—desorption, and d—dissipation.

energy family is present mostly in the oxide and not in Si. rD

O

A. Photon-induced gas-assisted charging (PIGAC) ) o ) )
that this behavior is controlled by the different mechanisms

After gas removal in an illumination and exposure se-of desorption from the oxide and clean Si surfaces, which is
quence(Figs. 5 and § the PEC reaches a value significantly peyond the scope of the present study.The sharp drop in
lower than the initial one. It is believed that this decrease ||'PEC, fo”owing gas beam exposure, seems to be the feature
PEC (and consequent increase in WE caused by transfer |east affected by the specific choice of working spot. All
of surface charge to long lifetime traps, analogous to the Diother quantities are affected, some more than others, adding
process occurring in vacuum. Before embarking on detailego the spread in results beyond the statistical measurement
explanations we offer the following qualitative comments:error, and also making it harder to compare measurements
(1) As can be observed in Fig. 5, the residual current reachgserformed with different techniques, or using the same laser
a steady state and no apparent DF process can be obsergshditions but on different spots.
following pumping, even after a short exposure dose. Hence  The sharp pressure-dependent drop in the PEC observed
the surface charge transfer to long lifetime traps includesn Fig. 5 (as well as the rise in the EFISH sigh&t?) is
filling of the DF traps(much more efficiently than the DF attributed to oxygen field-induced adsorption, discussed
process (2) The saturation PEC value reached after oxygerelsewheré, combined with PIGAC of the surfade::?' The
exposure, for all the oxide covered samples, is significantlyradual decrease of the PEC that follows, ending in a steady
lower than the residual current reached in vacyumarked  state current, is attributed to the combination of surface
in Fig. 5b)]. Therefore, different families of slow traps are charge accumulation and trap filling. The gradual increase
assumed for the DF process alofizF long lifetime traps  (decreasgof the residual currerEFISH signal to a steady-
and for PIGAC transformed to charge trapping, hence gasstate value is attributed to desorption of the oxygen species
sensitive(GS) long lifetime traps(this process includes fill-  from the surface(together with charge dissipation for the
ing of the DF traps For the CLn and CLp samples the gas-attached electronsThis is combined with allonger
saturation value seems to be well within the range of the DRime) detrapping process that is different for different types
saturation, so only DF traps are assumed to exist in the Sif samples studie¢Fig. 6). The model proposed is schemati-
substratdat the Si/SiQ interface. (3) As stated earlie(Sec.  cally presented in Fig. 12. For simplicity, a single symbol
[l A) the residual current is lower after several heating/and a single filling process are assigned to the DF traps,
cooling cycles, indicating the formation of charge traps inthough it was deduced that there are at least two trap fami-
the cooling/heating proces$4) The recovery time of the lies, having different filling processes and distributions. The
PEC, reaching a saturation value following pumping, de-processes, as can be observed, are interconnected. Too many
creases with pressure from 80 to 30 s for the oxide coveregdarameters are unknown and therefore a complete math-
samples and increasing with pressure frono3ts for the  ematical presentation is complicated and an exact solution is
CLn and CLp samplesFig. 5). This is qualitatively corre- impossible. However, the charging/filling seems to be expo-
lated with desorption times of oxygen measured for thesaential like, so effective time constants can be measured for
samples by the KRnot shown. It is concluded, therefore, the different processes and in principle their dependence on
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0.08 | FIG. 14. Charge dosélefined in the tejtdependence of the WF change
due to charge trappingmonitored by the residual PB@or the oxide cov-
ered(15Sn, 10Ap and clean S(CLn, CLp) samples. The dashed area de-

0.06 | notes the WF changes for CLn and CLp due to the DF process.
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e 0.04F traps on the other hand.,Q being metastablcauses the

< strong pressure-dependent accumulation of surface charge.
Accumulation is almost nonexistent at 400 K, but this is not

0.02 + surprising since the lifetime of surface,ds expected to
decrease. However, accumulation is also not significant at

0,00 o B L 200 K, where it could be expected to be stronger than at 300

“a0° 0.01 0.1 1 10 K. This may be the result of the existence of two potential
wells for surface oxygen speci&sThe 10Ap, CLn, and CLp
P (Torr) present[Fig. 13a)] somewhat lower PIGAC values, prob-

. ) - ably due to the type of oxide for the first one, and the lack of
FIG. 13. (a) The initial decrease of PEGormalized to the initial value .
oxide for the others.

following oxygen admission for the various samples. The line is just a guide
to the eye.(b) Kelvin probe measured pressure dependence ofrthers-
ible) WF change of adsorbed oxygen for two oxide covered samples and thB. Filling of gas-sensitive  (GS) long-living traps
same samples after oxide removal.

The residual PEC, being lower than the initial value, is

believed to be the result of trap filling, mainly by transfer of

the experiment parametefs.g., pressure, dosean be de- PIGAC electrons to long lifetime traps combined with DF
duced. (see Fig. 12 The evaluation of the dose of surface chae

Figure 13a) presents the initial PEC decrease following fraction of which is transferred to the trgpshich should be
various oxygen doses, expressed as work functdfF)  the integral of instantaneous surface charge over the
changes according to E¢l). The KP was used to measure gastbeam illumination time, is not ftrivial. Since the de-
the adsorption of oxygen on the various samples. The WErease in PEC, following the initial step, is due to a combi-
changes induced by this adsorption are presented in Figation of surface charge accumulation and trap fillititat
13(b). All samples show a log{) behavior having about the does not contribute to the dosehey are not easily sepa-
sameP dependence, both for the PEC and CPD results. Asated. An effort to separate the two contributions was made
was proposed’ the logP) dependence of both the adsorp- by using measurements performed on trap saturated spots
tion and the charging-induced PEC decrease points to a life.g., Fig. 8] in which only surface charge accumulation is
ear relation between the amount of adsorbed oxygen specigsesent. The diversity of initial conditions attributed to initial
and the surface transient charge, leading to the suggestidrap filling (Sec. IV A) affects the distribution of time con-
that the photoinjected electron is electrostatically coupled tastants of the PEC decrease, so the separation of the contri-
an oxygen molecule, thereby creating an additional transiertiutions is impossible. The dose was therefore defined as the
adsorption site. This coupling also transiently traps the phoinitial WF decreasédue to PIGAQ multiplied by the expo-
toelectron on the surface, leading to PIGAC. Since oxygen isure time, taking into account that the surface charge accu-
the only adsorbate causing a strong accumulation effect vieulation is also proportional to the charging rétetial PEC
PIGAC, it was suggested that the adsorbed miblecules decrease
combine with the surface electrons to form metastabje O The normalized value of the residual curréfailowing
specie® on the surface. A balance is achieved for otherthe pumping of the gastranslated toAd, is presented in
gase$’ by this coupling to the adsorbates on one hand, andFig. 14 for the oxidized as well as the CLn and CLp samples
desorption causing electron dissipation and charge transfer iersus the dose of PIGAC. For the 10Ap, CLp, and CLn
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' ‘ i T heated in front of the mass spectrometer. The long recovery
. time is probably due to slow charge dissipation from traps
that were filled by the additional exposure to 0.002 Torr and
_ will be discussed in Sec. IV E. Fitting a double exponential
decay[not surprising considering the complexity of the in-
terconnected processes that are taking p(&@e 12] to the
PEC decrease of Fig.(®, we obtain time constants;~6
+2 s andr,~40x5 s. However, the values derived from the
5 fits to the same PEC decrease following an exposure on a
virgin spot, or a DF saturated one are~5*+3s andr,
~30*=15s. It can be concluded that the PIGAC process is
dominant when it occurs together with GS charge trapping,
10° 0.01 0.1 1 so the difference in the time constant between the process
including trapping or excluding it is negligible. Furthermore,
P (Torr) the diversity in the initial trap charging conditioSec. IV
FIG. 15. The pressure dependence of the WF changes monitored by saturd) causes a position-dependent WF that affects the PIGAC
tion PEC upon oxygen exposure of the various studied samples. process significantly.
Checking the pressure dependence of the PIGAC effec-
tive time constantgnot presented a general trend of a

samples the residual current is almost dose independent, i.§0rter time with increasing pressure is obvious. On the

the efficiency of trap filling for these samples is very high other hand, the spread of the results caused by the position

and they are filled by a small dose. The efficiency for 15SriéPendence prevents a more specific analysis from which
seems to be lower by at least an order of magnitude, mayd&0re physical parameters and a better understanding of the
due to the specific oxide covering the sample. Also, as ifP"0c€ss could be achieved.

Fig. 5, it can be seen that the range of saturated charge traps

for the clean Si samples lies within the range of the DF trapsC. Surface-charge mobility ~ (spillover )

leading to the conclusion that only DF traps are presentin Si aq indicated in Sec. II. the KP is not sensitive to pro-

and the GS ones are confined to the oxide. cesses that are limited to the area of the beam illumination.
The pressure dependence of the saturation values of th&q,re 11, in which the CPD changes are correlated to the
(normalized PEC decrease, in the presence of oxygen withpec ones, proves that charge spillover from the irradiated

the beam on, is presented in Fig. 15. All samples exceplyq; (g 5 significantly larger aregossibly the whole sur-
10Ap, CLp, and CLn seem to have similar saturation value§acq occurs. In contrast to a similar spillover occurring for

(with slightly different pressure dependt_ancie;, the signifi—HZ’ He, and CG® the CPD for oxygen is a mirror image of
cance of which is uncleaand 10Ap exhibits slightly lower ¢ of the PEC during the PIGAC and also during the pump-
values. The values for CLp and CLn are significantly lower,ing anq detrapping. This indicates that the charging of the
with each sample presenting similar pressure dependence {ghje surface closely follows that of the irradiated spot, or,
its oxide covered counterpart. Since the decrease in PEGy giher words, the spillover is fast. This is caused by the
following the initial step, is due to a combination of PIGAC oxygen-induced charge accumulation on the irradiated spot

_and _trap_ filling, a_lower PI_GAC efficienchfor 10Ap, exhib—_ creating a high charge concentration compared to other gases
ited in Fig. 13a)] is a possible cause for the lower saturationyq 4 stronger Coulomb-repulsion serving as the driving

value. Another possible contributor may tence the PEC 4406 for spillover. The spillover is probably of the coupled

saturation is a combination of surface charging and trap f'”'electron-gas species, thus the PEC recovery is controlled by

ing) a different trap density, namely the lack of GS traps fory,e gas desorption which affects the CPD outside the irradi-
CLn and CLp and a possible lower trap density in the oxide,e ' spot in the same way it affects the PEC inside the spot.
of the 10Ap sample. It can be seen that though there is sOmeq,; 1 _10 Torr(not presentedcharge transfer accumulation
(probably spot relatgdspread in the values, the Id8(de- nqyces a CPD increase of the order\ab=0.1eV. For the
pendence is quite clear, in accordance again with adsorptiofi 5 nm oxide of 15Sn the maximal near interface electric

of charged particlegFowler—Guggenheim isotheym field is (assuming it is across the oxid@.6 MV/cm. Taking
After saturation of the long lifetime traps by a high doseha oxide relative dielectric constant to be 3.8, we estimate

of oxygen [Fig. 8@], the decrease in the PEC due 10y Gauss' law that the surface charge density~id
gastbeam exposure is due only to PIGAC. Because of the, 112ajectrons/cr

long lifetime, and in the case of the 15Sn and other samples
the residual PEC reaches a steady state, the decay of t%e
surface charge in Fig.(8) is due to the combination of oxy- ~°
gen desorption and charge dissipation. It has to be consid- The residual PEC after the gas has been pumped out
ered that desorption of even the relatively stablg i©® ex-  reflects the fraction of traps that had been filled by the com-
pected to be much faster than a few mixtutedlso, no G, bination of transfer from PIGAC and Dfn addition to the
was observed minutes after pump-ouiuch shorter than the initially full ones). Detrapping should affect both the PEC
dissipation time of the residual effectvhen the sample was and CPD in the same way. Figure (hich presents a CPD

AD (a. u.)

SHXpP+<deD

The residual PEC and detrapping
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measurement outside the irradiated $pobves that desorp- detrapping effect demonstrate its strong temperature depen-
tion as well as detrapping is essentially irradiation independence. While for 400 K the recovery of PEC seems to be
dent. For the detrapping this is in accordance with Filp) 8 unaffected by the admission of 30 Torr of oxygen, for 200 K

in which the rate of PEC recovery seems to be beam indethe admission of only 0.01 Torr causes significant detrapping
pendent. Figure 6 presents very different time dependenciesnd resumption of a strong DF process. It is likely that this
of the PEC recovery following the gas pumping for the dif- large enhancement with temperature decrease is caused by
ferent samples. It can be seen that for the clean Si sampldge prolonged presence of gas molecykdsorbed or in the

the PEC reaches a steady state immediately after pump-ogas phaseon the surface.

Recalling that for these samples the residual PEC is consid- It should be noted that while the CPD change following
ered to be due to filling of only DF trag$ec. IV O, thisis  the desorption is due to charge dissipation from the surface
in accordance with the fact that no mobility was measureddetrapping, for the PEC also a mobility of trapped charges
for the DF trapgfilled directly in vacuum. Sec. lll A While  from the illuminated spot outwards should contribute. The
for 15Sn a pseudo-steady stésee mobility measurements, similar time constants for both CPD and PEC in Fig. 11
Fig. 9 is achieved in a few tens of seconds; for 50Dn anddemonstrates that the latter is slower than the detrapping so it
10Ap it takes~500 s(not shown and for HFSn no steady does not affect the total time constant significantly.

state was measured for many minutd® specific contribu-

tion of trapped charge mobility has not been measured for alf. Mobility of trapped charges

the samples The accelerated recovery of the PEC for HFSn . . . .
(being a sample with a very thin and damaged oxide, follow- Figure 9(described in Sec. Il Bpresents the mobility

ing partial etchingpoints to charge dissipation. This is prob- .Of the trapped charges. The slow increase of the PEC follow-

; ) ing the short-time steady state achieved for 1p8g. 5a)]
gbly due tp the f.aCt that .mOSt.OX'de traps lie 'close 0 has indeed a significant detrapping component. On the other
interface(either with the Si or with the surfagevhich sup- hand, the increase of PE@ecrease of WFat the nearby
plies a Qetrapplng route. point (compared to the steady PEC of the control poist
In Fig. 8 beam-oxygen exposures on a beaioxygen

: mostly a result of charge mobility from traps in the irradiated
saturated spot are presented. Since the GS and DF traps i%rﬁot to nearby empty traps, with a small contribution of DF.

already  safurated  before the  addition of theA comparison to the clean Si measurements shows that there

geaer0.00Z Tofr Q the dtljecdreaS(ta ilglGiECC V‘iith Atfftle is no residual PEC increase at the irradiated spot. This is in
eamrgas on s supposedly due to only. AMer »qreement with the finding for the DF reduced PEC that

pumping the gas out, however, the_ PEC recovery _ShOUI ere is no mobility from the DF trapSec. IV A) and with
have _been much fastgr-200 s, a typical de_sorpt|o_n M€, the conclusion that only DF traps are present in the Si sub-
see Fig. %a)]. The SIOW(NlOO.O s).recovery time points to strate(Fig. 14. The small PEC decrea$@/F increasgat the
chargg trapghaving a shorter life time thaq most GS trgps— nearby spot can therefore originate only from DF, which is
see Fig. 9 that were not full when saturation was aCh'eved'probany stronger at this specific spot than at the control

Ij[ is not likely that a bearﬁ0.00Z Torr Q combination can point of the 15Sn sample. Figure 1800 K) demonstrates
fill traps that were not filled by a beafB0Torr one. It 5 the mopility of trapped charges is Coulomb repulsion
seems therefore that together with the PIGAC and the effigjy.en rather than thermally driven. There is a clear mobility

cient charge transfer to traps, there is a gas-dependent detrgps,, 5 spot with high trap-charge densitfilled by beam
ping mechanisntat least for part of the traptiaving differ-  jiraqiation to a less densely charged spetigher initial
ent pressure dependencies than the PIGAC. For a few CasBEQ. In contrast, there is no mobility at all to a more

of the sequence presented in Figs. 5 and 6, for gases differeaénsdy charged spdhigher “virgin” density, i.e., initial

than oxygen, the residual current was higher than the initiabec ower than that of the residual one at the irradiated
one?® This can be attributed to a detrapping process that Wagnop.

for the specific measurement more efficient than the transfer
of PIGAC charge to traps.

The 300 K measurement in Fig(l8 presents the same
process as in Fig.(8), except the beam is blocked for a few The combination of PEC and CPD has been applied to
100 s periods. It exhibits the independence of the detrappingtudy the effect of laser beam irradiation of various
process on the beam irradiatiéexcept for the fast increase Si(001)/SiO, in vacuum. Both techniques were found to be
when the beam is turned on that might be due to heating te- 10° times more sensitive than EFISH to changes in the WF
the steady state temperatur®/hen~30 Torr O, is added due to adsorption and charge transitions on the surface and in
when blocking the beam, it can be observed that a smathe Si/SiQ interface. This enabled a detailed study of the
amount of detrapping occurs and the DF process resumes.various effects of photon-induced gas-assisted charging as
seems that the gas detrapping is most effective on the DWwell as charge transfer to long lifetime traps, directly by
traps and it can be assumed that the gas affects the highternal photoemission in vacuum or via the surface transient
energy(shallow energy weJIDF family (see Sec. IV A The  charging in the presence of ambient oxygen.
quantitative irreproducibility of the gas detrapping, espe-  Various samples of different doping, oxide preparation,
cially for the other gases, still requires extensive experimenand oxide thickness as well as clear{0Bil) samples were
tal study and analysis in order to clarify and hopefully quan-studied. It appears that tlieow) doping level does not seem
tify this effect. The 400 K and 200 K measurements of thisto be a relevant parameter and the different oxides only in-

VI. SUMMARY AND CONCLUSIONS



J. Appl. Phys., Vol. 88, No. 2, 15 July 2000 Shamir, Mihaychuk, and van Driel 907

significantly change the efficacy of charge trapping. For altthat the mobility of trapped charges is driven by the Cou-
the samples, the surface charging is similar and is believed tomb repulsion between the electrons and also supports the
obey a universal mechanism of electrostatic electroneoncept of lateral variation of initial charging of charge traps,
molecule coupling” No transient charging was detected in in which no mobility is possible from a less to a more
vacuum. Charge accumulation during the continuous irradiacharged region.
tion in the presence of ambient oxygen is believed to be due Detrapping of electrons from the long lifetime traps can
to the formation, in a second step, of metastabjedd the be obtained by spontaneous dissipati@ossibly also by
surface. This charge accumulation was found to be very efhopping to an easier to detrap regipnbserved in the pro-
fective at 300 K, but almost not present at 400 K as well agess of increasing residual PEC for some samples, especially
200 K where the stability of © should be increased. The the one partially etched by HF. The oxide of this sample is
temperature dependence of this effect should be further studhin and rough, so every volume in it is close to either the
ied in detail. At this time, it is proposed that the formation of vacuum or the Si interface. Another route of detrapping is
O, on the surface may be mediated by phonons, which mayia ambient oxygeribeam blockel] which causes no detrap-
explain the less efficient accumulation at 200 K. A fast,ping at 400 K, a small effect of detrapping at 300 K, and a
Coulomb-repulsion-driven, spillover of surface charge fromdramatic enhancement of the effect at 200 K. At least part of
the irradiated spot to the rest of the surface was detected. the electrons that get detrapped are from DF traps since the
Transfer of electrons to long lifetime charge traps wasPF process is observed following the detrapping. Another
detected in vacuum by the time-dependent decrease in inteRr00f that gas-induced detrapping takes place is that when a
sity of the PEC. It is assumed that direct filling of traps by Spot that was saturated by 30 Tory &d beam illumination
internal photoemission takes place. Two distinct exponentials exposed to 0.002 Torr @ beam, the PEC is further re-
decay processes were observed for high powe20 duced. The recovery time to the former saturation value is
GW/cm 2 peak power measurements on oxide covered much longer than the desorption time of the gas from the
samples. For the clean oxide samples and for low powepurface. This means that saturation was not full due to simul-
excitation, the PEC curves could be fitted with one exponenttaneous detrapping by the ambient gas. Probably the pressure
This leads to the conclusion that there are at least two tragePendencies of trapping via surface charging on one hand
families, filled by the DF process. The first one, having an@nd detrapping on the other hand are so different that an
energy low enough to be filled by photoelectrons absorbing“ddition of 0.002 Torr @in the presence of irradiation can
one photon, is present in the oxide as well in the Si substrat@dd trapped charge to the spot affected by 30 Tgretpo-
The second family is filled only by multiphoton absorbing SUre-
photoelectrons and is present mostly in the oxide. Transfer of
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