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Trapping and detrapping of electrons photoinjected from silicon
to ultrathin SiO 2 overlayers. I. In vacuum and in the presence
of ambient oxygen

N. Shamir,a) J. G. Mihaychuk,b) and H. M. van Drielc)

Department of Physics, University of Toronto, Toronto, Ontario M5S 1A7, Canada

~Received 5 January 2000; accepted for publication 15 April 2000!

Transient trapping/detrapping of electrons at the Si~100!/SiO2 outer surface is studied studied in
vacuum or with an O2 ambient ~between 1023 and 30 Torr! following internal electron
photoemission from Si. Photoemission-current~produced by a 150 fs, 800 nm laser source! and
contact-potential-difference techniques were used to investigate a wide variety ofn- andp-doped
samples at 300 K with thermally grown, steam grown, and dry oxides with thickness<5 nm 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 Si/SiO2 interface. For samples in O2,
details of oxygen-assisted surface charging as reported previously@Phys. Rev. Lett.77, 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 detrapping~the 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 Physics.@S0021-8979~00!05114-8#
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I. INTRODUCTION

Charge trapping and detrapping phenomena at oxid
silicon surfaces are of fundamental interest as well as
crucial importance to silicon device technology. For e
ample, the development of submicron metal–oxide semic
ductor~MOS! structures is highly dependent on the develo
ment of device-quality ultrathin~5 nm thick or less! MOS
gate dielectrics1,2 and charge accumulation within these la
ers is harmful to performance. Charge transfer from Si
SiO2 via thermionic or photoemission is also known to
important in thermal oxidation of Si.3,4 The characterization
of the oxide traps has long been dominated by capacitan
voltage ~C–V! and current–voltage~I–V! measurements in
MOS structures.5,6 However, optical techniques, especia
those based on femtosecond pulse sources for which no
ear optical effects can be achieved with minimal sam
heating,7 have been shown to provide high temporal, spat
and spectral resolution capabilities for studying Si/Si2

systems.7–19 Recently we have shown that electric-fiel
induced optical second-harmonic generation~EFISH! and
multiphoton photoemission~MPPE! current techniques
present a more versatile method thanC–V or I–V for mea-
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suring charge accumulation at the oxide surface, in ox
traps and at adsorbed gas-phase species in
Si/SiO2/ambient-gas system.8,11,15

Figure 1 illustrates the essential physical phenomena
MPPE experiments. Intense laser radiation with photon
ergy 1.55 eV transfers electrons from bulk silicon via thr
photon phtoemssion~3PPE! or four photon photoemission
~4PPE!. In the former case, which we refer to as intern
photoemission~IPE!, electrons can transfer to the extern
interface and become trapped. For simplicity, emission fr
donor levels and mid-gap states~which are a minority! are
omitted in the scheme, but can take place as well. Since
threshold energy of silicon is20 '5.15–5.40 eV, electrons
can be photoemitted from the solid via external photoem
sion if they are excited via 4PPE from the Si valence ba
~VB!, or by 3PPE~in the case of previously excited electron
or doped materials! from the conduction band~CB!. The
separation of charge establishes electric fields up to
MV/cm which can be monitored via EFISH or through th
change in the work function as measured by MPPE.
though both techniques require independent calibration
the magnitude of the associated electric field or work fu
tion the changes in these parameters can be directly use
monitor charge dynamics. In particular we ha
demonstrated21 how both techniques illustrate the role o
oxygen in assisting charging of the oxide layer followin
IPE. MPPE is sensitive for O2 pressure,P,10 Torr with
EFISH usable at higher pressure. In this article we also
MPPE to perform detailed studies of how oxygen ass
charge trapping and detrapping from oxidized silicon waf

eer-
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897J. Appl. Phys., Vol. 88, No. 2, 15 July 2000 Shamir, Mihaychuk, and van Driel
prepared under a variety of conditions and we separate
bient O2 effects from intrinsic~direct! charge trapping effects
as occur for samples in vacuum. Because optical techniq
are unable to directly measure absolute values of work fu
tion ~WF! changes, a Kelvin probe~KP!, measuring WF
changes by the contact-potential-difference~CPD! method22

was also used. The introduction of the CPD method in t
study~unlike the previous one21! enabled looking at adsorp
tion phenomena without the laser beam effect and also
side its area, which is not possible by the former techniq
since the laser beam serves both as pump as well as pr

The remainder of this paper is organized as follows.
Sec. II we briefly review the experimental techniques a
give sample characteristics. In Sec. III we give experimen
results, which are analyzed and discussed in Sec. IV, and
conclusions are given in Sec. V. In a subsequent paper
will discuss the role of other gases in assisting charging
fects on silicon. Oxygen is seen to be a special case sin
not only appears to catalyze charging and trapping effects
do other gases, but it also leads to charge accumulation
the surface.

II. EXPERIMENTAL TECHNIQUES AND SAMPLES

The overall experimental setup is presented in Fig.
The vacuum chamber is equipped with various diagno
tools including mass and Auger spectrometers. The b
vacuum in the measurement chamber was usually in the
1028 Torr range, but to ensure that no residual gas effects
present some of the experiments were repeated in
10210Torr range. The samples were irradiated by 150
pulses with energies 3mJ from a 250 kHz regenerativel
amplified Ti:sapphire laser source operating atl5800 nm
~1.55 eV! producing a peak irradiance of up to 30 GW/cm2

in a spot of diameter;100 mm spot on the sample. A pi
coammeter connecting the sample to ground and monito
by a computer provided a measurement of the net cur
from the sample by recording the~positive! compensating
current of equal magnitude to the photoemission curr
~PEC!. Currents~produced by MPPE! of up to several nA

FIG. 1. Schematic diagram of the MPPE processes.
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(1014 electrons/cm2/s) were observed. The mean free path
an electron emitted by 3PPE~4.65 eV! or 4PPE~6.2 eV! in
the silicon is;10 nm according to the universal experime
tal curve.23 The measured PEC was maximum for 5 nm thi
oxide and not significantly larger for clean Si, indicating th
photoelectrons are efficiently emitted from the Si through
oxide for samples having oxides a few nanometers thick. T
Kelvin probe24 consists of a 2.5 mm diameter mesh, whi
monitors an area;103 times larger than that of the lase
irradiated spot. Since the processes inside the spot yield
changes smaller than 1 eV,9 the KP is not sensitive to pro
cesses confined only to the irradiation area. Therefore, it c
not serve to absolutely calibrate the MPPE monitored p
cesses. Since no lateral resolution of the WF changes ta
place outside the irradiated spot is available, the KP yie
the average value of the WF on the whole surface. Since
KP is not sensitive to processes that are confined to the l
irradiated spot, the latter was placed 1–3 mm below the a
monitored by the KP in order to ensure that no direct int
action between the probe and the laser beam occurs. No
nificant change in the CPD measured when changing
distance between the KP and irradiated beam was obser
and it is assumed, therefore, that the KP measures
changes that occur on the whole surface~outside the irradi-
ated spot!. As can be expected, the KP, being a vibrati
biased electrode near the surface, affects the PEC, the e
being larger for the lower energy MPPE. Therefore, no u
was made of the PEC measurements that were perfor
simultaneously with the CPD ones for calculating relati
PEC intensities or WF changes. However, the simultane
measurements provide essential information about rela
time constants and comparative behavior in and outside
laser beam spot. For unaffected PEC, to be compared to
CPD, separate measurements were conducted, using
same experimental conditions. The sample temperature c

FIG. 2. A diagram of the layout used for photoemission-current and w
function measurements. TS—Ti:sapphire laser; RA—regenerative ampl
UHV—ultrahigh-vacuum chamber; KP—Kelvin probe; and pA—pic
ampermeter.
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be varied using liquid nitrogen flow or resistive heating~not
during PEC measurement! over a temperature range from
200 to 400 K.

The samples were chosen so that the effect of such
rameters as the presence of an oxide, its thickness,
method of preparation, as well as the silicon doping on
studied processes, could be determined. Severaln-Si~001!
and p-Si~001! samples were used. All samples were tak
from polished, optically smooth wafers and had a surfa
area of;2312 mm2 and thickness 0.3 mm. Since the stu
ies presented indicate that the relevant parameter for m
results is the type of oxide~rather than amount of doping, a
least for levels below 1018cm23), the oxide thickness and
preparation method, and type of doping will denote t
samples. The samples used are~a! 15Sn: a;1.5 nm oxide
film grown in steam at 850 K on a low-dopingn-Si~001!
substrate~resistivity 20–100V cm!; ~b! 50 Dn: a 5.0 nm
oxide grown in dry O2 at 1000 K onn-Si~001! ~resistivity
20–100V cm!; ~c! HFSn: HF partially etched 15Sn sampl
~d! 10 Ap: a 1.0 nm oxide layer produced by anodic oxid
tion using 0.1 M HCl with a low-doping~resistivity 3–7
V cm! p-Si~001! substrate;~e! CLn: the oxide of a 15Sn
sample was removed~in UHV! by resistive heating at 140
K ~cleanliness checked byin situ Auger electron spectros
copy!; and~f! CLp: a 10 Ap sample, the oxide of which wa
removed by the same method as in~e!. Both clean Si sur-
faces were passivated by a long exposure to oxygen~forming
a chemisorbed layer!, so further gas admission resulted
reversible CPD values. As shown below, since the PEC
the end of a measurement did not recover to the initial va
due to long-lifetime trap states, the initial conditions we
restored by heating the sample to; 900 K in vacuum for
several minutes before allowing samples to cool to ro
temperature. It should be noted that the initial intensity of
PEC can vary by as much as an order of magnitude
different surface locations. This and other measureme
variation with surface position will be discussed later. Unle
otherwise indicated, the initial behavior of the PEC rep
sents the common behavior for all the samples.

III. RESULTS

Here we present the salient features of the MPPE
CPD experiment. We defer an extensive interpretation
discussion of the results to the following section. We be
by considering the photoinduced charge trapping in the v
ous samples under vacuum (,1028 Torr) conditions.

A. Samples in vacuum

Figure 3 presents PEC measurements on the var
samples~including two measurements on the 15Sn sam
after different treatments!. In most cases, following com
mencement of laser excitation of the sample, a fast decr
of PEC is observed followed by a much slower decrease.
magnitude and time scale of this decrease changes from
to spot and from sample to sample. The PEC intensities w
normalized to unity at 100 s~so the slow-decrease comp
nent of the signal is comparable for all the samples! and
shifted for convenience. The effect of the laser beam app
to be confined to the illumination spot. Moving the sample
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few tens of microns relative to the laser beam gives pho
emission characteristics similar to a virgin sample. This
dicates that the mobility of trapped charges leading to w
function changes is small and/or slow. However, from m
surements of the type shown in Fig. 3 but at different sam
spots we note a lateral variation of initial PEC. Indeed
some spots the PEC does not decrease.

As mentioned before, EFISH and PEC measurements
unable to determine whether immediate transient-surfa
charging also occurs in vacuum, or ambient gas is needed
this process. This is because the laser beam serves as
pump and probe. A CPD measurement before and after b
illumination can answer this question. The reaction to
laser irradiation~for a grounded sample! is an immediate
drop in the CPD of;0.1 eV~see Fig. 11 below!, reaching an
immediate steady state~SS!, and recovering almost immedi
ately when the laser beam is turned off. For a floating sam
a similar effect, albeit 50 times larger, occurs. This is attr
uted to a compensating current to the PEC, reaching a
that is equal in intensity, but slightly delayed. Therefore
small potential difference is maintained, acting as a conti
ous driving force to the compensating current. For a float

FIG. 3. Normalized time-dependent PEC signal illustrating typical dir
filling process on the different samples:~1! 15Sn;~2! 15Sn after;5 heating
~;900 K!-cooling cycles;~3! HFSn; ~4! CLn; ~5! 50Dn; ~6! 10Ap, and~7!
CLp.
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sample the effect is strongly increased since compensa
the PEC depletes the neighboring free electron reservoir~of
the metallic sample holder and the attached cables! thus be-
ing driven by a much higher potential difference. This CP
drop is only weakly dependent on the laser intensity, as
posed to an expected MPPE-driven transient surface ch
ing, and is also in the opposite direction, apparently
pointing to vacuum surface charging. Since the CPD dro
immediate, neither the PEC nor the EFISH are affected b
having the new SS as their starting point. In some ca
however, this SS is not reached immediately, and the P
increases before reaching the SS.

Figure 4 shows how the PEC current varies with la
irradiance. It is clear that the temporal characteristics
nonexponential and dependent on laser irradiance. A t
exponential function, at least, is needed to fit the PEC cu
such a fit is presented in the figure. The very different
pendence of the two time constants on irradiance point
different processes as will be discussed in Sec. IV A.

B. Samples in oxygen

Figure 5 presents a series of PEC measurements for
ferent O2 exposures at various pressures of the~a! 15Sn and
~b! CLn samples. After gas removal in an illumination a
exposure sequence, the PEC has a value significantly lo
than the initial one. The same measurement sequence
the 10Ap and CLp samples~not presented! are essentially the
same as for 15Sn and CLn, respectively. Figure 6 illustra
the normalized PEC for the different samples under the s
illumination/exposure sequence as in Fig. 5. For all samp
an immediate~pressure dependent! decrease in intensity o
the PEC, when the beam is turned on, is followed by
slower ~also pressure dependent! decrease in intensity unti
saturation~or nullification! occurs. When the gas is pumpe

FIG. 4. The dependence of DF decay times on the laser peak inten
I—PEC intensity.I 05I (t50). Best-fit curves for a two-exponential deca
function are plotted, the decay times and the ratio of the preexponent
indicated. The curves were shifted for convenience
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out, some recovery of the PEC intensity occurs, but the cu
rent does not reach the initial intensity. The specifics, how
ever, are different for the different samples, as can be se
for the examples presented in Figs. 5 and 6. Note that acc
mulation of gas exposure~without laser beam on! has no
apparent effect. The initial current drop as well as the slowe
ensuing drop are independent of the time and pressure
exposure to the gas when the beam is blocked. The final PE
~as well as the final EFISH signal8,15,21! after a sequence of
gas exposure in the presence of the laser beam is alwa
lower ~higher! than the initial one~as can be observed in
Figs. 5 and 6!, i.e., a residual effect is present. This residua
effect is very stable~up to days!. Its removal, as mentioned
earlier, is achieved by heating the sample to;900 K for a
couple of minutes. Using high gas doses~e.g.,P.1 Torr for
. 100 s, or 30 Torr for even shorter times! while the beam is
on, a saturation level of the PEC is achieved. It was notice
that after many heating/cooling sequences this residual PE
is significantly lower than that for a virgin sample.

The effect of the laser beam, combined with gas expo
sure, appears to be confined to the vicinity of the spot o
laser illumination. By moving the sample a few tens of mi
crons relative to the laser beam, one obtains a new measu

ty.

re

FIG. 5. Photoemission current~PEC! measurement sequences before, dur
ing, and following exposures to various oxygen pressures~shifted in time,
for convenience! for ~a! 15Sn: A—beam off, B—gas admission, C—beam
on, D—gas pumping;~b! CLn, the dashed area presents the range of direc
filling saturation for different spots on this sample.
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ment spot with photoemission characteristics of a vir
sample. For oxide covered samples, this is true for a
minutes after which a diffusionlike effect starts to affect t
vicinity of the illumination spot~see Sec. IV F!. For the
clean Si samples~CLn and CLp! this mobility effect does not
seem to occur. Exposure sequences, measured using diff
laser powers, always exhibit the instantaneous initial
crease in current intensity when the gas is applied.

Figures 7 and 8 present effects of temperature on

FIG. 6. The PEC measurement sequences before, during, and follo
exposures to 1 Torr O2 for the various studied samples.

FIG. 7. Gas exposure/illumination sequence for sample 15Sn and a2

pressure of 0.01 Torr at temperatures 200, 300, and 400 K. a—beam
b—gas admission; c—beam on; d—pump-out for 400 and 200 K;
e—pump-out for 300 K.
w

ent
-

e

gas-exposure and illumination sequence and on exposu
oxygen of the residual PEC. Figure 7 presents a sequenc
0.01 Torr O2 exposure on a 15Sn sample, performed at 4
300, and 200 K. It can be observed that the initial PE
decrease and the residual PEC value are almost temper
independent. The accumulation effect, however, is maxim
at 300 K. Figure 8 presents a 0.002 Torr O2 exposure mea-
surement, starting with a residual PEC~previously saturated
by a high dose of oxygen and beam illumination!. There is a
slow recovery to the initial saturated PEC value in~a!. In ~b!,
for the measurement performed at 300 K, the beam w
blocked for several periods. In period A~vacuum! the PEC
recovery seems to be beam independent. In periods B, a
~; 30 Torr! pressure oxygen was introduced into the vacu
system and pumped out before the beam was turned o
can be observed that there is a small effect of the oxy
admission, i.e., the initial current~after turning the beam on!
is somewhat higher and a slow decrease, like that of vir
PEC in vacuum, takes place. For 400 K, the PEC recover

ng

O
ff;
d

FIG. 8. Illustration of detrapping effects in sample 15Sn for O2 admission.
This entails PEC measurement of exposure sequences, following a sa
tion sequence of exposure to 30 Torr O2. The PEC is normalized to the
initial current before the saturation sequence; a—beam off; b—0.002 T
c—beam on; and d—pump-out.~a! Uninterrupted PEC recovery after pump
ing; ~b! beam blocking and O2 admission during the recovery: A—beam
blocked~in vacuum!; B—beam blocked1;30 Torr O2; C—beam blocked
10.01 Torr O2.
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essentially beam and gas independent. For 200 K, only 0
Torr oxygen was admitted, but the effect of beam recove
beyond the saturation value, and the following decrease
very pronounced.

As mentioned earlier, the effect of laser beam and
exposure are largely confined to the measurement spot
determine whether this is valid for longer times, a full O2

exposure~and PEC measurement! sequence was performe
on a 15Sn sample and the saturation value of the resi
PEC was achieved. The illumination spot was then mo
;100 mm away and the current measured for;20 s. The
current was measured again at intervals of 5 min. A sim
sequence of current measurements was performed on a
. 1 mm from any former measurement. The same meas
ment sequences were performed after removal of the o
~by heating!. The normalized~to virgin! current intensities,
transformed into effective WF changes~see Sec. IV A! ver-
sus time of the two sequences for both samples are prese
in Fig. 9. Figure 10 depicts similar measurements perform
at 200 K on a 15Sn sample for two spots, adjacent to
initially saturated PEC,I res. For one spot the virgin PEC wa
lower thanI res and no change in current with time was o
tained, while for the other, having a PEC higher thanI res

there was a significant increase in WF with time. Also,
temperature effect on the rate of WF increase with time

FIG. 9. Time dependence of the residual~saturated! PEC~transformed into
WF, see Sec IV A!. I res, at an irradiation spot~a!, PEC at a nearby~;100
mm! point, n. p.~b!, and a far~;1 mm! point ~c! for both an oxide covered
~15Sn! and clean Si~CLn! samples~d! and ~c!.
02
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observed. Figure 11 presents a combined CPD and P
measurement on a 15Sn sample for a 0.1 Torr exposure,
sequence imitating the former PEC measurements~Figs. 5
and 6!. It must be recalled that the vibrating KP disturbs th
PEC measurement, so the measurement provides only

FIG. 10. Time dependence of the~a! residual PEC,~b! PEC at a near point
whereI .I res, and~c! at a near point whereI .I res.

FIG. 11. A combined PEC and CPD measurement of a 0.1 Torr expos
sequences on a 15Sn sample. A—beam on, B—beam off, C—gas ad
sion, and D—pumping.
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qualitative behavior. It is observed that the CPD measu
ment is essentially a mirror image of the PEC experim
when the beam is on. This is not trivial to achieve since
CPD measurement is performed outside the irradiated a
at a distance of about 1 mm from the KP edge.

IV. DISCUSSION

The basic concepts related to MPPE from oxidized s
con have been discussed elsewhere. The PEC method
the fact that the PEC~4PPE as well as 3PPE! magnitude is
PEC strongly dependent on the photoelectron excess~ki-
netic! energy. The photoemission yield,YPE, changes
through DF, the threshold energy change caused by
photoinduced charging, as25

YPE}@n\v2~ET1DF!#m, ~1!

wheren53 for 3PPE and 4 for 4PPE for photons of ener
\v;ET is the energy separation between the Si VB and
vacuum level, whileF is the separation between the Fer
level and the vacuum level. One usually takesm52 in Eq.
~1!, consistent with photoemission dominated by bulk-st
processes, except for very close to the threshold (n\v2F
,0.1 eV) wherem53/2.25 We will take m52 in what fol-
lows, since we expect 4\v2F56.225.15 eV;1 eV and
3\v2(F2Eg)54.6524.05 eV;0.6 eV for 4PPE and
3PPE, respectively, whereEg51.1 eV is the Si band gap
Normalizing the yield to its initial~virgin! value, Y0 , we
obtain

I n5Fn\v2~ET1DF!

n\v2ET
G2

, ~2!

where I n5Y/Y0 . Hence~assuming that the PEC is a 4PP
process and 4\v2ET'1 eV)

DF512I n
1/2. ~3!

Since the PEC is not purely a 4PPE process21 and 4\v
2ET.1 eV, Eq.~3! is not accurate and only the function
dependence ofDF on I n will be used. The units are arbitrary
although the values are not far from the actual eV value

A general remark is in place here about the possibility
derivation of quantitative parameters from the MPPE as w
as CPD results. These techniques are sensitive to the in
charging of traps on the one hand and trap density on
other hand, and both vary laterally~as will be discussed
later!. The inability to map these initial conditions~this could
be achieved by a scanning Kelvin probe, not available in
present study! strongly cripples quantitative calculation
However, as can be seen in the following, distinction b
tween trap families, the differentiation in their existence
the oxide and bulk and observation of processes of trap
ing, gas-assisted and temperature-dependent detrapping
surface mobility of trap charges can be derived and is p
sented.

V. VACUUM DIRECT FILLING „DF… OF CHARGE
TRAPS

In principle, vacuum transient surface charging is p
sible if it is confined to the irradiated spot area~therefore not
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being monitored by KP!. However, this is not plausible sinc
for the gas-assisted surface charging there is a~Coulomb-
repulsion driven! charge spillover from the irradiated spo
easily monitored by the KP~see Sec. III B!. There is no
reason why similar transient charging in vacuum should
bound to the irradiated spot in spite of the repulsion force
is therefore concluded that transient charging does not
place in vacuum and the residence of gas on the surface
precondition for this effect.

The residual low intensity of the PEC following its slo
decrease in vacuum is stable for a long time after the bea
turned off and it is attributed to direct filling of charge trap
by MPPE ~as opposed to trap filling following gas-assist
surface charging!.21 The DF process is not monitored by th
CPD measurement, since it is confined to the irradiated s
It is observed for all samples~Fig. 3!, but not at all spots on
a specific sample, and with parameters changing from spo
spot. Also surface treatment can change the specifics of
process~graphs 1 and 2 in Fig. 3 illustrate DF processes
the same sample, the second one after a few heating
cooling cycles to remove quasi-steady trapped charges!. The
strong diversity in the specifics of the DF process obscu
the possible relevance of the thickness and nature of the
ide to the process.

The functional behavior of the time-dependent PEC m
point to the specific process taking place. In order to le
about actual charge trapping via the changes in the thres
energyAY has to be analyzed@Eq. ~1!#. Most of the DF
curves can be fitted with a two-exponent decay function.
a high-intensity beam~.20 GW/cm2!, the fast decay time is
in the range of tens to hundreds of seconds, while the slo
one is.1000 s and up~see Figs. 3 and 4!. This could point
to the existence of either two different trapping proces
and one family of traps, or to one process and two families
traps. Two processes could involve, e.g., 1PPEs and 2P
For a family of identical traps, however, the ratio betwe
the two processes should be constant for a particular exp
ment, but this is not observed. The possibility of two famili
of DF traps having different energy levels~so each can be
filled by a different combination of MPPEs! and a diverse
concentration across the sample seems to be more plaus
Most DF curves for the CLn and CLp samples~see Fig. 3,
graphs 4 and 7! can be fitted with a single exponential with
long decay constant.

It is hard to draw quantitative conclusions from the i
tensity dependence oft1 and t2 in Fig. 4, since the different
behavior at different spots is undoubtedly partially respo
sible. However, the trend seems to be that whilet2 corre-
sponds to nearly linear dependence with laser irradian
suggeting 1PPE filling,t1 corresponds to a significantl
higher power law, as would occur with MPPEs. Also, t
faster decrease ofA1 , the preexponent oft1 , relative toA2 ,
is in accordance with MPPE. This implies that one family
DF traps lies low enough in energy above the Si VB to
filled with 1PPE, having a very low filling efficiency~long
time constant!, and the other family lies significantly highe
in energy but has a much higher filling efficiency. Both tr
families are present in both the oxide and the Si substr
but, deduced from the CLn and CLp DF curves, the hig
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energy family is present mostly in the oxide and not in
Both families are very diverse in absolute as well as rela
trap densities.

For different spots there is a strong variation in the P
current ~up to an order of magnitude! and decay time con
stant. A variation in DF-trap density could account for d
ferent saturation magnitudes of the PEC decrease but no
the initial decrease rate~unless the density is practically zer
at certain spots!. A more plausible possibility, which can als
account for the different initial values of the PEC and SH
a diversity in the initial trap population. A locally DF trap
filled spot~prior to laser illumination! will not exhibit a DF-
induced decrease of the PEC. A diversity in the initial fille
traps-induced electric field can also count for the diversity
PEC and SH intensities. Since the escape depth of the M
electrons is;10 nm,23 lateral variations in the oxide thick
ness do not play a significant role in the variation of curr
intensity. However, defects/voids in the oxide may cause
cal variations in initial trap filling. A significant, long living
diversity in initial charging of Si/SiO2 is consistent with
scanning KP measurements.26 Measuring the PEC yield at
DF saturated spot tens of minutes after the illumination w
stopped revealed no significant change. Thus no mobility
charges in DF traps was detected.

A. Photon-induced gas-assisted charging „PIGAC…

After gas removal in an illumination and exposure s
quence~Figs. 5 and 6!, the PEC reaches a value significan
lower than the initial one. It is believed that this decrease
PEC ~and consequent increase in WF! is caused by transfe
of surface charge to long lifetime traps, analogous to the
process occurring in vacuum. Before embarking on deta
explanations we offer the following qualitative commen
~1! As can be observed in Fig. 5, the residual current reac
a steady state and no apparent DF process can be obs
following pumping, even after a short exposure dose. He
the surface charge transfer to long lifetime traps inclu
filling of the DF traps~much more efficiently than the DF
process!. ~2! The saturation PEC value reached after oxyg
exposure, for all the oxide covered samples, is significa
lower than the residual current reached in vacuum@marked
in Fig. 5~b!#. Therefore, different families of slow traps a
assumed for the DF process alone~DF long lifetime traps!
and for PIGAC transformed to charge trapping, hence g
sensitive~GS! long lifetime traps~this process includes fill-
ing of the DF traps!. For the CLn and CLp samples th
saturation value seems to be well within the range of the
saturation, so only DF traps are assumed to exist in the
substrate~at the Si/SiO2 interface!. ~3! As stated earlier~Sec.
III A ! the residual current is lower after several heatin
cooling cycles, indicating the formation of charge traps
the cooling/heating process.~4! The recovery time of the
PEC, reaching a saturation value following pumping, d
creases with pressure from 80 to 30 s for the oxide cove
samples and increasing with pressure from 3 to 8 s for the
CLn and CLp samples~Fig. 5!. This is qualitatively corre-
lated with desorption times of oxygen measured for th
samples by the KP~not shown!. It is concluded, therefore
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that this behavior is controlled by the different mechanis
of desorption from the oxide and clean Si surfaces, which
beyond the scope of the present study.~5! The sharp drop in
PEC, following gas1beam exposure, seems to be the feat
least affected by the specific choice of working spot. A
other quantities are affected, some more than others, ad
to the spread in results beyond the statistical measurem
error, and also making it harder to compare measurem
performed with different techniques, or using the same la
conditions but on different spots.

The sharp pressure-dependent drop in the PEC obse
in Fig. 5 ~as well as the rise in the EFISH signal8,11,21! is
attributed to oxygen field-induced adsorption, discuss
elsewhere,27 combined with PIGAC of the surface.8,11,27The
gradual decrease of the PEC that follows, ending in a ste
state current, is attributed to the combination of surfa
charge accumulation and trap filling. The gradual incre
~decrease! of the residual current~EFISH signal! to a steady-
state value is attributed to desorption of the oxygen spe
from the surface~together with charge dissipation for th
gas-attached electrons!. This is combined with a~longer
time! detrapping process that is different for different typ
of samples studied~Fig. 6!. The model proposed is schema
cally presented in Fig. 12. For simplicity, a single symb
and a single filling process are assigned to the DF tra
though it was deduced that there are at least two trap fa
lies, having different filling processes and distributions. T
processes, as can be observed, are interconnected. Too
parameters are unknown and therefore a complete m
ematical presentation is complicated and an exact solutio
impossible. However, the charging/filling seems to be ex
nential like, so effective time constants can be measured
the different processes and in principle their dependence

FIG. 12. A schematic presentation of the proposed model for traps
charge transition processes. nPPE represents the variety of single and
photon-photoinjection DF processes. A star denotes DF traps (DF1PIGAC
filled!, an ellipse denotes GS traps~PIGAC filled!. E—PIGAC induced elec-
tric field, T—trapping, D—desorption, and d—dissipation.
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the experiment parameters~e.g., pressure, dose! can be de-
duced.

Figure 13~a! presents the initial PEC decrease followin
various oxygen doses, expressed as work function~WF!
changes according to Eq.~1!. The KP was used to measure
the adsorption of oxygen on the various samples. The W
changes induced by this adsorption are presented in F
13~b!. All samples show a log(P) behavior having about the
sameP dependence, both for the PEC and CPD results.
was proposed,27 the log(P) dependence of both the adsorp
tion and the charging-induced PEC decrease points to a
ear relation between the amount of adsorbed oxygen spe
and the surface transient charge, leading to the sugges
that the photoinjected electron is electrostatically coupled
an oxygen molecule, thereby creating an additional transi
adsorption site. This coupling also transiently traps the ph
toelectron on the surface, leading to PIGAC. Since oxygen
the only adsorbate causing a strong accumulation effect
PIGAC, it was suggested that the adsorbed O2 molecules
combine with the surface electrons to form metastable O2

2

species28 on the surface. A balance is achieved for oth
gases27 by this coupling to the adsorbates on one hand, a
desorption causing electron dissipation and charge transfe

FIG. 13. ~a! The initial decrease of PEC~normalized to the initial value!,
following oxygen admission for the various samples. The line is just a gui
to the eye.~b! Kelvin probe measured pressure dependence of the~revers-
ible! WF change of adsorbed oxygen for two oxide covered samples and
same samples after oxide removal.
F
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traps on the other hand. O2
2, being metastable,4 causes the

strong pressure-dependent accumulation of surface cha
Accumulation is almost nonexistent at 400 K, but this is n
surprising since the lifetime of surface O2

2 is expected to
decrease. However, accumulation is also not significan
200 K, where it could be expected to be stronger than at
K. This may be the result of the existence of two potent
wells for surface oxygen species.23 The 10Ap, CLn, and CLp
present@Fig. 13~a!# somewhat lower PIGAC values, prob
ably due to the type of oxide for the first one, and the lack
oxide for the others.

B. Filling of gas-sensitive „GS… long-living traps

The residual PEC, being lower than the initial value,
believed to be the result of trap filling, mainly by transfer
PIGAC electrons to long lifetime traps combined with D
~see Fig. 12!. The evaluation of the dose of surface charge~a
fraction of which is transferred to the traps!, which should be
the integral of instantaneous surface charge over
gas1beam illumination time, is not trivial. Since the de
crease in PEC, following the initial step, is due to a com
nation of surface charge accumulation and trap filling~that
does not contribute to the dose!, they are not easily sepa
rated. An effort to separate the two contributions was ma
by using measurements performed on trap saturated s
@e.g., Fig. 8~a!# in which only surface charge accumulation
present. The diversity of initial conditions attributed to initi
trap filling ~Sec. IV A! affects the distribution of time con
stants of the PEC decrease, so the separation of the co
butions is impossible. The dose was therefore defined as
initial WF decrease~due to PIGAC! multiplied by the expo-
sure time, taking into account that the surface charge ac
mulation is also proportional to the charging rate~initial PEC
decrease!.

The normalized value of the residual current~following
the pumping of the gas!, translated toDF, is presented in
Fig. 14 for the oxidized as well as the CLn and CLp samp
versus the dose of PIGAC. For the 10Ap, CLp, and C

e

he

FIG. 14. Charge dose~defined in the text! dependence of the WF chang
due to charge trapping~monitored by the residual PEC! for the oxide cov-
ered~15Sn, 10Ap! and clean Si~CLn, CLp! samples. The dashed area d
notes the WF changes for CLn and CLp due to the DF process.
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samples the residual current is almost dose independent
the efficiency of trap filling for these samples is very hi
and they are filled by a small dose. The efficiency for 15
seems to be lower by at least an order of magnitude, ma
due to the specific oxide covering the sample. Also, as
Fig. 5, it can be seen that the range of saturated charge
for the clean Si samples lies within the range of the DF tra
leading to the conclusion that only DF traps are present in
and the GS ones are confined to the oxide.

The pressure dependence of the saturation values o
~normalized! PEC decrease, in the presence of oxygen w
the beam on, is presented in Fig. 15. All samples exc
10Ap, CLp, and CLn seem to have similar saturation val
~with slightly different pressure dependencies, the sign
cance of which is unclear! and 10Ap exhibits slightly lower
values. The values for CLp and CLn are significantly low
with each sample presenting similar pressure dependen
its oxide covered counterpart. Since the decrease in P
following the initial step, is due to a combination of PIGA
and trap filling, a lower PIGAC efficiency@for 10Ap, exhib-
ited in Fig. 13~a!# is a possible cause for the lower saturati
value. Another possible contributor may be~since the PEC
saturation is a combination of surface charging and trap
ing! a different trap density, namely the lack of GS traps
CLn and CLp and a possible lower trap density in the ox
of the 10Ap sample. It can be seen that though there is s
~probably spot related! spread in the values, the log(P) de-
pendence is quite clear, in accordance again with adsorp
of charged particles~Fowler–Guggenheim isotherm!.

After saturation of the long lifetime traps by a high do
of oxygen @Fig. 8~a!#, the decrease in the PEC due
gas1beam exposure is due only to PIGAC. Because of
long lifetime, and in the case of the 15Sn and other sam
the residual PEC reaches a steady state, the decay o
surface charge in Fig. 8~a! is due to the combination of oxy
gen desorption and charge dissipation. It has to be con
ered that desorption of even the relatively stable O2

2 is ex-
pected to be much faster than a few mixtures.4 Also, no O2

was observed minutes after pump-out~much shorter than the
dissipation time of the residual effect!, when the sample wa

FIG. 15. The pressure dependence of the WF changes monitored by s
tion PEC upon oxygen exposure of the various studied samples.
.e.,
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heated in front of the mass spectrometer. The long recov
time is probably due to slow charge dissipation from tra
that were filled by the additional exposure to 0.002 Torr a
will be discussed in Sec. IV E. Fitting a double exponent
decay@not surprising considering the complexity of the i
terconnected processes that are taking place~Fig. 12!# to the
PEC decrease of Fig. 8~a!, we obtain time constantst1;6
62 s andt2;4065 s. However, the values derived from th
fits to the same PEC decrease following an exposure o
virgin spot, or a DF saturated one aret1;563 s andt2

;30615 s. It can be concluded that the PIGAC process
dominant when it occurs together with GS charge trappi
so the difference in the time constant between the proc
including trapping or excluding it is negligible. Furthermor
the diversity in the initial trap charging conditions~Sec. IV
A! causes a position-dependent WF that affects the PIG
process significantly.

Checking the pressure dependence of the PIGAC ef
tive time constants~not presented!, a general trend of a
shorter time with increasing pressure is obvious. On
other hand, the spread of the results caused by the pos
dependence prevents a more specific analysis from w
more physical parameters and a better understanding o
process could be achieved.

C. Surface-charge mobility „spillover …

As indicated in Sec. II, the KP is not sensitive to pr
cesses that are limited to the area of the beam illuminat
Figure 11, in which the CPD changes are correlated to
PEC ones, proves that charge spillover from the irradia
spot to a significantly larger area~possibly the whole sur-
face! occurs. In contrast to a similar spillover occurring f
H2, He, and CO,29 the CPD for oxygen is a mirror image o
that of the PEC during the PIGAC and also during the pum
ing and detrapping. This indicates that the charging of
whole surface closely follows that of the irradiated spot,
in other words, the spillover is fast. This is caused by
oxygen-induced charge accumulation on the irradiated s
creating a high charge concentration compared to other g
and a stronger Coulomb-repulsion serving as the driv
force for spillover. The spillover is probably of the couple
electron-gas species, thus the PEC recovery is controlled
the gas desorption which affects the CPD outside the irra
ated spot in the same way it affects the PEC inside the s
For 1–10 Torr~not presented! charge transfer accumulatio
induces a CPD increase of the order ofDF50.1 eV. For the
1.5 nm oxide of 15Sn the maximal near interface elec
field is ~assuming it is across the oxide! 0.6 MV/cm. Taking
the oxide relative dielectric constant to be 3.8, we estim
from Gauss’ law that the surface charge density is;1
31012electrons/cm2.

D. The residual PEC and detrapping

The residual PEC after the gas has been pumped
reflects the fraction of traps that had been filled by the co
bination of transfer from PIGAC and DF~in addition to the
initially full ones!. Detrapping should affect both the PE
and CPD in the same way. Figure 11~which presents a CPD

ra-
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measurement outside the irradiated spot! proves that desorp
tion as well as detrapping is essentially irradiation indep
dent. For the detrapping this is in accordance with Fig. 8~b!
in which the rate of PEC recovery seems to be beam in
pendent. Figure 6 presents very different time dependen
of the PEC recovery following the gas pumping for the d
ferent samples. It can be seen that for the clean Si sam
the PEC reaches a steady state immediately after pump
Recalling that for these samples the residual PEC is con
ered to be due to filling of only DF traps~Sec. IV C!, this is
in accordance with the fact that no mobility was measu
for the DF traps~filled directly in vacuum. Sec. III A!. While
for 15Sn a pseudo-steady state~see mobility measurements
Fig. 9! is achieved in a few tens of seconds; for 50Dn a
10Ap it takes;500 s~not shown! and for HFSn no steady
state was measured for many minutes~the specific contribu-
tion of trapped charge mobility has not been measured fo
the samples!. The accelerated recovery of the PEC for HF
~being a sample with a very thin and damaged oxide, follo
ing partial etching! points to charge dissipation. This is pro
ably due to the fact that most oxide traps lie close to
interface~either with the Si or with the surface! which sup-
plies a detrapping route.

In Fig. 8 beam1oxygen exposures on a beam1oxygen
saturated spot are presented. Since the GS and DF trap
already saturated before the addition of t
beam10.002 Torr O2, the decrease in PEC with th
beam1gas on is supposedly due to PIGAC only. Aft
pumping the gas out, however, the PEC recovery sho
have been much faster@;200 s, a typical desorption time
see Fig. 5~a!#. The slow~;1000 s! recovery time points to
charge traps~having a shorter life time than most GS traps
see Fig. 9! that were not full when saturation was achieve
It is not likely that a beam10.002 Torr O2 combination can
fill traps that were not filled by a beam130 Torr one. It
seems therefore that together with the PIGAC and the e
cient charge transfer to traps, there is a gas-dependent de
ping mechanism~at least for part of the traps! having differ-
ent pressure dependencies than the PIGAC. For a few c
of the sequence presented in Figs. 5 and 6, for gases diffe
than oxygen, the residual current was higher than the in
one.29 This can be attributed to a detrapping process that
for the specific measurement more efficient than the tran
of PIGAC charge to traps.

The 300 K measurement in Fig. 8~b! presents the sam
process as in Fig. 8~a!, except the beam is blocked for a fe
100 s periods. It exhibits the independence of the detrapp
process on the beam irradiation~except for the fast increas
when the beam is turned on that might be due to heatin
the steady state temperature!. When;30 Torr O2 is added
when blocking the beam, it can be observed that a sm
amount of detrapping occurs and the DF process resume
seems that the gas detrapping is most effective on the
traps and it can be assumed that the gas affects the h
energy~shallow energy well! DF family ~see Sec. IV A!. The
quantitative irreproducibility of the gas detrapping, esp
cially for the other gases, still requires extensive experim
tal study and analysis in order to clarify and hopefully qua
tify this effect. The 400 K and 200 K measurements of t
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detrapping effect demonstrate its strong temperature de
dence. While for 400 K the recovery of PEC seems to
unaffected by the admission of 30 Torr of oxygen, for 200
the admission of only 0.01 Torr causes significant detrapp
and resumption of a strong DF process. It is likely that t
large enhancement with temperature decrease is cause
the prolonged presence of gas molecules~adsorbed or in the
gas phase! on the surface.

It should be noted that while the CPD change followi
the desorption is due to charge dissipation from the surf
~detrapping!, for the PEC also a mobility of trapped charg
from the illuminated spot outwards should contribute. T
similar time constants for both CPD and PEC in Fig.
demonstrates that the latter is slower than the detrapping
does not affect the total time constant significantly.

E. Mobility of trapped charges

Figure 9~described in Sec. III B! presents the mobility
of the trapped charges. The slow increase of the PEC foll
ing the short-time steady state achieved for 15Sn@Fig. 5~a!#
has indeed a significant detrapping component. On the o
hand, the increase of PEC~decrease of WF! at the nearby
point ~compared to the steady PEC of the control point! is
mostly a result of charge mobility from traps in the irradiat
spot to nearby empty traps, with a small contribution of D
A comparison to the clean Si measurements shows that t
is no residual PEC increase at the irradiated spot. This i
agreement with the finding for the DF reduced PEC t
there is no mobility from the DF traps~Sec. IV A! and with
the conclusion that only DF traps are present in the Si s
strate~Fig. 14!. The small PEC decrease~WF increase! at the
nearby spot can therefore originate only from DF, which
probably stronger at this specific spot than at the con
point of the 15Sn sample. Figure 10~200 K! demonstrates
that the mobility of trapped charges is Coulomb repuls
driven rather than thermally driven. There is a clear mobil
from a spot with high trap-charge density~filled by beam
irradiation! to a less densely charged spot~higher initial
PEC!. In contrast, there is no mobility at all to a mor
densely charged spot~higher ‘‘virgin’’ density, i.e., initial
PEC lower than that of the residual one at the irradia
spot!.

VI. SUMMARY AND CONCLUSIONS

The combination of PEC and CPD has been applied
study the effect of laser beam irradiation of vario
Si~001!/SiO2 in vacuum. Both techniques were found to b
;103 times more sensitive than EFISH to changes in the W
due to adsorption and charge transitions on the surface an
the Si/SiO2 interface. This enabled a detailed study of t
various effects of photon-induced gas-assisted charging
well as charge transfer to long lifetime traps, directly
internal photoemission in vacuum or via the surface trans
charging in the presence of ambient oxygen.

Various samples of different doping, oxide preparatio
and oxide thickness as well as clean Si~001! samples were
studied. It appears that the~low! doping level does not seem
to be a relevant parameter and the different oxides only
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significantly change the efficacy of charge trapping. For
the samples, the surface charging is similar and is believe
obey a universal mechanism of electrostatic electr
molecule coupling.27 No transient charging was detected
vacuum. Charge accumulation during the continuous irra
tion in the presence of ambient oxygen is believed to be
to the formation, in a second step, of metastable O2

2 on the
surface. This charge accumulation was found to be very
fective at 300 K, but almost not present at 400 K as well
200 K where the stability of O2

2 should be increased. Th
temperature dependence of this effect should be further s
ied in detail. At this time, it is proposed that the formation
O2

2 on the surface may be mediated by phonons, which m
explain the less efficient accumulation at 200 K. A fa
Coulomb-repulsion-driven, spillover of surface charge fro
the irradiated spot to the rest of the surface was detecte

Transfer of electrons to long lifetime charge traps w
detected in vacuum by the time-dependent decrease in in
sity of the PEC. It is assumed that direct filling of traps
internal photoemission takes place. Two distinct exponen
decay processes were observed for high power~>20
GW/cm22 peak power! measurements on oxide covere
samples. For the clean oxide samples and for low po
excitation, the PEC curves could be fitted with one expon
This leads to the conclusion that there are at least two
families, filled by the DF process. The first one, having
energy low enough to be filled by photoelectrons absorb
one photon, is present in the oxide as well in the Si substr
The second family is filled only by multiphoton absorbin
photoelectrons and is present mostly in the oxide. Transfe
the transient~ambient oxygen-assisted! surface charge to the
DF traps was found to be significantly more efficient than
DF process. In addition another family of charge traps, fil
only in ambient oxygen~or other gas29! presence, was de
tected. This family of traps is present only in the oxide. T
efficacy of filling of the gas-sensitive traps seems to dep
on the specifics of the oxide for various samples. Since
residual PEC after gas removal, for the clean Si samples,
always in the range reached by the DF process, it is assu
that only DF traps are present in the bulk Si.

There are significant differences in PEC initial value
well as in the specifics of the DF process when moving fr
point to point across the surface. This leads to the conclu
that there is a strong diversity in the initial density of fille
traps, i.e., some of the traps are initially filled even followi
a heating~detrapping! treatment. This diversity affects th
specifics of all charging and trapping processes and ma
any quantitative analysis difficult.

Charge mobility of the trapped electrons was measu
by monitoring the change in PEC over tens of minutes at
irradiation and oxygen exposure saturated spot and adja
~;100 mm away! spots. No charge mobility was detecte
following the DF process. Also, no charge mobility was d
tected for clean Si samples, in accordance with the assu
tion that only DF traps are present there. For the oxi
covered samples a clear mobility was detected, suppos
hopping between traps. Looking at a spot for which the i
tial PEC was lower than the saturated one for the adjac
spot, no mobility was detected in that direction. This prov
ll
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that the mobility of trapped charges is driven by the Co
lomb repulsion between the electrons and also supports
concept of lateral variation of initial charging of charge trap
in which no mobility is possible from a less to a mo
charged region.

Detrapping of electrons from the long lifetime traps c
be obtained by spontaneous dissipation~possibly also by
hopping to an easier to detrap region!, observed in the pro-
cess of increasing residual PEC for some samples, espec
the one partially etched by HF. The oxide of this sample
thin and rough, so every volume in it is close to either t
vacuum or the Si interface. Another route of detrapping
via ambient oxygen~beam blocked!, which causes no detrap
ping at 400 K, a small effect of detrapping at 300 K, and
dramatic enhancement of the effect at 200 K. At least par
the electrons that get detrapped are from DF traps since
DF process is observed following the detrapping. Anoth
proof that gas-induced detrapping takes place is that whe
spot that was saturated by 30 Torr O2 and beam illumination
is exposed to 0.002 Torr O21beam, the PEC is further re
duced. The recovery time to the former saturation value
much longer than the desorption time of the gas from
surface. This means that saturation was not full due to sim
taneous detrapping by the ambient gas. Probably the pres
dependencies of trapping via surface charging on one h
and detrapping on the other hand are so different that
addition of 0.002 Torr O2 in the presence of irradiation ca
add trapped charge to the spot affected by 30 Torr O2 expo-
sure.
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