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Transient charge carrier distribution at UV-photoexcited SiO,/Si interfaces

M. Marsi
Sincrotrone Trieste, AREA Science Park, 1-34012 Trieste, Italy

R. Belkhou, C. Grupp, G. Panaccione, and A. Taleb-lbrahimi
Laboratoire pour I'Utilisation du Rayonnement Electromatigee, Baiment 209 D, Universitéaris-Sud, Bde Postale 34,
F-91898 Orsay, France

L. Nahon and D. Garzella
C.E.A., Service des Photons, Atomes et Fldks, D.S.M./D.R.E.C.A.M.,"Baent 522, Centre d’Etudes de Saclay,
F-91191 Gif-sur-Yvette, France

D. Nutarelli
Laboratoire pour I'Utilisation du Rayonnement Electromatigee, Baiment 209 D, Universitéaris-Sud, Bde Postale 34,
F-91898 Orsay, France

E. Renault
C.E.A., Service des Photons, Atomes et Mdks, D.S.M./D.R.E.C.A.M.,"Bment 522, Centre d’Etudes de Saclay,
F-91191 Gif-sur-Yvette, France

R. Roux
Sincrotrone Trieste, AREA Science Park, 1-34012 Trieste, Italy
and C.E.A., Service des Photons, Atomes et dids, D.S.M./D.R.E.C.A.M.,"Bment 522, Centre d’Etudes de Saclay,
F-91191 Gif-sur-Yvette, France

M. E. Couprie
C.E.A., Service des Photons, Atomes et ldks, D.S.M./D.R.E.C.A.M.,"Baent 522, Centre d’Etudes de Saclay,
F-91191 Gif-sur-Yvette, France

M. Billardon
Ecole Supgeure de Physique et Chimie Industrielles, 10 rue Vauquelin, F-75231 Paris, France
(Received 10 November 1999

We used time-resolved pump-probe core level photoemission spectroscopy to study the transient regime of
the charge distribution at SYI6i interfaces after photoexcitation with an UV free electron laser. We found that
electrons generated in the Si substrate can accumulate at the surface of the oxide layer, strongly affecting the
electric field at the interface. Fortype silicon, this effect can lead to an enhancement of the curvature of the
bands, rather than to the expected flattening due to surface photovoltage. The characteristic decay time of this
vacuum transient charging at the surface of the oxide layer depends markedly on its thickness; our results
indicate that for about 12-A oxide thickness, it is comparable to the typical excess carrier recombination time
in silicon space charge layers.

The interface space charge layer plays a crucial role ifSR), we recently showed that surface states can strongly
determining the electrical properties of semiconductor juncaffect the transient regime of the nonequilibrium charge dis-
tions. Furthermore, since in most cases the actual operatidribution in the space charge layeMore specifically, we
of a semiconductor device structure involves perturbing itfound that the interplay of carrier exchange phenomena be-
equilibrium (applying a voltage, or a photoexcitatiprthe  tween the bulk and the surface can make the excess charge
nonequilibrium distribution of the carriers in the spacebehave very differently from the normal decay, which one
charge region is an important factoknowing and under- would predict considering only bulk recombination pro-
standing its temporal evolution is therefore a major issuecesses within the space charge layer itself. In fact, photoex-
considering also the rapidly reducing size and increasingitation generates electron-hole pairs, which causes a surface
speed of microdevices, where the whole device structure caphotovoltage(SPV) related to the temporary separation of
be thinner than the typical semiconductor space charge layenggative and positive excess charge within the Si surface
and so frequently solicited to be in a transient nonequilib-space charge region. Normally, taking into account only re-
rium regime. combination in the Si substrate, the band flattening related to

Using an unconventional approach to two-photon time-the SPV lasts for a time of the order of 0.1u%, before the
resolved photoelectron spectroscopy, based on the combinestcess carriers recombiA&urface recombination can speed
use of a free-electron laséFEL) and synchrotron radiation up such transient time, increasing the spatial overlap between

0163-1829/2000/68)/50704)/$15.00 PRB 61 R5070 ©2000 The American Physical Society



RAPID COMMUNICATIONS

PRB 61 TRANSIENT CHARGE CARRIER DISTRIBUTION A . .. R5071

L B L e et L L B L

positive and negative carriers. Alternatively, it has been

proven that the interplay with charge transfer at surface SI0Si(100p  hv=130eV

states can also delay or modify the recombination, causinc

fluctuations in the SPV decay related to a temporary separa . Eotromey o $oen

tion between positive and negative chafge. I e ,. ot
In the work presented in this paper, we applied the samez ’ AT . e

technique to the study of a prototype semiconductor inter{2 ’ :

face, Si/SiQ, and found that in this case a similar and even i

more dramatic effect on the nonequilibrium charge distribu-g

tion may occur. Nevertheless, in this case the excess elecs
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trons created by UV FEL excitation are not conveyed to i, o
surface electronic states of the semiconductor itself. Instead =" P e =

they diffuse, at least in part, into the Si@verlayer and T
accumulate at its surface, so that the transient negative electron kinetic energy (V)
charge is again kept far away from its positive counterpart, o .
and its interplay with the space charge layer is strongly de-_. FIG. 1. Effect qf FEL irradiation on a 4-A oxide layer grown on
pendent on the thickness of the oxide layer. Raype Si,  >'(100), for various pump-to-probe delays.
this can give particularly visible effects, because the excess
negative charge is conveyed more to the surface than thment [typically 300-ps full width at half maximum
positive one, instead of more into the bulk, causing an ap¢FWHM)] whereas the FEL pulse is much shor20—40 ps
parent inversion of the SPV. Our study enabled us to deteFWHM).
mine a range of oxide thickness for which the characteristic The S{100) wafers, both oh (15-30€) cm) andp (5-10
time of scattering between the SiGurface and the Si space () cm) type, were prepared following the Shiraki proced(re,
charge layer is comparable to the typical decay time for SPVeaving a thin, thermally grown oxide layer, prior to intro-
related to bulk recombination in Si. duction in the UHV vessel. Afterwards, the oxide layer was
The measurements were performed at the Super AC@emoved with repeated flashes to 1100 C, and ultrathin oxide
storage ring in LUREOrsay, France combining the use of overlayers were thermally growim situ, exposing the sur-
the UV FEL and of synchrotron radiation emitted from anface to molecular oxygehThe samples were heated by re-
undulator and dispersed by a plane grating monochromatosistive heating.
The experimental setup and the possibilities of these two- Particular care was taken in isolating the surface charge:
photon experiments have been extensively discussetthe electrical contacts were made with Ta clips touching only
elsewheré: their main feature is the perfect, 1:1 synchroni- the back surface of the wafer. The front surface, exposed to
zation between the FEL pulséssed as pump and the SR the FEL excitation, was in contact only with ceramite
pulses of the photoemission beamlitecting as probe In  give a pure mechanical contgacthat were carefully covered
this way, each SR pulse probes the system in the same ewith a Ta foil to avoid charging effects due to exposure of
cited state, thus allowing us to readily extend all the advanthe ceramic to the FEL or SR photons. In this way, the pho-
tages of synchrotron radiation photoemission spectroscopy twexcited surfaces were grounded only through the Si sub-
the study of FEL-excited systems, while keeping a convenstrate and the influence of other discharge processes can be
tional detection scheme. The SR photon energy was chosenled out.
at 130 eV, to guarantee maximum surface sensitivity on the We explored the response to the FEL excitation for dif-
Si2p core level photoemission signal. The FEL energy, set tderent SiQ/Si(100) interfaces. Figure 1 shows the behavior
3.5 eV (350 nm, minimizes the penetration depth in Si of a 4-A-thick oxide layer orp-type S{100); as clearly vis-
whilst creating excess photocarriers; in addition, this energyble from the Siz photoemission peak line shape, all four
is greater than the conduction band off$8t3 e\), but  oxidation states of Si are presénincluding SiQ. Spectra
smaller than the valence band offé4t4 e\) at Si/SiQ junc-  were taken on the photoexcitated specimen with different
tions. The measurements were performed in the experimenttime delays between the FEL pump and the SR probe, and
station of the SU3 high resolution photoemission beamlinethe most representative data points are shown in Fig. 1. Im-
where the FEL light was transported via a series of mirrorsmediately after the FEL excitation, an SPV of 120 mV was
An optical delay line made it possible to change the delayneasured+1 ns in Fig. 3. No fluctuations were observed
between the FEL and the SR pulses betweeéhns and+6  for what we will refer to as positive delays on the ns scale
ns, whereas the repetition rate of the pulses was determindde., for At between+0.5 ns and+6 n9: the SPV decays
by the two-bunch operation of SuperACO, corresponding tanonotonically to 80 mV at negative delagafter 119 ns—-1
a 120-ns period. Consequently, what we will refer to-es  ns in Fig. 1. This is a normal behavior for Si, where normal
ns actually means-119 ns delay between pump and probe.bulk recombination processes cause the recovery of SPV in a
Each FEL pulse delivered more than 1 nJ on the sampldjme of the order of 100 n&3 Similarly, for oxide layers of
corresponding to an average power of 10 mW,rav& mnf  comparable thickness grown antype S{100), an SPV of
spot, uniformly illuminating the beamline focusvhich is  the same intensity was observed in the opposite direction
about 1 mm). The SR flux(about 18'photonss*cm™) is  (with shift of the electronic levels towards higher binding
not sufficient to produce any detectable SPV at roomenergieg for both positive and negative time delays, again
temperaturé.The temporal resolution of the technique is de-indicating a recovery time for the SPV of the same order of
termined by the duration of the SR pulse during the experimagnitude. For botim andp type, a cw visible light photo-
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FIG. 2. Shift of the electron energy levels for a 12-A oxide layer
grown on Si(100)n, exposed to FEL and cw visible light excita-

i FIG. 4. Shift of the electron energy levels for a thick oxide layer
ion.

grown on Si(100)R, exposed to FEL and cw visible light excita-
tion.
excitation produces a steady state SPV in the same direction
as the FEL. For such ultrathin oxide overlayers, the behavioabout—1 ns, in the same direction as the cw excitafion
of n- andp-type Si is therefore symmetrical with respect to  In Fig. 4 we show instead the results of FEL irradiation on
photoexcitation. a much thicker native oxide laygestimated at 40 A pre-
Such symmetry is no longer found for thicker oxide over-paredex situfollowing the Shiraki procedure and introduced
layers. In particularp-type Si was found to give no detect- into the analysis vessel. In this case, the shift is consistently
able FEL induced shift for an oxide thickness of 8 A. For ain the opposite direction with respect to the expected shift
thicker oxide layer(approximately 12 A such as the one due to SPV, and it shows no dependence on the FEL-SR
grown onn-type S{100 and presented in Fig. 2, an even delay in the 0—120 ns window. Excitation with cw visible
more marked difference was found: here, a cw excitatiodight showed no detectable shift of the electron energy levels.
with visible light (sufficient to create an excess of electron- _On the basis of the present results, the following conclu-
hole pairs in the Si substratsstill causes a shift towards SIONs can be drawn: the oxide layer plays an important role
higher binding energies, as one would expect fomagpe in the g:harge distribution after phptoexcnatlon, and its inter-
sample(—60 mV in Fig. 2. On the other hand, a surprising play with the space charge layer in the Si substrate can lead

- : o L _to unexpected effects, especially in the transient regime. Fur-
effect takes place with FEI.‘ |r_rad|at|on: for positive time de thermore, the fact that the electric field at the interface de-
lays the energy levels shift in opposite directions with re-

I pends strongly on the thickness of the oxide layer clearly
spect to the cw gxmtz_ahon(as much as 70 ”?V’At indicates that this behavior is not determined by interface
=+4ns, as shown in Fig.)2For negative delays, instead

g o , ' electronic states. In fact, in that case there should be no
the shift is the same direction as the cw excitatier80 mV. 4 jation of the charge distribution for a thickness larger than
for At=—1ns, Fig. 2. No fluctuations of these shifts were 5 fe\y A. The fact that the “inversion” fon-type substrates
observed on the ns time scale for positive delays. becomes more relevant with increasing oxide thickness sug-

This inversion in band bending dynamics was found to b&eqis that this is related to electric charge accumulating at the
dependent on doping type and on oxide thickness. In partiCls;rface of the oxide, which is consistent with previous
lar, thinnern-type samples do not present this effect; con-gpsepyationg=* Furthermore, it should also be emphasized
versely,p-type samples with an even thicker oxide lay8 5 this transient charging occurs in UHV conditidhs.

A, Fig. 3), showed no evidence of inversion, presenting only  These experimental results can be readily explained if one
a monotonic SPV decay140 mV at+2 ns, +55 mV at  gqqumes that the FEL pulsé8.5 eV), while creating

electron-hole pairs in the Si substrate, promote a fraction of

I B L I L RS L L L B LR AR A AR LA ALLRE RN LARRE RRRAN|

Y the excess electrons from Si to Sj@vercoming the 3.3-eV
Y SI0ASI(100rp barrier between the two conduction bands. These excess
SN hv =120 ev electrons can be created within the same FEL pulse or can be
S5 originated by the accumulation of previous excitations. In
. A '-.. this way, a fraction of the nonequilibrium excess negative
3 LSO N E charge moves into the oxide layer and, as already observed
H P PR PNRPPRS, Nl elsewheré;'* migrates towards the surface. The migration
g ey ‘-\ e process appears to be faster than the time scale of our tem-
3 4 R W A N Ty poral resolution(0.2 n9. This transient negative charge layer
s ~ ~, P~ has, of course, two opposite effects on the band bending,
Nt andd \“'-W'*/i“*. . according to the substrate doping.
OO P PO ST FOO OVPTSVOOt POV OUSTORP PP FOPRP N FONTTPRNT i ever..... For p-type Si, it produces an additional electric field that
18 19 20 21 22 23 24 25 26 27 28

is in the same direction as the normal SPV. A simple inter-

pretation is to say that a fraction of the excess electrons
FIG. 3. Effect of FEL irradiation on a 18-A oxide layer grown which normally accumulate in the outermost part of the

on Si(100)p. space charge layer gi-type Si move into the oxide: the

electron kinetic energy (eV)
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transient electric field is always pointing from the excessthickness of the Si@layer changes between 10 and 18 A,
holes in the bulkpushed there by the preexisting band bend-qe o the reduced overlap of the evanescent states of Si into

ing) to the excess electrons at the surfédieected there by . ) . :
the preexisting band bending in the Si conduction band ané'oz' Consequently, the 12-A case presented here fits well in

by the UV excitation in the oxide layer, respectively a range of intermediate thickness, where the reduced overlap
For n-type Si, instead, the fraction of excess electronsof interface electronic states reduces the recombination rate

which is not photoexcited by the UV light into the oxide between electrons at the oxide surface and the Si substrate.
layer moves towards the bulk, so that the excess holes afeurthermore, we would like to point out that it corresponds
situated in between the two electron clouds. Consequehﬂjp the thickness which represents the technological limit for
for n-type Si the negative charge at the surface will producilicon dioxide gate§13-15 A (Ref. 12], thus providing

an electric field acting in the opposite direction with respectuseful information on the transient behavior of these mi-
to the normal SPV field. crodevices.

It should be noted that the use of 3.5-eV photons from the In COHC'USiOﬂ, the nonequilibrium Charge distribution at
FEL gives the electrons the possibility of overcoming theSi/SIiO; interfaces excited with UV FEL sub-ns pulses, was
SiO,/Si conduction band discontinuify, whereas it is not found to be strongly affected by the oxide layer itself. The
sufficient for the holes to cross the valence band discontinueXperimental data indicate that electrons are injected by the
ity (4.4 e\). Consequently, no parallel effect due to injection FEL into the oxide, and that they migrate to its surface. This
of positive Charge into the oxide |ayer should be expeCQed_ results in a transient Separation of at least a part of the excess

The intensity of the electric field related to this negativecarriers from the space charge layer region, thus affecting the
charge surface layer will be of course proportional to thefecombination processes and the band bending dynamics.
number of electrons photoexcited into the oxide, and will beThe effects become particularly evident foitype Si sub-
also affected by the thickness of the oxide it4éfe screen-  strates, where the localization of excess electrons at the sur-
ing of the oxide is weaker with respect to) SAnyhow, the ~ face can cause an increase of band bending, rather than the
main effect of the oxide thickness will be on the lifetime of normal flattening induced by SPV. The recombination time
the transient field, because the recombination of the exced8r this surface charge is related to the overlap with evanes-
electrons will become slower and slower as a thicker oxide&ent Si states decaying into the oxide layer, and consequently
layer keeps them further away from the excess holes in the Siepends strongly on the oxide thickness. In particular, it was
space Charge |ayer_ Actua"y, the key poiht in the evo|utionfound that for a thickness of 12 A, this time is Comparable to
of the transient charge distribution is the interplay betweerthe characteristic lifetime of the nonequilibrium space charge
the excess electrons in the oxide and the excess carriers iayer in Si, thus causing fluctuations in direction and inten-
the Si substrate. sity of the band bending on the scale of tens of ns. Thicker

For very thin (feW A) oxide |ayers, this surface Charge Iayers(estimated 20-40 )&have lifetimes greater than the
appears to be close enough to the Si substrate valence bahd0-ns window accessible by our experiment. Thinner layers
to cause a very effective “surface” recombination process(5—8 A do not produce a detectable shift; in this case, the
which is faster and anyhow adds up to the normal carrieglectrons accumulated at the oxide surface are so close to the
recombination processes. For thicker layers, the overlap béSi space charge layer that their role in the recombination
tween the Si wave functions penetrating into the oxide andProcess is similar to normal surface defects.
the excess electrons becomes poorer, so that the overall re- Besides their intrinsic interest for the study of semicon-
combination becomes slower. In particular, for the interme-ductor junctions, these results can be also especially relevant
diate range of oxide coveragéabout 12 A, the surface for all kinds of SPV-based spectroscopies, which are often
recombination process appears to take p|ace on a time Scd.lléed to detect and StUdy the role of interface states. In fact, in
comparable to the characteristic bulk recombination time fothe case of Si/Sig) it should be noted that SPV measure-
Si (of the order of 10—100 nsthe most visible effect of this ments can be strongly affected by states which are not
is that, for instance, we find opposite directions of transienstrictly at the junction, and care should be used in correlating
band bending for negative and positive time delays forband bending with details of the electronic structure, such as
n-type Si. For a thicker coverage, finally, the recombinationthe interface state density.
rate becomes certainly larger than the temporal window ac-
cessible by our techniqud20 ng. It should be noted that it We gratefully acknowledge very useful discussions with
has been recently ascertained that the leakage curreNorman Tolk and his collaborators. This work was per-
through a Si/Si@ gate oxidé? changes dramatically, by as formed with partial support from the EEC within the TMR
much as 6—7 orders of magnitude, when the ellipsometri®kesearch Network Grant No. FMRX-CT98-0245.
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