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Photon assisted field electron emission from SiO -/SI substrates

I. Jiménez® and J. L. Sacedon
Instituto de Ciencia de Materiales de Madrid (CSIC), Serrano 144, 28006 Madrid, Spain

(Received 29 November 1995; accepted for publication 17 April 1996

We report the observation of a field-emission effect in g8Dsamples assisted by the presence of
photons. Electric fields in the oxide of the order of 10 MV/chnare attained by photocharging
during x-ray illumination and bring the vacuum level to a position below the equilibrium Fermi
level. Hot electrons are injected from the Si substrate, traverse the I8@r, and are emitted
directly into vacuum. The large photocharging effect is related to the surface topography, consisting
of multiple Si tips of about 1 um high. © 1996 American Institute of Physics.
[S0003-695(96)02925-1

In this letter we report on the observation of a field- treated samples is no longer specular. Samples are stable;
emission effect mediated by the presence of photons. Thehoton assisted field emission can be reproduced even after
illumination with x rays of a Si substrate covered with air exposed storage for several days without any surface
SiO, induces a large charge accumulation in the oxide layectleaning treatment.
which sustains electric fields of the order of 10 MV th The samples were characterized by x-ray photoemission
The electric field produces electron injection from the Si sub-spectroscopyXPS) with nonmonochromatic radiation from
strate into the oxide, acceleration through the oxide ané Mg anode. The experiments were conducted under UHV
emission into vacuum. The changes of the electronic strugsonditions and were reproduced in two different systems
ture of the system have been monitored by photoemissiorgquipped with hemisphericéleybold—Herausand double
allowing the observation of the hot electron spectrum agass cylindricalPerkin—Elmer Physical Electronicanalyz-
well. Electron emission through an insulator layer has previers to check that no artifacts from the analyzer geometry
ously been attained when a thin metal electrode is depositegPntribute to the measurements of low-energy electrons.
on the insulator and a bias voltage is applied tb%itt has  Analyzer resolutions of-150 meV were used, much lower
also been observed when the metal electrode is replaced bytan the spectral width of the x-ray line which-s750 meV.
layer of ions deposited from a corona dischatgtéowever, In this way, the resolution of the photoemission spectra is
field emission induced by mere illumination has never, to thdimited by the spectral width of thK « line, while the struc-
best of our knowledge, been reported. ture arising from field emission is limited by the analyzer

Si(100 wafers,n doped with P to 5 10 cm~3, were  resolution. Moderate negative voltages are applied to the
used as samples. A clean surface showin@dl) low- Sample in order to allow the detection of the field emitted
energy electron diffraction pattern was obtained by 1 ke\electrons. These voltages produce electric fields of 10-100
Ar* sputtering and~1200 K annealing cycles. Subse- ch‘l_external to the _sample, which are amplified at the tip
quently, SiQ was formed by an oxidation method that yields €nds with a factor estimated to be between 100 and 1000

a rough surface due to simultaneous processes of oxidatigiFeerding to the tip shapeThese field amplification values
(i.e., Si0, formation and etching(i.e., formation and de- 2dree with a typical value of-200 reported for Si tips

sorption of Si0.# Oxidation etching was performed by flow- formed by controlled etching proceseanyway, the field

ing oxygen through the ultrahigh vacuutdHV) chamber at &t the tip end is “”qelr 0.1 MV cnt, negligible compared
a pressure of ¥10°5 Torr with a hot tungsten filament With the ~10 '\::V cm " required for field emission. fomi
opposed to the surface to excite the oxygen molecules while Figure 1 shows an energy distribution curve of emitted

avoiding surface contamination from tungsten oxides. Theelect:ons cogwtﬁnsllng the f'EId_ dem:cstildﬂfh htOt el_ec'_[rom
sample was at-1200 K and the oxidation time was about 1 spectrum and the low-energy side of the pnotoemission spec-

h. The topography of the etched surface is composed Ot{um. Threshold A corresponds to the secondary electron cut-

S10 covere S s wih te shape of pyramids resuting 1 19041 S0, Phoioeectons sl nefetc ot
from preferential etching of thel00) surface to exposel1ll) 9 y y

facets. The samples are irregular, comprising thin oxide are & cape the solid if their energy is higher than the surface

(about 3 nm thick where no charge is accumulated, and arrier (work function. Cutoff A is the end of the electron

. . istribution curve in nventional ph mission rum.
thicker layergabout 30 nm thickwhere the charge accumu- dist bUt.O | CUTVE In a conve tional photoemission spectru
lation and hence the field electron emission takes place ThThe emission below this edge corresponds to hot electrons

P ' |(r=‘|jected from the semiconductor substrate into the oxide due

thickness values are estimated from the photoemission da{ the high electric field. The injected hot electrons are ac-

as explained belo.w. The shape O.f the tips has beep Obser.wéglerated by the electric field during their motion through the
by. lateral scanning eIect'ron microscopy reveqlmg a tlpSi02 conduction band, undergoing at the same time inelastic
height of ~1 um and a radius of curvature of the tip ends of scattering processésAs a result, the hot electron distribu-
about 0.1um. Due to the large roughness, the surface of thgjo, o\;rve takes the characteristic shape of secondary elec-
trons with a cutoff B due to the surface barrier of the charged
dElectronic mail: i jimenez@Ibl.gov oxide. Secondary electrons originated by photoelectrons can
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FIG. 2. Band diagram corresponding to the spectrum of Fig. 1, interpreted

in terms of two types of Si@ (a) flatband oxide, explaining the presence of

cutoff A, and (b) charged oxide, yielding cutoff B and the ballistic peak.
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ence of both oxides explains the spectrum shown in Fig. 1.
FIG. 1. Low-energy side of the electron energy distribution curve during The €lectronic structure of charged oxide has been repre-
photoemission measurements showing three characteristic features: the cagented with parabolic band bending as corresponds to charge
ventional cutoff A, the ballistic peak, and the hot electron cutoff B. Cutoff A located in the whole oxide |ayer_ This charge distribution has

corresponds to the electron affinity barrier of flatband Siéhd cutoff B to been assumed because the charae is induced by x-rav illumi-
the electron affinity of charged SjOThe inset shows a high-resolution g y y

spectra of the ballistic peak revealing its narrow shép@00 meV full  hation and not by any surface charging technique. Surface
width at half maximur despite the use of nonmonochromatic x rays in the charging would yield instead a linear band bending.

photoemission study, and the presence of other minor peaks on its left side. Figure 3 shows photoemission spectra of thefsagd O
1s core levels which are consistent with the changes in the

also contribute to cutoff B if they reach the charged regionslectronic structure discussed above. They also allow us the
of the oxide before being emitted to vacuum. The separatiogharacterization of the sample morphology and the measure-
between cutoffs A and B is the voltage drop across the oxidenent of the voltage drop. From the spectra measured at zero
A negative bias voltage larger than the separation betweeias (sample groundedhe presence of two oxide phases at
cutoffs A and B must be applied to the sample, since the hathe surface is clear: flatband oxide and charged oxide, as no
electrons are moving in energy levels below the analyzevoltage profile in a single oxide layer with a simple charge
Fermi level. These hot electrons can escape from the samptistribution can account for the presence of two distinct ox-
because they are not confined by any surface barrier, bule peaks. When the sample is biased, the charge accumu-
some energy must be supplied to them to be detected. THated in the oxide and the voltage drop becomes larger. For
spectrum shown in Fig. 1 was measured with a bias voltagtarge voltage drops, the core level peaks related to charged
of —70.0 V. The sharp peak located about 4 eV below cutoffSiO, are broader due to a tail extending to the high kinetic
A corresponds to electrons traversing the Si@yer ballisti-  energy side of the spectrum. This tail arises from the convo-
cally and quasiballistically and being emitted into vacuum.lution of the core level shape with the voltage profile in the
This peak reflects, therefore, the position of the Fermi levetharged oxide and the intensity attenuation of buried regions
in the bulk of the semiconductor, in this case the bottom ofdue to the photoelectron escape depth. From simulations of
the conduction band since the substrate fgpe. By ballistic  the shape of the charged oxide peaks, the charged oxide
electrons we mean those traversing the oxide without inelaghickness is estimated to be 30 nm. The computations are
tic scattering, and by quasiballistic those which have sufferednade using the uncharged peaks as reference, an escape
low-energy losses by phonon scattering. A closer view of thelepth of 2.5 nm for the Sicore level, 2.0 nm for the Osf
peak is shown in the inset of Fig. 1, revealing a structureand a parabolic voltage profile in the oxide, as discussed
composed of a main peak with a full width at half maximum above. The simulated charged oxide peaks shown with solid
of ~200 meV, i.e., roughly the instrumental resolution, andcurves in Fig. 3 for the Odspectra are in good agreement.
two shoulders on the left side of the ballistic peak~#.2  Curves corresponding to thicknesses of 24, 30, and 36 nm
and ~0.6 eV from the main peak. The minor peaks seemare shown, revealing &20% accuracy in our estimations.
related to emission from states of the Si/gifterface, since Once the thickness of the charged layer is known, the flat-
they always appear at energies comprised within the Si erband oxide thickness is estimated to be 3 nm from the inten-
ergy gap. Resonant tunneling through gap states and adsaity ratios (charged oxide/flatband oxifleand (oxide/
bate states has been reported as the origin of additional feaubstratgin the Si 2 and O kspectra. Thickness values are
tures on field-emission spectra from Si tips. process dependent and vary for different samples. The mag-

Figure 2 sketches the band structure of flatband, i@  nitude of the electric field in the oxide can be derived from
charge SiQ, and the low-energy side of the electron distri- the voltage drop and the oxide thickness. Due to the distri-
bution curve corresponding to each situation. The coexistbution of charge in the whole oxide, electric fields will be
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FIG. 3. Photoemission spectra of i @nd O & core levels evidencing the presence of two oxide phases at the surface: chargedd®iatband Si@Q The

charged oxide peaks shift to lower kinetic energies with increasing bias voltage due to the enhancement of photocharging, and are broader due to the
convolution of the core level shape with the voltage drop profile. Charged oxide peaks simulated for oxide thicknesses of 24, 30, and 36 nm are shown for
the O K core level, being in good agreement with the experimental spectra.

linear with thickness, reaching a maximum value of 15 andwith x rays. The photons induce charging in the oxide layer,
23 MV cm ! for the spectra of Fig. 3 measured with bias of resulting in an electric field strong enough to produce field
—100 and—250 V, respectively. emission. The large charge accumulation in the oxide is re-
The existence of a voltage across the oxide is due tdated to the topography of the surface composed of Si tips,
positive charge accumulation resulting from the balance ofince no similar effect has been found in flat gi®) sub-
photoionization and charge neutralization processes. As th&trates even for much thicker oxides. The application of an
electrons are moving through the charged oxide, some wilelectric field outside the sample without illumination does
neutralize the positive charges created by photon irradiatiomot produce any field emission. The direct observation of
giving the equilibrium condition for the voltage drop acrossballistic and hot electrons after traversing the oxide layer
the oxide. The electrons contributing to positive charge neumay be useful to the study of electron transport through
tralization are those that form cutoff B, i.e., both hot elec-SiO, if photon assisted field emission is performed on a
trons and secondary electrons originated by photoelectronsegular array of Si tips of controlled shape covered with an
For the samples and bias voltages described here the hokide layer or if microspectroscopic techniques are used
electron intensity is always much smaller than the photoeleceven with irregular samples.
tron intensity (less than 1/100 Accordingly, most of the The authors acknowledge useful discussions with D. G.
positive charge neutralization is due to trapping of secondary. Sutherland, L. J. Terminello, and F. J. Himpsel. This work
photoelectrons in the charged regions. The photoelectron irkas been partially financed by the Spanish CICYT through
tensity has a typical value of 20 nA for the photon flux of project No. PB-94-53. One of the authgts).) also acknowl-
10'3 photons 5! provided by the Mg anode. Since the edges support from the Spanish Ministerio de Educagio
sample surface is rough and composed of pyramidal tipsCiencia.
electrons ejected at low angles are captured by the tips in-
stead of reaching the analyzer. When the bias voltage is in-
creasgd the electrons are preferentially emitted in the forward P. M. Solomon, inThe Physics of SiQand Its Interfacesedited by S. T.
direction. Therefore the electron flux captured by the pyra- p,elidespergamon, New York, 1978p. 35.
mids decreases, and the equilibrium condition shifts to largerp. Arold, E. Cartier, and D. J. DiMaria, Phys. Rev48, 10278(1994).
oxide voltages. Eventually the hot electron emission °D.G. Esagvsan;i Ss P‘£ Sinli\tllsa, SCIJV-tTechEI;hy;-ltllétltéglgo(198©: D.G.
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