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Ballistic-electron-emission-microscopy studies on Au/SigIn-type Si(100) and Ir/SiO,/n-type
Si(100) structures with very thin oxides
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Ballistic electron emission microscopBEEM) has been used to study metal-oxide-semicondusi®S)
structures such as Au/Sjin-type S{100 and Ir/SiG /n-type S{100, with the thin SiQ layer varying from
10 to 30 A. As expected, the presence of a 30-A oxide layer at the interface induces much higher electronic
barriers than in the case of Schottky diodes. Samples with Au show a barrier height. beV, while those
with Ir have a barrier as high as 5.6 eV. When the interface oxide-layer thickness is reduedd #, the
BEEM spectra behavior is different. For Au/SifSi junctions, although a clear threshold is always observed
around 4 eV, showing that a high barrier is already formed at these small thicknesses, a leakage current is often
detected below this threshold. In the case of Ir/S8) structures, the BEEM spectra display an anomalous
behavior. Below the high-energy threshold around 5.5—6 eV, a first threskdldb(eV) and a broad pedk-4
eV) are observed. These structures could result from a resonant tunneling effect through the oxide layer. A
striking result is also observed in the reverse BEERBEEM) mode. In contrast to what is normally observed,
where the RBEEM current is much weaker than the BEEM current, for these ultrathin barriers we find a broad
peak at 4 eV with approximately the same intensity in RBEEM as in BEE3\0163-182608)06408-X

. INTRODUCTION sulating barrier in the Au/CaFn-type S{111) epitaxial sys-
tem.
Metal-oxide-semiconductdiMOS) structures play a cru- In this investigation, we focus on BEEM measurements

cial role in modern semiconductor technoldgfue to the  on metal/SiQ/Si structures with particularly thin SiQayers
large band gap of Sig)the barrier formed at a metal/Si¢®i  (10-30 A in order to study how the barrier behavior
interface is much higher than the barrier obtained directly athanges as the oxide layer becomes extremely thin. We also
a metal-semiconductor contact. The continuing miniaturiza¥eport on studies using two different metals, Au and Ir, as
tion of semiconductor devices requires the use of thinnepase electrodes. Surprisingly, the BEEM results on these two
oxide layers and furthermore makes it increasingly importanMOS structures differ quite substantially. We first studied
to control the formation of this oxide layer on a local scale.5amples with Au and Ir deposited on-a30-A-thick oxide
Oxide barriers of various kinds are also being used in numer@yer. We investigated the effect of the Siayer at the

ous tunnel junction structures, where local control of the ox.ntérface, comparing barrier heights with those of a simple

ide is necessary. This need for a local study of oxide barrierSCOttky barrier, and studied the influence of the metal cho-
is the main motivation for this paper. sen for the base on the barrier height. We then studied the

Ballistic electron emission microscogBEEM) is a tech- behavior of ultrathin barriers~10 A). In this case, the

nique based on scanning tunneling microscé®yM), pro- g_r;?lce tof Aultor Ir as the base electrode yields strikingly
posed in 1988 by Kaiser and Belio study precisely and erent resutts.
with high spatial resolution the electronic properties of a

subsurface interface. In this technique, hot electrons are in-

jected at a controlled energy from an STM tip into the thin

metallic overlayerbaseelectrode of a heterojunction to be Substrates oh-type S{100 (P doped to~10" cm3),
studied. They can pass through this overlayer quasiballistiback implanted for Ohmic contacts and thermally preoxi-
cally and thus probe the interface region. If they have suffidized to 1300 A of SiQ were etched in a HB8%)/
cient energy, they can overcome the interface barrier anthethanol 1:4 solution to prepare clean hydrogen-terminated
create a current in the semiconductiogllector electrode. surface$ rinsed in methanol, and introduced in the ultrahigh
The threshold for nonzero current detection corresponds teacuum(UHV) system. Afterwards, all preparation steps and
the barrier height at the interface. Up to now, this techniquehe BEEM measurements were performadsitu, except in

has been applied mostly to the study of Schottky diddes,the first few experiments with a Au base, where the samples
where the interface barrier is quite low, around 1 eV or lesswere taken out for a short time to repair the connecting lead
in the case of Si. No reports of BEEM measurements orto the base. The subsequent measurements made tiotally
MOS barriers have been made until recently, when Ludeksitu gave exactly the same results as for the cases where we
and co-worker§® presented a BEEM study of°t or Pd/  had to take out the sample, and thus we conclude that the
SiO,/n-type S(100 heterostructures, where the oxide thick- short exposure to air did not influence the results. The clean
ness ranged from 26 to 62 A. Previously, Cubee¢sl. silicon surfaces were oxidized dugrl h under a pressure of
showed the ability to perform BEEM experiments on an in-100 mbar Q (99.998% purity. This oxidation takes place at
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FIG. 2. (a) BEEM spectrum measured on a Au/Si sample with-
out an oxide barrier, witld,,=50 A andl,=1 nA. The solid line is
a fit to the Bell and Kaiser model giving\V,=0.76 eV.(b) and(c)
: BEEM spectra measured on samples with a thin oxide barrier
110 105 100 95 (dex=30A). The solid lines are fits to a quadratic law
Binding Energy (eV) lcx(V—Vp)2 (b) Case of a Au base witld,,=100A and
;=10 nA, giving eV,=4.0eV. (c) Case of an Ir base witld,
FIG. 1. XPS spectra of the Sip2region of the Si substrate and =100 A andl;=10nA, givingeV,=5.6 eV. The arrows indicate
the SiQ, overlayer(a) before the oxidation(b) after oxidation at  the threshold position.
500 °C (ultrathin oxide layer: d,~10 A), and(c) after oxidation
at 650 °C (thin oxide layer:d.,~30A). Solid lines are fits to ment typically 20-60 spectra were accumulated and aver-
mixed Gaussian-Lorentzian product functions, after the subtractiomged. If charging effects®took place during these measure-
of a linear background; the components of each peak are given byents, they would be hidden in the spectra, and therefore we
the dotted lines. cannot totally exclude that they could influence the effects
reported in this paper. However, we never observed any di-
rect indication that such charging effects are present. Also,
we cannot exclude that the spectra represent a spatial average
over distances of some nanometers due to thermal drift of the

ST™ tip above the surface. But no significant changes in the
pared. The first one was oxidized at 650 °C, giving an oxide h f th . f )
thickness ofd,,~30 A, and the second one at 500 °C, with shape of the spectra were observed during any given mea

-~ . : ) ; surement. For all the data presented in this paper, we typi-
do~10 A; they are referrgd to ain a.”d ultrathin Qx'de cally took averaged spectra on 20—50 different positions in-
layers, respectively. Details of the thickness estimate ar

given in Ref. 11. The base metal filtu or Ir) was then Side an area of about 2800 nnf. This operation was then

q ited on the t f the Siat : ture by d repeated three or four times on very different areas over the
eposited on the top of the Si@t room temperature by dc sample surface about 10—1@0n apart. Tunnel currents
magnetron sputtering through a shadow mask to define

i 1 10 nA he tip bi [
junction area of~0.29 mn?f. Gold films (50 or 100 A thick- Varied between 1 and 10 n ; and the tip bias was increased

: 10 V with both polarities. The high tip bias di
nes$ were deposited at a pressure of 0.02 mbar Ar-up to 10 V with both polarities e high tip bias did not

. o . induce modifications in the shape of the spectra as a function
fgﬁggkgg% purgyéai\t abrate:Aof 5 Als, andflrlldiulg‘n/ f|Ir1r_1§108 of time, which might have been observed if the high voltage
pr(teslgupee?r? tahte c.:har;?b(jrr W;g( aEtL g_ga;?b(;r and tr?é def)osai‘sehad damaged the surface. All measurements were done with-

. . ) . out biasing the MOS junctions, i.e., without modifying the
tion rate was determined with a quartz microbalance. Th g J fying

$arrier shape at the interface.
impedance of these MOS junctions was on the order of 1 P

MQ or more, allowing low-noise BEEM measurements. For

comparison, AuA-type S{100 Schottky diodes da, [ll. RESULTS AND DISCUSSION
=50 A) were also prepared with the same procedure, except
for the oxidation step.

For the BEEM measurements, samples were transferred in Figures Za) and 2b) show a comparison of BEEM spec-
UHV to the surface analysis STM chamber, with a base presira measured on samples with a Au base with and without an
sure in the low 10*-mbar range. The metal film was con- additional oxide barrier. As expected, the presence of an ox-
tacted to ground by gently pressing a gold wire onto it. Weide layer induces a higher barrier at the interface, changing
used a home-built UHV STM that was designed to place thérom eV,~0.8 eV, the values usually expected in the case of
tip above any point on a 1-chsurface, using a scanning & Au/Si Schottky barrief,to eV,~4 eV, for the Au/SiQ/Si
electron microscope to determine the position of thet4ip. MOS junction. For voltages very close to the barrier
For these measurements Au or Ptir tips were used, with theeight®** within a few tenths of a volt or even less, the
results being independent of the tip material. BEEM spectrd8EEM current is expected to be dominated by a quadratic
were obtained by measuring the collector current as a fundaw, | c=(V—V,)2. The range of validity of this approxima-
tion of the tip bias, keeping the tunnel current constant. Irtion is too small to allow fitting, but we were able to use a
order to reduce the noise in our spectra, for each measurguadratic law to extract the threshold positigg from the

low temperaturgbelow 800 °Q and the oxidation tempera-
ture defines the oxide thickne3syhich was estimated by
x-ray photoelectron spectroscog¥PS measurement?:!!

A. Thin oxide layers (~30 A)
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spectra, as our data fit empirically to such a law on a wider
range than expected by the theory. In the case of Ay/&D
junctions, the range chosen for the fit weg+1V, but
changing it by~0.5V or even more on either side did not
shift the threshold by more than a few hundredths of a volt.
In the case of Ir/SiQ¥Si junctions, the fit could be easily
made on a larger interval, and the range chosen Was
+2 V. Again changing it by~0.5V on either side did not
shift the threshold by more than 0.2 V. These fitting varia-
tions of the threshold are thus less than the variationg,of
measured at different positions on the samples, expressed by
the standard deviation for these values and indicated by the
errors onVy, in the following results. Generally, the barrier
heights measured on the Au/SifSi junctions are distributed
aroundeV,~4.1+0.2 eV. The barrier height is very close to
those obtained by other techniques probing macroscopic
scales, a$-V characteristics or internal photoemission, on
samples with much thicker oxide layem,(=500 A).2>t

is also in agreement with the values obtained in the recent
BEEM study by Ludeke and co-workér§ on the same kind

of samples ¢.,,=26—-62 A) with a Pt or a Pd baseY,
=3.9 eV). The spectrum measured on the Au/Si junction
was fitted by the model proposed by Bell and Kaiséar the
Schottky diodes, which gives a very good description of the
data for these kinds of samples.

As can be seen in Fig.(®, the BEEM spectra measured
on MOS junctions with an Ir base show a threshold at higher
energy, corresponding to a barrier height e¥,~5.6
+0.4 eV. This barrier is very high and cannot be explained
solely by the difference of work functions between gold and T 100A
iridium. Charges present near the interfaces could be respon-

sible for this enhancement, but it is interesting that it does [~ o (a) 300 300 A2 STM topographic image ari@) simul-
not take place with gold. S.UCh an explangtlon would Implytaneously measured collector current iméfikered image for an
that charges play a more important role in the Ir case. Fofr/Si02/Si sample(d, = 100 A, d,~30 A). Black-white ranges are
both types of samplegAu and In, the collector current be- 45 A and 3.2 DA, respectively,,= —8 V, 1,=5 nA.
low the threshold is essentially zero, being lower than the .
current detection limit, of the order of some tenth of pAto 1
PA. On the other hand, the transmission threshold is alwayshows some BEEM spectra measured at different places on
well defined. For measurements with a positive bias on th§arious Au/SiQ/Si samples with an ultrathin oxide layer. As
tip, in the reverse BEEMRBEEM) mode;® for both types  for the thin oxides @,,~30 A), these spectra reveal a clear
of samples(Au and I, the collector current is also zero, threshold around 4 eV. Some specffdg. 4@)] are very
within the measurement noise limits, up to 10 V bias. similar to those measured on samples with-80 A oxide

The surface topography of all these samples, seen bpyer, with no detectable current below the threshold. How-
STM, is granular, with grains about 5-10 nm in diametereyer, this current often increases gently before a sharp onset
and a few nanometers in height. The collector current imyt the thresholdFigs. 4b) and 4d)]. This current contribu-
ages, measured simultaneously at a tip bias higher than theyn pelow the threshold can be associated with a small pro-
barrier height at the interface, show a correlation with theportion of electrons crossing through the oxide barrier. How-
topographic images. The collector current is more intense &yer, it does not seem that it can be due to electron tunneling
the grain boundaries, where the metal film is probably thinthrough the barrier, for this would induce an exponential
ner. This is illustrated in the case of an Ir base in Fig. 3. ASncrease of the current with the tip bias, as opposed to the
the hot-electron inelastic mean free path in the metal is verypserved linear dependence for the leakage current. One pos-
short (a few nanometejsat high energies° thickness  sible origin of this current is a hopping transport through the
variations of this order of magnitude are enough to induceyarrier, linked to impurities present in the oxide layer, al-
intensity variations in the collector current. Other mecha-though the exact process is not known. Leakage currents
nisms may also be at work, since there is not a strict correngyve also been observed by Ludeke, Bauer, and Carer.
lation over the whole image. their case, they appeared in certain defect regions possibly
related to impurities embedded in the oxide. In our measure-
ments, this leakage current is never very intefsgectrum
(d) in Fig. 4 represents in some way an extreme tasd it

The analysis of the samples with an ultrathin oxide layeris always much lower and more uniform than those reported
of aboutd,~10 A reveals a different behavior. Figure 4 by Ludeke and co-workers in their defect regions. It does

B. Ultrathin oxide layers (~10 A)
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FIG. 5. BEEM and RBEEM spectra measured at different places
Tip Bias (V) on various Ir/SiQ/Si samples d,,= 100 A). (a) Sample with a thin
oxide layer (d,,~30A, 1,=10nA). The solid line is a fit to a
FIG. 4. BEEM spectra measured at different places on variouguadratic law coc(V—V,)? with eV,=5.4 eV, and the arrow indi-
AU/SIO,/Si samples, with an ultrathin oxide layedd~10A).  cates the threshold positiofio)—(e) Spectra on various samples
The solid lines are fits to a quadratic lawo(V—V)® (@ day,  with an ultrathin oxide layefd,,~10 A, 1,=5 nA).
=100A, I,=1nA, eV,=4.2¢eV. (b) dy,=100A, I,=1nA. (c)
Same spectrum a$), after subtraction of a linear current compo-
nent, of 0.10 pA/V;eV,=4.2eV. (d) dy,=50A, I,=3nA. (e . . .
Same spectrurg asl), a]Pter subtrac(tion 8? a linear éurrent cén)]po- ~30-A oxide Iayer[Flg.. 5a)] These spectrq a-r.e typical and
nent, of 0.67 pA/V;eV,=4.0 eV. (f) dy,=100 A, [,=1 nA, eV, could be obsgrved with a h|gh reproduC|b|I|ty at s_,everal
=0.9 eV. The arrows indicate the threshold position. places on various samples, using either Au or Ptir tips. Al-
though the relative intensity of the structures varies from one
spectrum to the other, all spectra present a first threshold
nonetheless vary from place to place on distances of a fewround 1.5 eV, a broad peak around 4 eV, and a second
tenths of a nanometer to a few nanometers, which could b#hreshold around 5.5-6 eV. When a positive bias is applied
simply due to variations in the base thickness, as discussdd the tip, the RBEEM current is of the same sign as the
for the thin oxides, or to small variations in the oxide thick- direct BEEM current and is very similar to it, both in shape
ness or in its structure. In the RBEEM mode, with a positiveand intensity. The absolute peak height varies from place to
bias on the tip, no detectable collector current is measured uplace, but its relative intensity between BEEM and RBEEM
to 10 V, although these data are more noisy. spectra is approximately constant. The striking fact is that
Spectra(c) and(e) in Fig. 4 are obtained from spectfb)  the peak intensity in BEEM and RBEEM spectra have nearly
and(d), respectively, after subtracting a linear component ofthe same value. The structures in the reverse BEEM and in
the current, attributed to the leakage current. These correctdtle direct BEEM spectra appear exactly at the same energy.
spectra look much like those measured in the case of thEowever, the current increase after the second threshold is
slightly thicker oxide layers 30 A), allowing an easier much smaller in the RBEEM mode. The second threshold
determination of the threshold for transmission above theorresponds more to the end of the broad peak.
barrier. A clear collector current threshold observation The second thresholdaround 5.5-6 eYis strikingly
around 4 eV shows that for oxide layers as thin as 10 A, @imilar to the one observed with the thicker oxides. We
high barrier is already formed at the interface. therefore interpret this high-energy structure as the transport
Sometimes, but very rarely, spectra indicating a low bar-of the electrons above the Si®arrier through the Si©con-
rier around 0.9 eV were observed on one regjioh Fig.  duction band, since in fact it appears at the same energy as
4(f)], whereas on other regions the threshold was 4ateV. the threshold found for the thicker SjCbarriers €V,
Such a behavior could be associated with a local absence 5.6 eV). Thus, even in these ultrathin films, the oxide bar-
the oxide layer, so that we observe directly the Au/Sirier is clearly present.
Schottky barrier at the interface. We infer that this kind of As a result, if the broad peak corresponds to an energy
region is very rare, since such spectra were seldom medelow the oxide barrier height, we must find a mechanism
sured. allowing the electron to cross through the barrier. A simple
The behavior of the BEEM spectra measured ontunnel effect cannot explain such a high intensity, compared
Ir/SiO,/Si samples with an ultrathin oxide layer is very dif- to the current due to electrons passing above the barrier in
ferent from what is observed on the same kind of sampléhe oxide conduction band above 5.5 eV. Such a mechanism
with a thicker oxide layer, or on samples with an ultrathin could be a resonant tunneling effect linked to the presence of
oxide layer and a gold base. Figure 5 shows some spectdefect-related states in the Si@nergy gap. Ricco, Azbel,
measured at different places on Ir/$iSi samples with an and Brodsk§* put forward such a mechanism to explain ox-
ultrathin oxide layer of~10 A [Figs. §b)—5(e)], compared ide breakdown appearing at a bias lower than expected in
to a spectrum measured on the same kind of sample with BIOS structures withd,,<100 A. The presence of resonant
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states must be a consequence of the choice of an Ir basdpwever, we expect an important intensity difference be-
considering that such structures do not appear with a Adween these two modes as the energy distribution of the
base. They could be due to a chemical interaction of Ir withholes in the base participating to the RBEEM process is very
SiO, or they could arise from Ir diffusion through the oxide, different from that of the electrons in the direct BEEM pro-
especially since the oxide layer is very thin and disorderedcess. The hot holes are coming from the tail of the distribu-
The absence of such resonant states for Au films can béon and are clearly fewer than the most energetic electrons
explained by the well-known low diffusivity of Au in Sig?? ~ Nnear the tip Fermi level, at the maximum of the electron
Of course, one could be tempted to explain the firsidistribution. This effect is consistent with the absence of

threshold, at low energy, as a result of the transport of thgeasurablehcurrint for RBEfEMhspectra on thin ?Xiﬁm
electrons above the Schottky barrier at the bare Ir/Si interf19- @] Thus the reason for the appearance of the broad

face, where the oxide layer has disappeared. If this was thgeak _in the RBEEM spectra for ultrat_hin oxides rema?ns un-
case, the structures above this threshibldad peak and sec- explained, and p953|b|y the mechanism that determines the
ond thresholtl would result from the electron transport °road peak both in the BEEM and the RBEEM modes may

above the barrier. Note, however, that these spectra are veRf 2ltogether different from what is described in conven-
different from the exceptional case discussed for a Au basHona@l models. Finally, we believe that the understanding of
[Fig. 4f)]. In the case of an Ir base, the shape above the firs'¢S¢ structures may uncover new information on the prop-
threshold is very different, and furthermore these spectra afg'lies Of these ultrathin oxides.

observed reproducibly everywhere on the surface of the junc-
tion. Two other facts lead us to reject this hypothesis. First,
the low-energy threshold appears-afl..5 eV, whereas the

Schottky barrier height for In-type Si is 0.9 eV?? second, Using the BEEM technique, we have locally studied MOS
for BEEM measurements on Schottky diodes, the RBEEMynctions with high barriers being seen even for very thin
current near the threshold is always weaker at least by ongyjde layers €30 A). For Au/SiG/Si junctions, the results
order of magnitude than the direct BEEM curréitin the  grein good agreement with large a@aV and internal pho-
present measurements, the RBEEM current is of the sam@emission measurements on thicker oxides. For IS0
order of magnitude as the direct BEEM current. ~ jynctions, the barrier is higher and cannot be explained
_An effect of dynamic charge t_rapplng or detrapping in thesolely by the work-function difference.
oxide can also be ruled out, since these structures appear oy transmission studies through the ultrathin oxides, we
with the same shape, independent of the voltage sweep ragge found a striking behavior. In the case of a Au base, as
or direction during the acquisition of the spectra. the oxide thickness is reduced+tol0 A, a clear threshold is
The fact that these structures are only observed Oy ghserved, although a leakage current, whose origin is
samples with an Ir base might indicate that they are related tQncertain, is often measured below the threshold. For
the peculiar shape of the Ir density of states, which has §;si0,/sj junctions with an ultrathin oxide layer, anomalous
peak at 0.8 eV above the Fermi levéHowever, this energy  spectra are observed in the BEEM and also especially the
is too low to correspond either to the broad peak in thergeEM measurements. The broad peak observed below the
BEEM and RBEEM spectra, or to a structure in the deriva+igh_energy threshold in the BEEM spectra could result from
tive of these spectra. An effect of the Si density of states is, 1esonant tunneling effect through the oxide layer. How-

unlikely, as such spectra are not measured when gold r&ser it seems that the intensity and the similarity of the

places iridium. _ . structures appearing in the RBEEM spectra cannot be ex-
However, the hypothesis of the electron transmissionyained directly through conventional BEEM models. Fur-

through a resonant tunneling process still does not give gher measurements with different oxide thicknesses and met-

straightforward explanation for the RBEEM spectra. In meays other than Ir or Au as the base electrode should be done.

surements on Schottky diodes, the threshold for BEEM and Finally, although the oxide layer can be very thin10

RBEEM spectra appears at the same energy, but in the Cag§ we can say that neither in the case of géddcept for

of RBEEM, it is smoother and the collector current intensity 5o me rare exceptiopsor in the case of iridium, do we see

is much lower than for BEEM spectra. For an oxide barrier,simmy the BEEM characteristic of a Schottky junctitire.,

even if the process generating the RBEEM current can exyq oxide laye). Already for these oxide thicknesses, at least

plain the appearance of the structures in the RBEEM spectig ihe case of a gold base, a high barrier seems to be formed,
at the same energy as in the BEEM spectra, it cannot explaifs i the case of thicker oxide layers. Although a complete

either the similar shape of the spectra or the comparablgypjanation of the observed features is still missing, we ex-
intensities. Whereas in BEEM the hot electrons are injectediet that the elucidation of the origin of these features will
in the base directly from the tip, the RBEEM current resultSqntribute to a more complete understanding of transport

from secondary electrons excited in the base throughy ough very thin insulators and shall allow BEEM to be-

electron-hole scattering, similar to an Auger process. AS ome a sensitive technique for the study of such interface
result both the momentum and energy distributions of the hof 5 rier formation.

electrons in the base are expected to be different between

BEEM and RBEEM. As seen in the measurements on

inghtIy thicker oxides, thg inelas'tic mean freg path.e}t the ACKNOWLEDGMENTS
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