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Quantum interference in SiIO ,: A conduction-band mass reappraisal
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Quantum oscillations arising from interference in over-the-barrier injected electrons crossing a
metal—oxide—semiconductor structure were observed for a 2.8 nml&j€r. Model calculations

that include image force effects are fitted to the data to obtain a conduction-band mags of
=(0.63+0.09)my. The field dependence of the oscillations was used to deduce the polarity and
magnitudes of oxide charge induced by the high fluence of electrons injected with the scanning
tunneling microscope during spectral acquisitions. 1@98 American Institute of Physics.
[S0003-695(198)01535-9

We report in this letter the determination of the energy exceeds the barrier heigktV,, at the M-O
conduction-band effective-massi,, in SiO, gate oxides interface'® A schematic energy-band diagram of the BEEM
from interference oscillations in the over-the-barrier currentexperiment is shown in the inset of Fig. 1. The tip biasis
of electrons injected into a metal-oxide—semiconductokeferenced to the metal gate so teat; represents the ki-
(MOS) structure with a scanning tunneling microscopenetic energy of the electrons. Whe/;=eV,,,which de-
(STM). Electron wave or quantum interference in the thinfines the threshold energy for electron transmission and
oxide layer of MOS structures during Fowler—Nordheim thereby the dynamic potential maximum in the oxide, a finite
(F-N) injection was predicted by Gundlach in 1966\  collector currentl, emerges from the Si substrate. By dy-
weak oscillatory structure in the F—N current was observedhamic is meant the potential sensed by the injected electrons
by Maserjian and Petersson in 197%and subsequently by as modified by screening effects, described by image force
others?2 from which values ofm,, in the range of 0.32 theory, arising from both cladding layers surrounding the
(Ref. 1) to 0.85m; (Refs. 2 and Bwere estimated from Gun- SiO,. This barrier is shown as a solid curve in the inset. The
dlach’s treatment of transmission through a trapezoidastatic(trapezoidal barrier is depicted by the dashed line and
barrier® This treatment neglects barrier modifications due taincludes a built-in oxide potential of 0.2 V that is attributed
image force effects. Values ofi,, from 0.3m, (Ref. 9 to  to the work-function differences between the Pd gate and
0.5my(Ref. 10 were also estimated from fits of the F—N n-type Si*® An optionally applied bias voltag¥,, between
current expression to experiment, with,, as the fitting pa- gate and Si was set to zero. Details of the BEEM experiment
rameter. For these fits the tenuous assumptions were madee given elsewher&:
that besides the neglect of image force effects, the other pa- The 2.8 nm SiQlayers used in this work were thermally
rameters, such as the oxide thickness, barrier height, and
oxide field, in the exponent of the F—N current expression
are precisely known. A value of 01y is now generally ac- 2.0
cepted and used in transport simulatidhsThe stated
sources of uncertainties and other inherent problems of F—N
methods, such as a position-dependent electron energy due to
the high fields, suggest a reassessment of this issue, particu-
larly in view of the availability of novel experimental ap-
proaches. Many of the limitations of F—N-based determina-
tions of m,, are overcome in this work by using the localized
injection scheme of the STM-based ballistic electron emis-
sion microscopyBEEM). From an analysis of the observed
guantum oscillations in the BEEM current traversing the ox- 0.0
ide we determine a value ofi,,=0.63+0.9my,and further- ' ' ‘ ' ' ' ' '
more, illustrate the potential use of quantum interference to 35 40 45 50 55 60 65 70
assess local charge variations in ultrathin oxides. Tip voltage Vy (V)

In BEEM the STM tip is used to inject electrons into the FIG. 1. Composite BEEM spectrufdots obtained on virgin areas of a 2.8
metal gate of a MOS structure, from where they may entekm oxide. The solid and dashed line are “simulated” spectra. The inset

directly into the conduction band of the gi@rovided their shows an energy-band diagram for the experiment with potential barrier
depicted in the presendsolid) and absence of image force effeédashed
line). The dotted profile includes a positive oxide charge Bf1®'¥/cn? 0.4
3Electronic mail: ludeke@watson.ibm.com nm from the Si interfacel.:=2 nA, V,=0.
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grown near 800 °C in dry oxygen on 125 mn{1810) wafers Mo Knsq |detM|?
(phosphorus doped te-10'® cm™3). ~8X 15 mnt pieces T(E)= = ©)
were cleaved from the wafer and outgassed in ultrahigh My Ko M2

vacuum(UHV) at 250 °C prior to being covered with4—5 ) _ N )
nm thick Pd dots, 0.2 mm in diameter, that were thermallyWhereM is a(2x2) product matrixM =II;_,M, with trans-
evaporated through a shadow mask. The finished sample wg matricesM(x) being only functions of momenturk,
then transferred under UHV into the STM chamber. BEEMand effective-masan in thelth segment? With the metal—
data were acquired in sets consisting of nine spectra evenfgXide interface atx, and the oxide—silicon interface at
spread over a 100100 nnt? area. The quoted thickness ~Xn» Mo=My denotes an effective mass in the metal elec-
was determined ellipsometrically on similarly annealedtrode andmy=mg; the “effective” mass in silicon. For all
pieces immediately after their removal from UHV. EstimatedOtherl we havem,=m,,, although a variable, energy depen-
error ford is =0.2 nm. dentm, could be incorporated as well. In our simulations the
The dotted curve in Fig. 1 is an average over five sets ofollowing 1parameters were usedi=2.8nm, N=30, dg
spectra each taken on a virgin or previously unexposed por=4-1 €V, % Fox=Vox/d=0.07143 V/nm(potential peak at
tion of the sample surface. An average is shown to improvdhe oxide-metal boundary® and mg=0.19mg, my,
statistics. This particular oscillatory behavior is reproducible= Mo, €si=11.7, andeq,=2.13. N
and is observed in 30%-40% of the spectra taken. The struc- 1 (E)is arapidly rising function foE> eV, that exhibits
ture in the remaining spectra is generally weaker or undistin@n oscillatory structure with maxima near unity**in or-
guishable from the noise. As we had previously shown, théler to make the connection with experiment, we have chosen
mere injection of charge in a BEEM experiment can fill ex-10 Simply “simulate” a BEAM spectrum by multiplying
isting electron traps and even create them at high tip biase&(E) With a simple quadratic power law, i.elc>(eVr
(Vy>6V) in oxides withd>4 nm* or produce observable —€Vi)2. @n assumption often made in the threshold
positive charge in thinner oxidé3 As we will discuss later, re_g|on,19 but of limited applicability at higher energies in
such oxide charges have a clearly observable effect on thelG where sécatterlng effects commence to dominate in
oscillatory structure. Suffice to say for now that the structuréhicker layers.® The results of this exercise are shown for
depicted in Fig. 1 is representative of a portion of oxide thafwo different massesn,, in Fig. 1, with the solid curve
is essentially charge free during most if not all of the firstCl€arly giving the superior fit to the data, as judged from the
scan at a virgin spot. In order to avoid charging effects fromPosition of the maxima. Image force effects are included in
prior injections the new acquisition site needed to be som&0th curves. The sensitivity of the position of the maxima on
10 nm or more away from any previously exposed spot. Mox can be estimated by differentiating E@L), giving
The oscillatory structure is attributed to quantum inter-9Mo= ~ (SE/E)m,,. Thus, asE=0.1 eV gives admoy
ference effects in the thin SiQayer, which arise from the =0-0Imo for E=6 eV. Our best estimate for the uncertainty
constructive/destructive interference of electron waves reln E gives an error of=0.02m,. In contrast, the error id of
flected at the metal— SiCand SiQ-Si boundaries of the +0-2 nm, yields the much larger uncertainty of
Si0, “cavity.” For the simplest case of a rectangular barrier, =0-09Mg.Other uncertainties in the estimates &,
maxima in the over-the-barrier transmission coefficient obey<*0.1 V) or in the choice ofe,, give uncertainties of

the quantization condition: <0.01mg, so that our present best estimate fiag, is Mgy
=(0.63+0.09)m,. Ignoring image force effects, a best fit to
E=(nwfh/d)?2m* (n=1,23...), (1) the experimental data givesm,~0.65m;. However, we
find no physical reason for this omission.
whereE is the electron energy the cavity width, andn* We will next readdress the issue of local charge on the

the effective electron massHowever, the presence of an interference structure. To study this, we sequentially ac-

internal field, screening effects, and a more realistic treatquired a series of spectra taken at the same point of the
ment of the interfaces alter these quantization condittbns. sample, with each spectral acquisition further stressing the
We have incorporated these more realistic features in calcipxide. A few spectra of such a sequence are shown in Fig. 2.
lating the transmission coefficief{E) by numerical solution The digit next to the curves indicates the number of the

of the one-dimensional Schiimger equatiort! We assume a spectral scan. The first scan shows the strong modulation of
parabolic dispersion within the oxide with the momentumthe oscillator current at a virgin spot on the surface, in agree-

taking the form: ment with the spectrum shown in Fig. 1. The subsequent
scan is already substantially modified in both the strength
K(X) = y2Mox/fi? VE—[Pp+eFgxX+Eim(X)], (2)  and position of the interference maxima. Further changes in

structure are observed in succeeding spectra. A second point
where,E;,, is the image potential that includes the effect ofto be noted is the progressive increase in the collector current
all images in the two electrodé8 g is the barrier height, 1. with the third and subsequent scans. These increases are
andF,, is the oxide field. Following the approach by Ando attributed to the buildup of stress-induced positive charge
and Itoh for an arbitrary potential barrittwe divide the near the anod¢O-S interfacg of thin oxides!® a process
barrier depicted in the inset of Fig. 1 inddequal segments also invoked to explain current increases with electron flu-
with coordinatex, marking thelth segment. With boundary ence in F—N stressed MOS capacitt3he positive charge
conditions of continuity of both wave function and quantum-creates an accelerating field that results, with the inclusion of
mechanical current density at each boundaryTi(ie) is then  image force effects, in an enhancement of transmission prob-
found to be abilities and an increase in .%
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stressed thicke(>4 nm) oxides* On thinner oxides a
stress-induced increase Ip, coupled with a lack of clear
threshold shifts, was attributed to the presence of positive
charge, with any trapped electrons leaking Butowever,
the interference data of Fig. 2 now indicate that some of the
trapped negative charge is retained, at least initially, and is
observable prior to the slower buildup of the positive charge
with stress. Threshold shifts are more difficult to ascertain in
the presence of both interference structure and the increased
noise of a single scan, although spectrum 2 in Fig. 2 does
suggest a-0.2 V increase in/y, as compared to scan 1. An
estimate of the charge density responsible for generating the
averageV,, deduced from the interference structure can be
made using a sheet charge motfelAssuming that the
charge centroids for the negatifeand positive charges are
0.5d and 0.2, respectively, from the O-S interface, local
charge densities 0f-0.9, +1.7, and+4.4x 10/cn? were
estimated to cause the interference structure in spectra 2, 3,
and 9, respectively.

We conclude that the observation of interference effects

SiO,/n-Si(100MOS structure measured at the same point on the samplein BEEM is an opportunity to reassess local over-the-barrier
The numerals on the right of the spectra indicate the number of the scalransport in dielectrics in order to determine the bounds of

The first spectrum was taken on a previously unexposed area of the sample
Arrows mark the theoretical position of interference maxima for the indi-

relevant fundamental parameters, the effective conduction-

cated oxide potentials. Maxima of the same order are linked by a dotted lindd@nd massn,, of SiO, in the present case. The sensitivity of

The spectra are vertically displaced for clarity=2 nA, V,=0 V.

We illustrate the modification of the potential in the inset
of Fig. 1, where the dotted curve represents the calculate
profile due to the presence of a hypothetical positive charg
density of 3x10%cn? placed 0.4 nm from the O-S

the interference to local electric fields in the oxide can be
used to assess the polarity and distribution of intrinsic and/or
stress-induced local charge. However, the ready trapping and
(aharge generation in the oxides may be somewhat of an im-
gediment to the assessment of spatial variations in oxide pa-
rameters on a highly resolved scale.
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