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Abstract. The electrical activity of the electron-spin-resonance-active interfacial point defects
Poo and RB1 (unpaired Si bonds) has been examined on standard thermal (100}Si/&f@r
elimination of the H-passivation factor, this has been achieved through combination of electrical
and ESR analysis on common suites of samples exhibiting a distinct controlled variation, both
relatively and absolutely, of thep® and R densities. Unlike initial inference, it is found

that Ry is electrically inactive as a degrading interface state; hence it has no direct electrical
influence in Si/Si@-based device physics. AlLpdefects, however, are found to be electrically
active, putting these EPR-active defects in a unique position.

With progressing metal-oxide—semiconductor (MOS) technology, the crucial role of the
phenomena occurring at the interface of the basic Sy&ifitity has become ever more
important, an issue more pertinent than ever in view of the incessant trend for down-scaling
[1]. Of specific concern are the electrically active interface defects, with electronic states in
the Si band gap, as they may operate as trapping and recombination centres, thus adversely
affecting critical current [2]. They are seen as naturally introduced during oxidation as a
result of lattice—network mismatch [3].

Over the many years, these, of course, have been most intensely studied with repect to
their electric impact, which has resulted in a thorough characterization incorporating trap
density, distribution and energy levels [1, 2]. However, for those states associated with
magnetically active sites, the information as to thamic identityhas almost exclusively
come from electron spin resonance (ESR) investigation [2—10].

At the (111)Si/SiQ interface, only one point defect has so far been isolated by ESR
[2, 4, 6], termed B and conclusively identified as a threefold coordinated interfacial Si
(-Si =Si3). Analysis by the capacitance—voltage (CV) technique in conjunction with ESR
has ascertained it as an amphoteric trap of effective electron—electron correlation energy
U, = 0.5 eV, with the+/0 and Q— levels in the Si bandgap at 0.3 and 0.8 eV above
the valence band levdl,, respectively. The [Pdefects are established to be the source of
about 50% of the interface traps [11, 12]

In the technologically dominant (100)Si/SI&SR has delineated two different species,
termed By and R, [5]. Initial analogous research [13] as conducted gnhad also
concluded both types to imply detrimental interface states with the significg@tand
0/— levels atE, + 0.3 andE, + 0.85 eV, andE, + 0.45 andE, + 0.8 eV, complying with
U, = 0.55 and 0.35 eV for i and RB;, respectively; repeated combination of electrical
and ESR work has left little doubt about this assignment fgr RIso here, initial research
had promoted these defects, physically located at the very interface, as responsible for the
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majority of all interface states [12, 13]. However, as already hinted initially [11,13], it has
now become clear that, with inclusion of all traps residing in more remote interfacial SiO
layers, Bp and R; do not set the full scene; neither do thg defects in (111)Si/Si®

other interface states [14] emerge, of which most have apparently so far escaped ESR
detection. Within this increasingly complicating picture, particularly the role af Has
become hazy, to say the least, as exposed by various experimental observations over many
years [15-19]. The initial (to our knowledge thus far the sole) conclusion ahqig P
electrical activity has been inferred from electrical (CV) research in conjunction with ESR

on selected samples in combination with appropriate anodic or corona biasing. It may
then appear somewhat surprising that, in the light of the paramount importance for the
understanding of (100)Si/Sibased device physics, this conclusion has since not been
revisited for corroboration. The likely reason lies in the involved complexity (e.g., signal-to-
noise ratio, overlapping signals) of the ESR spectroscopy in combination with the previous
general failure to establish unquestionable relationships between processing parameters and
incorporated By and R densitities [2, 5, 12].

It is clear, though, that any attempt for further insight would much benefit from
understanding of the electrical role of the thus-far-isolated ESR-active defects,i.e., P
This is the focus of the present work. In a most straightforward way, we have carried out
electrical (CV) and ESR analysis on the same sample sets of standard thermal (109)Si/SiO
as a function of controlled, monotonic variation in the density, both relatively and absolutely,
of the physically presentp and B; ensembles. It appears an approach with fewest
complications; there are no threats such as possibly arising from less defined biasing
procedures or oxidation-induced sample-to-sample variations. This has been possible as
a result of a recent clear isolation of a processing parameter, enabling the relative density
of the R and B systems to be controlled through simple postoxidation annealing. As a
major result, it is found thedp defect plays no significant role in the interface state activity.

Samples studied were commercial 2 inch diameter two-side-polished float-zone (100)Si
wafers 100Qcm; p type). For ESR purposes, these were slicedd@ tn¥ pieces. After
appropriate cleaning, including a 10 min treatment in Piranha etch’a@ 3@e samples were
thermally oxidized at~970°C (99.999% Q; 1.1 atm) to an oxide thicknest, ~ 50 nm.

Both (100)Si/SiQ structures grown in a local high-vacuum laboratory and a technological
facility [20] were studied, with identical results. For the reliable determination of the total
interface trap densityV;, (vide infrg), both p- and n-type samples (0.05-12@m) were
coprocessed. After a first ESR diagnosis in the as-oxidized state, the samples were subjected
to various annealing steps in vacuum4x 10~’ Torr) for ~1 h each at desired temperatures

in the range 620-111CC to establish sets of samples with the intrinsic densitigaRd R1
varying in a controlled, systematic manner; such a trend is illustrated in figure 1 by typical
4.3 K ESR spectra, labelled by the temperatref the final vacuum anneal. Since vacuum
annealing in the 620—112C range was the last applied thermal step, this assured exhaustive
ESR activation of the i3 and B; ensembles (dissociation of H-passivated entities) [7], thus
eliminating any possibly adverse influence of the H-passivation factor. Each ESR sample
was started from freshly oxidized slices. More details can be found elsewhere [3, 9].

Conventional absorption mode ESRZ0.1 GHz) observations were made at 4.3 K,
as described elsewhere [3, 9]. Spectroscopically correct spectra, devoid of noticeable
saturation or overmodulation effects, were recorded by reducing the incident microwave
power (P < 0.15 nW) and magnetic field modulation amplitudeQ(25 G; ~100 kHz)
to linear response levels. The results were obtained with the applied magnetic field
B 1 (100Si/SiO, interface (within 3), the simplest spectrum case; for each of the
two defect types, g and R, the variousg branches (equivalent defect orientations) then
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Figure 1. Typical absorption-derivative ESR spect®, (< 0.15 nW), measured witlB normal

to the interface, of a set of standard thermal (100)Si#Si@mples (1.1 atm £) dry; ~ 970°C),
illustrating the controlled variation in the density of ofgPand R entities. The spectra are
measured under identical spectroscopical conditions and labelled with the temperature of the
final post-oxidation anneal in vacuum. The signagat 1.998 69 stems from a fixed intensity
marker.

coincide, resulting in a two-line spectrum, thus providing optimum sensitivity and spectral
resolution. Areal defect (spin) densities were determined by double numerical integration of
the recorded first-absorption-derivative responses relative to the signal of a fixed comounted
isotropic Si:P standarg: (4.2 K) = 1.998 69+0.000 02) recorded in one trace. Combination
with an appropriate integration algorithm resulted in reliable data fgaRd R1 separately.
Absolute and relative accuracy of spin density determination is estimate@i0f#% and 5%,
respectively.

N;; was determined from 1 MHz CV measurements at 300 and 77 K on Sil8iO
structures (evaporated circular Au electrodes of diameted.8 mm). The temperature
lowering causes a shift of the Fermi levEf in Si towards the edge of the bandgap, and
accordingly, a shift in the flatband point on the CV curve. However, if there are interface
states within this energy interval @& variation they will recharge and cause an additional
CV curve shift from whichn;, can be determined (Gray—Brown technique) [21]. For the
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doping concentrations of the studied n- and p-type Si crystals (ranging frami@* to

2 x 10 cm™3), this method allowsN;, determination in two energy windows ranging
from 0.02 to 0.35 eV from both edges of the Si bandgap [22]. This approach proves most
direct and reliable to determin®’;;, as no suppositions are involved; the integration of
the interface state density over the scanned energy range is perf@imysitally rather

than numerically; no detailed spectral information is sought. Three other advantages of
the Gray—Brown technique may be worthy of notice: (i) it allows detection of the interface
states closex20 meV) to the Si bandgap edges, i.e., an energy range inaccessible for room-
temperature CV techniques; (ii) the method does not suffer from the significant uncertainty
in the Si surface potential determination near the band edges in the case oiVhigh
inherent to low-frequency CV measurements; (iii) the high-frequency condition, necessary
for correct determination of the flatband voltage value, is more easily met at 77 K than at
room temperature. Therefore, the Gray—Brown approach is considered the most appropriate
way to determine thiéotal density of electrically active Si/SiQOnterface states. For clarity,

we add thatV;, was not only determined upon vacuum annealing, but also after passivation
of the R-type centres by hydrogen. The latter lead#Vip < 3 x 10'° and 5x 10t° cm~2 for

(100) and (111)Si/Si@ respectively, thus setting an upper limit to the density of interface
states related to defects other thaptype defects.

To further ensure correcV;, determination, we compared the values obtained from
the Gray—Brown technique with the total interface state density in the Si bandgap derived
from the difference in flatband voltages on 77 K CV curves of both n- and p-type samples.
This difference corresponds to the shift of the Fermi level across 95% of the Si bandgap
and recharging oéll interface states within this range. Typically, the total interface state
density and that obtained from the Gray—Brown meth§d(6 type) +N;,(p type)) is found
to differ by less than 20%. Therefore, we will only present the numbers determined by the
Gray-Brown method.

The key results are shown in figure 2, where in panel (a) is depicted the behaviour
of the Ry and R; densities as a function df,. Remarkably, [Bi] is seen to exhibit a
pronounced increase (about 4.5-fold) with growing from~1.3 x 10'? cm~2—about the
as-grown value—to about 8 10*? cm™2 at 1110°C. The R, density, by contrast, hardly
varies, starting at [i3] ~ 9 x 10" cm~2 at about 620C, showing, if anything, a slight
tendency to decrease with raisiffg. Overall, the total B and R; density increases from
~2.3 to 67 x 10 cm~2—roughly a threefold increase. Figure 2(b) presents the results on
N;, for both p- and n-type samples: the top panel corresponds to the ESR samples studied
in figure 2(a). An important remark here is that the oxide charge was found to be negligible
(<1x 10" cm~2) in all samples, thus excluding a possible adverse effect on the occupancy
of the interface levels, and associated magnetic states, as a result of band-bending-induced
level shift. When comparing both panels, a general remark is that the n-Si and p-Si data
appear as perfect mirror images, adding confidence in the inféfredata; moreover, it
affirms the electrically active interface defects to be amphoteric with a level both in the
upper and lower half of the bandgap.

When comparing figures 2(a) and (b), the results are as clear as they are remarkable.
First, no variation is discerned i¥;, (100) within error bars, which, when confronted with the
ESR data, excludes contribution of;Ro N;,—substantial evidence thatHs insignificant
as an electrical interface state. The particular densities involved (i.e., the |arderiity in
the high-temperature anneal range) exclude a counterbalancing interference during annealing
by interface states of different nature. Second, and in sharp contrast, is the notably close
tracking—both in trend and numbers—of,jPby »;,, convincing evidence, as expected
[12,13], thatall P, defects are electrically operative as interface states.
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Figure 2. (a) Plot of ESR intensities of jg and R interface defects in thermal p-type
(100)Si/SiG versus the final vacuum annealing temperature; (b) areal interface state density
measured electrically (low-temperature CV) on various sets of coprocessed p- and n-type (100)
and (111)Si/SiQ structures. The samples of the top panel are those of figure 1. The lines are
guides to the eye.

For the sake of comparison, we have also included in figure2{yalues on n- and p-
type (111)Si/SiQ, of which the ESR data have been presented elsewhere [23]. The increase
in Py (-Si =Si3) density with increasing, is perfectly reproduced biy;; in both halves of
the Si bandgap, reaffirming,Rlefects as amphoteric interface states in (111)SySiO
It needs to be added though that the fact that gl d&fects appear electrically active
does not imply the | defect to be the sole interface state of significance; gjldefects
appear as electrical interface states, but not vice versa. Clearly, when H passivation of the
Pno ensemble is applied, reducing their unpassivated part to the sdtemh0? range, other
(perhaps less numerous) interface traps may be revealed, or even become dominant. Or,
as hinted from the reactive impact of H on the Si/Sihtity, new defects, now likely in
near-interfacial Si@layers, may simply be generated in increasing numbers [14, 18, 24].
Clearly, a major inference from our work is the electrical inactivity of the defect
in regard to any role as a source Bf,. This is at odds with the conclusion in early (and
so far, sole) work [11, 13]. In that work, the relation betwegnaRd R versusnN;;, was
analysed with gated MOS capacitors: large ESR capacitors and aipatiapacitors on
the same chip, from where convincing correlation betwegnPR and N;, was provided.
These conclusions, confirmed here, have not since been contested elsewhere. However,
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because of weak ESR signals, an indirect method involving corona charging was used for
Py1, and it required several dissimilar samples. Not only is this a harsh method, possibly
inducing passivation and depassivation gfliRe centres via H-based reactions [8, 25], but

the much less controllable method would cause considerable loss of precision, and prevent
any immediate indication of whether or not g Rontribution toN;; was, in fact, implied

by the overall correlations.

A further factor in the early work was the unconsidered possibility that was
located farther from the interface, and that it would not respond in the relatively fast CV
measurements, even though the electron occupancy at the centre would respond to the gate
bias on the slow time scale of ESR [12]. It would have been no surprise at that time if
Po1 werenot a source ofv;,. Indeed, there was still some disbelief that apylie centres
were contributors. At the present time, of course, with the roleofvidely accepted, our
discovery comes as a surprise.

Another potential inaccuracy could have come from having used the ESR signal
amplitude, rather than signal integration (area under absorption curve), as intensity (defect
density) measure; this has been shown to be incorrect [8] as a result of line shape variations
due to the altering impact of dipole—dipole interaction with varying spin densities. However,
for the typical low B-type defect densities studied in (100)Si/gi@hat effect should be
negligible.

The finding of the electrical inactivity ofJ? as an interface state may alleviate a number
of obscurities regarding this matter accumulated experimentally (mainly electrically) over
many years since the initial assignment. We just list a few by way of illustration.

(1) Recent high-resolution wide-frequency-range (¥-418) conductance measurements
on MOS capacitors formed on fully depassivated (002 h) thermal (100)Si/Si9
structures failed to resolve two defect types; so, shoylgd &nd RB; be equally active
as electrical interface states, they then must exhibit indistinguishable capture cross sections
[15].

(2) Next, there are the results of electrically detected magnetic resonance (EDMR), based
on the spin dependent recombination (SDR) phenomenon, an excellent technique for direct
detection of the electrical activity of the interface defects as a magnetic resonance signal in
the electrical current. At the (100)Si/SiGhterface, only one signal ascribed tgyRould be
observed; the technique has so far failed to resolvg; &ignal, despite intense efforts [16,

17, 19]. As a way out, one could invoke speculative arguments such as unequal effectivity
of interface damaging (e.g., electron irradiation, hot-electron stress, ion implantatiog) in P
and RB; production, excessive line width of unknown origin broadening the signal beyond
detection or vaguely described drastic differences in characteristic response times affecting
the SDR process for both types of defect differently so as to erode ghsighal. The
present result, however, explains at once why remains EDMR undetectable.

(3) The results might also redirect theory. The theoretical modelling,pthBs been
addressed in an impressive work [26] calculating five cluster models for the defect using
molecular orbital techniques. Here, a main experimental guide was the presumed electrical
level in the bandgap. For example on this basis the initial Poindexter m8delSi,O and
the strain relief model SBwere not retained, while the strained bond {($Biodel was
further considered. This might need revision, as the defect now appears not to be an
amphoteric trap with electrical levels deep in the gap, separated by a substantial ggsitive

In summary, from a least-complicated experimental approach, substantial evidence has
been provided that, unlike earlier belief, the ESR-actiye tefect is not a detrimental
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amphoteric electrically active interface defect. In addition, the work has provided a clue to
tuning the B-type defect desity in a controlled systematic way, stimulating experimental
progress. While the former inference will likely remove it somewhat from the intensely
visited array of interface defects of interest to device physics, the striving for its atomic
identification does not necessarily become less important. Indeed, if not of electrical
significance, it still concerns an interfacial point defect intrinsically introduced in large
numbers to account for interface mismatch. Understanding its atomic structure may add
to unveiling the still poorly comprehended physical structure of the (100)Si/Bi@rface.
Evaluating the role of R in this scheme may help unveiling the basic reason as to why
(100)Si/SiQ is the overruling interface of choice for device fabrication.
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