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Positron annihilation spectroscopy of overlayers, interfaces, and buried regions

of semiconductors has seen a rapid growth in recent years. The characteristics of the

annihilation gamma rays depend strongly on the local environment of the annihilation -

sites, and can be used to probe defect concentrations in a range inaccessible to

conventional defect probes. Some of the recent success of the technique in examining

low concentrations of point defects In technologically important Si-based structures

is discussed.

Introduction

Positron annihilation spectroscopy (PAS) has been increasingly applied to the

investigation of defects and defect interactions in elemental semiconductors and semi-

ccj?.ductor heterostructures[l][2]. PAS is a non-destructive, depth-sensitive probe for

open-volume defects as well as negatively-charged defects. The technique has matured

to the point that quantitative defect information in simple systems can be extracted in

situations where conventional defect characterization techniques (electron spin reso-

nance, ion scattering, microscopy, etc.) have difficulties. In bulk crystalline materials,

PAS can rapidly detect vacancy-like defects at a sensitivity level of 5 x 1015 cm"3.

PAS technique have been reviewed by several authors at this meeting, and hence will

DISCLAIMER ,

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its jse would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views " j
and opinions of authors expressed herein do not necessarily state or reflect those of the QlT)
United States Government or any agency thereof. 1

DISTRIBUTION OF THIS DOCUMENT iS UNLIMITED L



not be discussed in detail. In this study we will concentrate on one of the observables,

Doppler broadening of the annihilation gamma rays. The Doppler broadening will be

characterized by the standard S(OTW) parameter[l][2], normalized to bulk Si value.

The The interpretation of the S parameter data is easier when it is normalized to

bulk Si value, so that the defect-free material (as seen by positrons) will have an S

parameter of i.

In this article, some of the recent successes of PAS in examining low concentrations

of open-volume like defects in Si based systems will be discussed. The topics covered

will include defects generated in low-temperature grown MBE Si (LT-MBE), behavior

of SiO2-Si interface trap centers, and radiation damage in SiO2 caused by X-rays, 7-

rays, and ions.

Si grown on Si by low-temperature MBE

Recently, substantial progress was made in understanding the quality of MBE

layers grown at low temperatures using PAS. The minimum temperature at which

MBE growth can be sustained is of great importance, because lower temperatures

can solve the so-called 'Si doping problem': at conventional growth temperatures (>

450 °C), the segregation and diffusion of electrical dopants limits both the maximum

dopant concentration that can be achieved and the sharpness of the intended dopant

profiles. Although a lower temperature can solve the doping problem by minimizing

thermally activated dopant diffusion, it is expected to produce an epilayer with various

kinds of defects. Recently, it was demonstrated that Si MBE growth can be sustained

even at room temperature[3][4]. Examination with standard techniques such as ion

scattering and cross sectional electron microscopy (TEM) showed the quality of this

film to be as good as the film grown by conventional high-temperature MBE. However,

these methods cannot rule out the presence of point defects. On the other hand, PAS

can identify defects, in particular open-volume-type defects, at a concentration as low



as 5 x 1015 cm"3. Two recent studies show the unique features associated with PAS

in detecting low concentrations of open-volume defects[5][6][7].

Epitaxial growth processing is believed to have a lower cutoff temperature, Tepi,

below which epitaxial growth cannot be sustained, and the deposited him wiii turn

amorphous. However, recent work shows that the appropriate parameter for Si MBE

is a limiting epitaxial thickness, h^, that has an exponential dependence on the

. growth temperature[3][4]. A rapid thermal anneal (RTA),. by interrupting the growth

before reaching Aep,-, produced epitaxial layers in excess of kepi. This technique thus

allows epitaxial-growth to an arbitrary thickness at low temperatures. The PAS

technique was used to identify the appropriate growth, parameters, which are not

detectable by conventional probes.

Fig. 1 compares the s-parametr vs incident energy (5 — E) results from a control

Si sample, a high-temperature-grown MBE sample, and one grown at 220°C[5][7].

In both cases, the MBE films were 200 nm thick, and substrates were p doped with

boron to a resistivity of 1000 flcm. These measurements were taken after removing the

native oxide layer by HF cleaning. The PAS measurements show that the MBE sample

grown at TgT9Wtk — 220°C with periodic rapid thermal anneals at TBTA = 600°C is

as "defect-free" as the control sample and sample grown at high temperature. Fig.

2 shows results from MBE samples grown at 220° C that were subjected to different

RTA temperatures. A sharp increase in the defect signal is evident when the RTA

temperature falls below 500° C. The 5—parameter in the near-surface region is higher

than that of the bulk Si, indicating the presence of open-volume-type defects.

Even though PAS shows a clear defect signal for TRTA = 450°C, the concentra-

tion is too small to be detected with conventional techniques; an identical sample

shows no defects under TEM. Ion-scattering data is insensitive to these defects and

shows that all the films grown under different RTA temperatures are similar to the
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control sample[7). Fig. 3 shows the ratio between the backscattered yield in a (100)

channeling direction and random direction (minimum yield, see contribution from A.

Dupasquier) as a function of TRTA- There are no significant differences between the

samples, indicating that ion scattering is not as sensitive as PAS to the presence of

point defects. From Fig. 3, a change of ~ 2 x 10~3 in minimum yield can be considered

statistically significant. This change corresponds to 1 x 1020 cm"3 displaced atoms,

which is two orders of magnitude higher than the defect concentration estimated from

the PAS data (~ 1018 cm"3)[7].

. The difference seen with PAS between samples processed at TRTA = 600 °C and

450 °C was confirmed quantitatively with electrical measurements on pn junctions

made from these materials[7]. The current-voltage characteristics of two batches of

diodes made with the 220 °C MBE films, but with different TRTA-, showed that the

diodes made from films with TRTA = 600 °C have significantly smaller reverse-bias

leakage current than those with TRTA = 450 °C, indicating that there are defects

in the latter, consistent with the PAS study (Fig. 4). Fig. 4 shows the current-

voltage characteristics of two batches of diodes, both grown at 220 °C, but with

different RTA temperatures. The "ideality factor" [8] (n) of a p-n juction will indicate,

the carrier transport mechanism at the junction. If n = 1, the carrier transport is

dominated by diffusion, and we can conclude that there is no significant contribution

from electrically active defects. If transport is dominated by recombination, like in

the presence of electrically active defects, n = 2. As can be seen from Fig. 4, the

diode with TRTA = ^50 °C has a significantly larger ideality factor than the diode with

TRTA = 600 °C. For diodes with TRTA = 450 °C, fitted value of n is 1.94, indicating

that the transport is dominated by recombination effects. In contrast, the diode with

= 600 °C produced a practically perfect value of n = 1.05.

Szeles et al. obtained a more detailed distribution of defects in samples grown at



220 °C[9]. MBE film was grown to a thickness, */l7m, of 150 nm, with 2 min. RTA

after every 30 nm. As-grown wafer was defective as shown in Fig. 2. Subsequently,

S — E measurements were made on this sample after removing thin layers (in steps of

10 nm) of films from top by aqueous KOH etching. This is repeated until the defect

signal is below the detection limit. Fig. 5 shows the distribution of defects derived

from these S — E measurements; it shows defects extending to a depth of 80 nm from

the surface. It should be remembered that the concentration of defects shown in Fig.

5 is well below the detection limit of the conventional structural techniques, and that

these defects are produced well before the film turned amorphous.

Perovic et al. studied Si MBE layers grown at 300-400°C using both PAS and

TEM[6}. Their samples did not receive a rapid thermal anneal, and TEM revealed the

formation of regularly spaced linear arrays (rod-like) of microvoids aligned along the

growth direction. The (100) surface broke down through the formation of cusps, and,

at the base of each, void chains were observed. In all samples, epitaxial breakdown

proceeded through the formation of these microvoid regions, which ranged from 3 to 6

nm in size. The microvoid regions produced a narrow line shape in the positron spec-

trum, as evidenced by a low W-parameter (wing parameter), W& — 0.79 W/, where

Wd and Wj represent the defective region and defect-free region, respectively. The

Wparameter for monovacancies, divacancies, impurity-vacancies, and interstitial com-

plexes ranges from ~ Q.9ZW/ to ~ l.lOWf. The low value of W arises either from the

positronium formation inside the voids, or from the positronium-like trapped states

formed at the inner surface of the voids. The difference between results described in

ref. [6] and [7] can be attributed to the poor growth conditions in the former.

Radiation Damage in SiO2-Si system

The SiC>2-Si structure can be easily damaged during encounters with energetic

particles, either in a radiation environment like space, or in a modern manufacturing



process, and such damages have received intense scrutiny since the failure of the

Telstar I communication satellite during its voyage through the Van Allen Belt[10j.

At the manufacturing stage, processes like electron-gun evaporation, lithography with

electrons or X-rays, plasma etching, ion sputtering, and ion implantation expose

the SiC>2—Si system to penetrating radiation. Ionizing radiation inevitably creates

new trap centers that can seriously degrade the device's performances. Hence, it is

essential to understand how the radiation-induced defects are produced and evolve

to have a better control during fabrication and to make radiation-hardened devices.

Here, we show the initial results of the use of PAS in studying, defects produced by

7-rays, X-rays, and ions.

When energetic particles pass through the oxide they break Si-0 bonds, and, on

the average, every 18 eV of deposited energy creates an electron-hole pair. Even

though some of these charges recombine, a majority drift away to the gate electrode

or the interface under the influence of applied or built-in electric fields. Because the

electrons are m :ch more mobile than holes[10], and, because the concentration of

electron trap centers in a thermally grown oxide is low, nearly all of the electrons

generated during radiation exposure are rapidly swept away (in < 1 psec) from the

oxide region. Holes left behind in the bulk oxide are not permanently trapped, but

move toward the oxide boundary, either by a slow drift or by hopping. If the applied

field favours transport of holes to the SiO2—Si interface, they get trapped at the

interface, causing an increase in the positive oxide charge. A few of the trapped holes

also get transformed into interface traps that contribute to the trap levels located in

the Si band gap. However, this transformation mechanism is not understood. Ionizing

radiations like 7- and X-rays do not cause displacement damage in the oxide network.

Khatri et al. studied damage in dry thermal oxides produced by 7-rays and X-

raysfll]. Samples were exposed to X-rays ( of mean energy 1 keV) from a synchrotron



light source to a total dose of 0.02-1 x 10s Rad. Co60 7-ray exposure amounted to a

cumulative dose of 7 x 104 to 9 x 106 Rad at a constant dose rate of 7.3 x 103

Rad/min and a cumulative dose of 1 x 10s Rad at different dose rates ranging from

100 Rad/min to 1.8 x 10* Rad/min. During exposure, no external field was applied

across the oxide. The results show that the S—parameter for the oxide layer Sox { at

"- 50 nm) decreased after irradiation, while it increased for the interface region (~

110 nm). These changes can be understood in terms of the radiation damage in these

regionsfll].

Electron spin resonance (ESR) measurements have shown that E' centers are cre-

ated in large numbers in the oxide film during X- ray and 7-ray irradiations[12][13][14j.

The bridging bond between two Si atom's around the oxygen vacancy is broken by

radiation, leaving two Si dangling bonds, one of which traps an electron and remains

in a tetrahedral configuration, while the other relaxes to a planar trigonal configu-

ration's]. However, the E' centers are positively charged and, hence, are at best

weak traps for positrons. A non-bridging oxygen hole center (NBOHC), on the other

hand, is a negatively charged defect that can also be generated by ionizing radia-

tion[15][16][17]. Because NBOHCs are negatively charged, they can trap positrons.

The NBOHC is believed to be generated by the radiolysis of a hydroxyl group.

The reduction in Sox after irradiation is consistent with positrons getting trapped

at the NBOHC centers where they are more likely to encounter high-momentum core

electrons from a Si atom than when they annihilate from a freely-diffusing state in

bulk SiOs- This results in a reduction of the 5—parameter. This scenario is further

supported by an annealing study (Fig. 6). At 100-250 °C, the 5OX value reverts

to the pre-irradiation value. E' centers are known to anneal in this temperature

range[15][18][19]. However, as discussed earlier, E' '•enters are expected to be weak

positron traps. The NBOHC, on the other hand, is negatively charged and anneals



at 200 °C[20]. Assuming a first-order annealing process, values of 1.61 ± 0.17 eV for

p-type and 1.48 ±0.17 eV for n-type material were obtained for the activation energy

of the process[ll].

Finally, the increase in S—parameter at the interface upon irradiation can be
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of the passivated interface trap centers by breaking Si—H bonds[21j. Also, when the

holes that are generated during irradiation reach the interface, a small fraction of them

may create new interface trap centers[10]. 5jnt is known to increase with interface

trap density, thus explaining the small increase observed under irradiation[22j.

In a similar study, Uedono et al. examined radiation effects on thick oxide layers

(~ 1.61 fim) grown in a wet oxidation process by irradiating with X-rays and 7-rays

to a cumulative dose of 5 x 105 rad.[23j. They saw similar changes (~ 1.5%) in the

oxide S-value after X-ray irradiations. However, 7-irradiations did not produce any

change. The difference may be partly due to the wet oxidation, and more studies are

required to firmly establish these effects.

Ion implantation through an oxide overlayer, which is not etched away after im-

plantation and remains as part of the device structure, is now routinely encountered

in modern VLSI processing stages, because it produces well-defined source and drain

regions, forms source and drain contacts, and adjusts precisely the threshold voltages.

These implantations extensively damage the S1O2 network through atomic displace-

ments and bond breaking. An E' center is formed by breaking a strained bridging

bond between two Si atoms around an existing neutral oxygen vacancy.- An NBOHC

is created by radiolysis (creation of Frenkel pairs after an electronic excitation) of

a hydroxyl group. Peroxy radicals (PR) are usually formed in oxygen-rich samples

irradiated at high doses, either from a precursor like =Si—O—0—Sis or by the inter-

action of E' with O2. Radiation can also create precursors for E' and PR, =Si—Si=,



and =Si—0—0—Si=, respectively.

Fujinami et al. combined PAS and ESR studies to examine the sensitivity of PAS

to some of these defect centers[24]. Such work helps to build the necessary data base

for PAS studies, and provides new insights into the charge states of defects that are

otherwise difficult or impossible to observe with ESR. If a data base is available for

PAS, it can be used for studying systems with low resistivity substrates, and even

systems with metallic gates that are difficult to investigate with ESR. A 1.1 fim thick,

wet oxide layer, grown at 1100 °C on top of a 10 Stem Si(100) substrate was implanted

with 100 keV B ions to a dose of 1 x 10" cm"2. An analysis using the computer code

TRIM (TRansport of Ions in Matter) [25] showed that all of the implanted ions are

stopped in the oxide layer.

The oxide S value before implantation was close to the bulk Si value and dropped

by as much as ~ IP % afterwards (Fig. 7(a)). The ESR spectrum of the unimplanted

sample showed.no signal other than the usual P\> center from the interface. After

implantation, ESR snowed the presence of E', NBOHC, and PR. Annealing the sample

at 300 °C resulted in small recovery (~ 1 %) of the oxide S value and complete

disappearance of all paramagnetic defects (Fig. 7(b)). The 1 % recovery at 300 °C is

consistent with the annealing results of Khatri et al. (see Fig. 6). The ESR spectrum

conclusively shows the annealing of E' centers. Annealing; at higher temperatures

(400 — 500 eC) caused further recovery of S values, and a 600 °C anneal restored the

oxide to' the pre-irradiation conditions.

The absence of any features in the ESR spectrum after a 309 °C anneal together

. with the large variation (~ 9 %) in the S value above it suggest that PAS is ex-

tremely sensitive to defect centers that are not detected by ESR, which can only

detect paramagnetic centers. Through a series of arguments, Fujinami et al. nar-

rowed the choice for the observed positron signal to two defect centers: dissolved



O2 and non-paramagnetic trapped electron centers (negatively charged NBOHC and

PR). However, the NBOHC centers are known to annee? out at temperatures below

300 °C. Since the S value from a vacancy-like defect is higher than the value from

the corresponding defect-free bulk material, the reduction in the S value cannot be

produced by an open-volume type defect. Even though positronium (Ps) is known to

form in SiO2[26], the observed change of 10 % is too large to be accounted for by Ps

formation alone; the typical reduction in the S-value due to Ps formation is about

2.5 %[24]. The recovery of the oxide to a pre-irradiation condition at 600 °C ( as

determined by positrons) rules out any structural damage. More detailed studies on

oxygen-rich and oxygen-deficient oxides are needed to identify the defect center.

Nielsen et al. similarly studied a Si-implanted S1O2—Si system[27], observing a

reduction in S-value and full recovery at 600-700 °C. By using high-energy Si ions

(~ 5 MeV) and implanting through thinner oxide layers ( 360 nm), the problem of

the implanted species being stopped in the oxide layer was avoided. Around 300 °C,

there was a 1 % recovery in the S value, consistent with the anneal recovery observed

in 7- and X-ray irradkited oxides.

Void-like structures generated by plasma exposure and their interaction with hy-

drogen were also examined using PAS [28]. This study showed formation of microvoids

in Si by RF hydrogen plasma exposure. Analysis of S parameter versus energy data-

indicated void-like structure in a defective layer extending to m 14 nm from the

surface at a concentration of 1.9 x 0.5 ± 1020 cm"3. The S parameter is strongly

correlated to the hydrogen coverage of the void surface. By annealing at successively

higher temperatures, an activation energy of 2.68 ± 0.15 is obtained for the thermal

dissociation of Si-H bonds; this value is in good agreement with a result of 2.5 ± 0.2

eV obtained from nuclear reaction profiling measurements in similar structures[29]

and with results obtained from SiO2-Si interface (see next section).
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Interface t rap behavior under annealing and hydrogenation

There are several PAS studies on the annealing behavior of SiO2—Si struc-

tures[22][30][31] which show that positron annihilation signal is intimately connected

to the hydrogen activation and passivation of interface trap centers. Interface trap

centers are believed to be incompletely bonded Si atoms, so-called 'dangling-bonds',

located at the interface[32]. Interface trap centers are amphoteric, i.e. they can

be empty or can be occupied with electrons or holes. Thus, the total charge density

trapped at the interface varies with the surface potential, and such variations can have

detrimental effects on the performance of a device. Interface trap centers produce en-

ergy levels distributed throughout the silicon band gap, with their density showing a

characteristic U shape variation across the bandgap after annealing[33]. This char-

acteristic shape can be qualitatively understood since small structural changes that

contribute to shallow levels are more likely than the large deviations that contribute

to midgap levels. A convenient way to parameterize the number of trap centers is to

specify their density at the midpoint of the Si band gap in units of c m W " 1 ; this is

termed the interface state density at midgap, Da. ESR studies have shown the ex-

istence of paramagnetic defects at the interface, collectively known as Pf, centers[32].

Combined electrical and ESR measurements showed a linear relationship between Da

and Pi density, suggesting that P\> centers are partly responsible for the interface trap

sites.

In the neutral state, the Pt center has a dangling orbital with an unpaired electron,

which is responsible for the observed paramagnetic signal. Since the defect site has an

unpaired electron, it is also chemically active. Interaction of the P& centers with hy-

drogen leads to their passivation by forming Pt>—H bonds. Even though the processes

by which these trap centers are activated or passivated are not fully understood, their

thermochemical properties are determined to a large extent by hydrogen{34][35]. ESR
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data with alternate hydrogenation and vacuum annealing (dehydrogenation) showed

remarkable reproducibility up to ~ 800 °C, suggesting that the density of defects is

not altered during these treatments, and only the paramagnetic defect is converted

to a neutral diamagnetic defect[36][37j. The density of interface traps also exhibits a

similar behavior.

The interface trap density has a characteristic behavior upon annealing. Anneal-

ing is usually carried out in "forming gas" (FG), a mixture of hydrogen and nitrogen,

after oxidation or metallization. A post-oxidation anneal to about 400 °C reduces

Dn from a typical value of 1012 cm^V"1 to 109 cn^eV"1. If annealed to a higher

temperature, Du increases again by the dissociation of HP* centers[36][37]. Thus,

part of the Da vs annealing temperature plot exhibits a characteristic U-shape[38].

A comprehensive study of annealing and hydrogenation of SiC>2-Si system showed

that interface ^-parameter ( i w ) is sensitive to the density of hydrogenated interface

trap centers[22][39j. A dry/no-HCl oxide, processed without any post oxidation an-

nealing (POA), was annealed in steps of 100 °C. The S — E data before and after

annealing show significant differences. The data corresponding to a mean implant

depth of 110 nm show a dip at 100-400 °C, and is similar to the U-shaped behavior

of Du vs temperature[40][41] (see Fig. 8). During the anneal at temperatures below

400 °C, hydrogen is liberated from the oxide[42][43j, diffuses to the interface, and

passivates the trap centers. Hence, positrons will encounter fewer interface trap sites.

Beyond 400 °C, the Si—H bond is broken, increasing positron trap sites.

This scenario was verified by exposing the SiO2—Si system to hydrogen after each

annealing stage[22]. Below 400 °C, under hydrogen exposure, Sint decreased to a much

lower value than that achieved by annealing in vacuum alone. The reduction caused

by hydrogenation and the increase upon high-temperature annealing of 5,nt was re-

versible. By comparing the Du and S behaviour, this study showed the relevance of
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positrons as probes to monitor the effectiveness of interface state density passivation.

More quantitative work with well characterized samples is needed io confirm these

studies.

Khatri et al. measured the activation energy for the thermal decomposition of the

passivated interface traps in a SiC>2—Si(100, n-type) system by a series of anneals[39].

Here the sample was first subjected to an anneal (at 300 °C) in hydrogen ambient

to achieve an interface with maximum number of hydrogen-passivated bonds. The

activation energy for the depassivation of SiO>—Si(100) interface traps was difficult

to measure, due to its complexity in comparison to the (111) interface[32]. Reed et al.

showed that the mechanism of production of interface traps during thermal treatment

is the decomposition of passivated traps

= Si - H —>= Si. + H , (1)

by measuring Du of a SiO?—Si(lll) system after successive annealing[44j. The perid

next to the Si atom indcate an unpaired electron. The activation energy for this pro-

cess was 1.6 eV. For a (100) system with dry oxides, a similar study using capacitance-

voltage measurements gave a value of 1.68 eV for activation energy[38]. A more recent

study using ESR measurements extracted a value of 2.56 ± 0.06 eV for the activation

energy{45].

The interface S parameter as a function of anneal temperature is shown in Fig.

9, yielding an activation energy of 2.60 ± 0.06 eV. Thus, this value is in agreement

with results obtained from ESR measurements on hydrogenated voids (see previous

section). A model fit to the S — E data showed buildup of an electric field at the

Si surface. The field increased from a value of 2600 ± 100 V/cm before anneal to a

value of 48800 ±5000 V/cm after a 600 °C anneal. The direction of the field indicates

a buildup of negative charge at the interface during annealing. Assuming that the
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thermal dissociation of Si-H generates trap centers with a single negative charge, the

electric field increase corresponds to the creation of ~ 4.5 x 10s trap centers/cm2.

Positron studies of metal-oxide-semiconductor structures

In recent years, enormous scientific effort has been spent on metal-oxide-

semiconductor (MOS) technology to produce faster and smaller electronic devices.

As a result j most of the electronic properties of the MOS devices have been well char-

acterized and some of the electrically active defect, centers at the SiOj—Si interface

identified. The trap levels located in the silicon band gap at the SiC>2—Si interface

play an important role in the electrical performance of a MOS device. However, the

physical and electrical properties of the SiO2—Si trap centers strongly depend on the

processing techniques used and a complete understanding has not emerged. Positron

annihilation spectroscopy of MOS structures provide a new probes to study some of

these features[46][47][48][49][50].

The silicon surface region close to the interface changes its electronic properties

with applied external voltages. A depletion layer, accumulation layer, or inversion

layer can be formed in this region depending on the polarity of the applied gate bias

and en the type of substrate doping. These factors change the Fermi level close to

the interface, and thereby alter the population (i.e., charge states) of the trap centers.

The positron annihilation characteristics of the S1O2—Si interface depend strongly on

the applied gate bias and are correlated with the changes in the occupation of the

trap centers.

The MOS samples consisted of n- and p-type Si(100) substrates upon which an

oxide layer was thermally grown at 1000° C under dry HC1. The oxide layers were of

three different thicknesses, 25, 50, and 117 nm. The Al gate was evaporated on top

of the oxide layer with area ~ 1.13 cm2 and thickness ~ 50 nm for positron beam

measurements. For electrical characterization (capacitance-voltage measurements)
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much smaller (0.008 cm2) aluminum gates were used. An electric contact was made

on the back-side of the Si by Al evaporation, using the same process as for the front

Al gate.

The S—parameter was measured as a function of positron implantation energy

(E), from 300 eV to 25 keV. This energy range is sufficient to implant positrons

at different mean depths from the surface (depths less than 1 ftm) and to provide

a depth-resolved signal from the defect. The S — E profile also was measured at

different gate bias voltages (—50 to 30 volts). The S— E curve of the MOS structure

was measured at different gate voltages. Fig. 10 shows the S — E measurement at

different bias voltages of the MOS capacitor with 117 nm oxide layer. A similar set

of curves were obtained for 25 nm and 50 nm thick MOS structures (see for example

Ref. [48]).

The S—value changes with the gate voltage, as shown in Fig. 10, and is caused

by the change in the charge distribution at the interface. The S1O2—Si interface is the

most interesting region to study, and the S—value shows strong variations with the

applied gate bias. The gate bias (V) dependence of the positron annihilation spectra

can be examined in detail by plotting the S—values as a function of bias voltage for

a fixed energy (i.e. mean implantation depth) corresponding to the Si side of the

S1O2—Si interface. Fig. 11 shows the results from three MOS samples with n-type

bulk silicon; they correspond to 4.0 keV, 4:5 keV, and 5.0 keV and represent results

from MOS samples with oxide layers of 25, 50, and 117 nm thickness. A .«hnilar set

of curves were obtained from p-type MOS samples[47].

All the data sets in Fig. 11 show common trends; namely, at positive bias voltage

the S—value is close to the silicon value, at bias voltages nea. the flat band voltages

the S—parameter is low and is indicative of the characteristic interface 5—values ob-

tained from SiO2—Si results, and at high negative bias voltages the S—value increases
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and saturates at values much higher than the silicon, oxide, aluminum, or any of the

interfaces. The saturation value at negative bias voltages differs for the three curves

and is related to the different beam energies used for the measurements. This satu-

ration value also is related to the total number of trap levels at the interface. The

measured midgap trap density (At, in units of cm^eV""1) is 9.32 x 1010, 8.06 x 1O10,

and 7.5 x 1O10 for the 25, 50, and 117 nm samples, respectively. However, since the

samples are of different thicknesses, the saturation value cannot be directly coupled

to the trap densities. Leung et al. demonstrated a direct coupling between the sat-

uration value and the midgap densities by comparing the results of MOS samples

taken from the same wafer but with different trap densities[47]. This was achieved

by subjecting the sample to a post-metailization anneal. Hence, the saturation value

also is determined by the total number of available trap sites at the interface. This

relationship can be understood with the model developed later. Since the trends in

the S— V curves are evideut in both n- and p-type MOS samples, they have a common

origin.

At positive gate bias voltages, the electric field at the silicon surface region drives

the positrons that are implanted on the silicon side of the interface away from the

interface. As a result, most of these positrons annihilate in the bulk silicon producing

a S—value characteristic of the bulk silicon (Fig. 11). As bias is reduced to the

flat-band value, more positrons will diffuse to the interface producing a low S—value,

as in a bare SiO2—Si system. When the bias is made more negative, inversion starts

to form in the n-type, and in the p-type, accumulation starts to form; in both cases,

holes appear at the interface in large numbers which causes the 5—parameter to rise

to a value that is higher than the bulk silicon value[47].

The rise of 5—parameter for large negative bias voltages is related to hole ac-

cumulation at the interface trap centers; the rise can be controlled by reducing the
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interface trap centers by subjecting the MOS sample to a post-metal forming gas

anneal[47]. For n-type samples, further support for this correlation came by driving

the MOS system into a deep depletion, measuring a low S—value, and then observ-

:ng the transition from low to high S—value as the deep depletion collapsed to a

depletion-inversion (see Fig. 12).

Thus positrons annihilate at or near interface trap defects producing character-

istic 5 values which indicate whether the defect site is empty or dressed with holes.

Although it is too early to foresee the full potential of this strong positron signal from

the deeply buried defects in both n- and p-type MOS samples, the observation is cer-

tainly beyond the usual, working range ( in gate bias) of electrical characterization

technique ( such as capacitance-voltage measurements).

Model for interface positron t r ap sites

A tentative microscopic picture that can explain the experimental results was

proposed by Au et al.[49]. ESR measurements showed the presence of paramagnetic

centers at the S1O2—Si(100) interface[32). These centers are collectively known as

Pi centers and are denoted in shorthand as .Si=Si3 and .Si=SiaO, even though the

structure of the latter is not firmly established. In both, the trap centers have a

nonbonded or dangling orbital on a triply coordinated Si atom. The density of Pj,

centers and midgap interface states (A<) are linearly correlated, indicating that both

are intimately related[51]. A positron reaching the interface, either through direct

implantation or diffusion, is trapped at these centers. From the positron measure-

ments reported so far, it is difficult to establish which of the two centers are more

effective in trapping positrons.

The S1O2—Si interface has an S value smaller than that of both bulk silicon and

oxide. This result is difficult to understand with a simple open-volume-type defect at

the interface, because it is well known that positrons localized at such a defect have
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a lower probability of encountering high-momentum core electrons. When a positron

annihilates predominantly with valence electrons, the Doppler broadening is small,

and, hence,- the 5 parameter is high. (For example, voids in Si can produce an S

value 15 % higher than the bulk value.) In bulk Si, .Si=Si3 defects can be created in

large numbers by electron irradiation. All measurements described in section III in-

dicate that the 5 value of bulk Si increases upon electron or ion irradiation. Lifetime

measurements after irradiation do not show a short lifetime component -compared to

bulk Si [52]; a short lifetime is usually associated with a low S value[53]. Experimen-

tally, a low S value and a short lifetime are found only in Czochralski Si with oxygen

agglomerates[53][54][55]. Hence, the low 5,nt value is probably associated with the

dangling bond sites and oxygen.. It is likely that the trap- centers are attractive to

positrons. Based on these arguments, we conclude that the positrons are annihilat-

ing at F&-like centers that are pointing into the oxide. The resulting structure after

positron localization can be denoted as

e+ - Si = Si3 and/or e+ - Si = Si2O , (2)

where e+ represents a positron.

After localizing at the Pb centers, positrons annihilate with oxygen outer-core elec-

trons, giving a broad annihilation peak and a low S value. At a forming-gas-annealed

interface, where Pb centers are passivated with hydrogen, the positron annihilation

peak is even broader. A hydrogen-passivated /J, center is still attractive to positrons,

and the broadening is due to the increased positron overlap with oxygen core elec-

trons. When the trap centers are filled with holes, positrons are pushed away from

these centers and annihilate at a different defect center. In this scenario, these de-

fects at the interface have a lower trapping cross section for positrons than empty

or hydrogen-passivated Pb centers. This scenario also accounts for the low S value
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for FG-annealed samples, since the S value is low when positrons are annihilating at

H-terminated Pb centers.

In summary, the proposed model, that is consistent with all of the experimental

evidence, is the following. Positrons are predominantly trapped at the dangling bond

sites of the trivalent Si atoms. These trap centers and open-volume defects at the

interface have distinct positron-trapping probabilities and annihilation signals. The

signals differ, depending on whether the trap centers are empty, i.e. if they have a

dangling orbital pointing into the oxide, or if they are dressed with hydrogen. When

the trap center is empty or passivated with hydrogen, the cross-section for positron

trapping is higher than at the open-volume defects. When a positron is trapped at

a Pt, center, it annihilates predominantly with oxygen core electrons. The reason for

invoking oxygen-core overlap, as opposed to Si core overlap , is the absence of a low

S value in bulk Si with Pt, centers, and the presence of a low 5 value in bulk Si with

oxygen agglomerates[54]. Also, the two Pb centers at a Si(100) interface may have

different trapping cross-sections for positrons. A measurement on an MOS struc-

ture with Si(lll) substrate would be useful in establishing the trapping behaviour of

positrons by .Si=Si3 alone.

Further support for this model is obtained from lifetime measurements{56] using

a variable energy pulsed positron beam [57]. Positrons are implanted at the S1O2-

Si interface region of MOS capacitors with n- and p-type Si(100) substrates. The

lifetime spectrum is recorded with different bias applied across the MOS structure.

Fig. 13 shows the preliminary analysis results using a two lifetime component iit to

the lifetime spectra. The lifetime component T\ increased significantly for negative

gate bias voltages, consistent with a picture in which positrons are annihilating at

open-volume like defects, when interface trap centers are filled with holes.

A theoretical calculation is underway to examine the annihilations characteristics
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of positrons at SiO2-Si interface[58]. The model assumes a tridymite phase for the

Si(>2 layer adjacent to the interface[59]. Fig. 14 shows the model used for the interface

region. Simulation shows that a positron thermalized near the interface prefers to stay

on the oxide side of the interface. The simulated positron density is shown in Fig. 15.

The positron density is primarily in the centers of the first layer hexagonal rings. More

calculations are underway to see the annihilation characteristics from these structures

with dangling bond sites. It is clear that knowledge of the SiC>2-Si interface structure

is necessary to accurately model this interface.

Conclusion

We discussed some of the recent positron annihilation studies of Si based sys-

tems. The discussion shows that the PAS technique can be used to reveal the nature,

concentration, and spatial distribution of defects in these systems with a sensitivity

unparalleled by other techniques. In future, with the development of more intense

positron beams, it should be possible to extend the depth-resolved spectroscopy to

2D-ACAR and lifetime measurements. In principle, these measurements will provide

more sophisticated picture for the electron momentum distribution and open-volume

content of a defect site. With the advent of more intense microbeams, structural

information of defects and their precursors will be obtained more routinely.
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FIGURES

FIG. 1. S parameter vs energy curves for control silicon and MBE grown Si/Si before

(+) and after (A) the removal of the native oxide layer by dilute HF etch. The results are

from (a) virgin Si(100) substrate (control), (b) 200 nm of Si grown at Tgrowth - 560 °C,

and (c) 200 nm of Si grown at Tgro^th = 220 °C with rapid thermal anneal at TRTA = 600

°C. The 5 parameter for the hydrogen-terminated clean Si surface and bulk Si are similar.

The broken line in panel (b) and (c) indicates the estimated epilayer-substrate boundary.

All measurements were made at ~ 20 °C (after Asoka-Kumar et al., Phys. Rev. B, 48,

5345 (1993)).

FIG. 2. Comparison of MBE samples grown at 220 °C, but with different rapid

thermal-anneal temperatures. The data correspond to TRTA of (a) 450, (b) 500, and (c) 600

°C. The measurements were made at room temperature after HF removal of the native oxide

layer from the surface. The solid lines through the data points are the fitted results. The

data demonstrates that a rapid thermal anneal > 500 °C is required to produce epitaxial

layers that are thicker than the limiting epitaxial thickness, hep,-. The dashed line indicates

the epilayer-subs*rate boundaiy(after Asoka-Kumar et al., Phys. Rev. B, 48, 5345 (1993)).

FIG. 3. Minimum backscattered yield in normal incidence for a 200 nm-thick film

grown at 220 °C on Si(100) and annealed every « 30 nm for 2 minutes to TRTA- 2.0 MeV

He+ ions were used at scattering angle of 175° (after Asoka-Kumar et al., Phys. Rev. B,

48, 5345 (1993)).
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FIG. 4. Absolute value of current density as a function of forward bias for mesa isolated

p-n junctions grown at 220 °C by low-temperature MBE with different RTA temperatures.

The junction is shown schematically in the inset (see, Asoka-Kumar et al., Phys. Rev. B,

48, 5345 (1993), for details).

FIG. 5. Distribution of defects in an MBE film grown at 220 °C with RTA at 45C 'C.

The dashed line indicates the epilayer-substrate boundary. Data shows that first 70 nm of

the MBE layer is defect-free (Cs. Szeies et al., Unpublished (1993)).

FIG. 6. 5 parameter vs annealing temperature for the 7-ray irradiated SiC>2—Si(100).

The plotted 5-parameter value is for a 2 keV positron implantation energy, which corre-

sponds to a mean depth of ~ 50 nm into the oxide. The S parameter recovers to the

preirradiation value at ~ 200 °C (R. Khatri et al., Appl. Phys. Lett., 63, 385 (1993)).

FIG. 7. (a) Plot of 5 parameter vs incident positron energy for a SiO2—Si sample sub-

jected to 100 keV boron ion implantation. The effect of annealing at various temperatures

can be seen, (b) Electron spin resonance data showing the presence of paramagnetic defects

in the as-implanted sample and the lack of any defect signal in the 300 °C annealed sample

(see the lower curve) (after M. Fujinami and N.B. Chilton, Appl. Phys. Lett. 6 1 , 1131

(1993)).

FIG. 8. The line shape parameter S as a function of annealing temperature, taken

at four different mean-implantation depths of positrons for a SiO2-Si(100, n-type) system.

The oxide layer was grown in a dry thermal process tc a thickness of ~ 110 nm. All
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measurements were made at 20 °C. The lines through the data points are a guide to the

eye. The interface S parameter, corresponding to 110 nm show systematic trends, namely

a decrease at 200-400 °C and a subsequent increase at 500 °C.

FIG. 9. Interface 5 parameter of an SiC^-Si system as a function of isochronal anneal-

ing temperature. Anneals were performed in a vacuum of 10~8 torr. From the annealing

behavior, the activation energy for the thermal dissociation of Si—H bonds at the interface

is derived as 2.60 ± 0.06 eV.

FIG. 10. S—parameter as a function of positron energy of the MOS structure at

different bias voltages. The composition of the MOS structure is shown schematically in

the top panel. The substrate is Si(100) with n-type doping. On the right side of the

iigure, the corresponding band bending is shown along with the field-induced positron drift

direction at the interface.

FIG. 11. The 5-parameter measurements as a function of gate bias voltages for MOS

samples having (a) 25 nm, (b) 50 nm, and (c) 117 nm thick oxide layers. All samples

had n-type Si substrate. The data corresponds to a beam energy of 4.0, 4.5, and 5.0 keV,

respectively (after H.L. Au et al., J. Appl. Phys., 73, 2972 (1993)).

FIG. 12. S — V data taken at a positron energy of 4.5 keV for an MOS system with 50

nm thick Al and oxide layers. The samples were not subjected to forming gas anneal, (a)

n-type MOS at room temperature (•) and at 35 K (o, in deep depletion), (b) p-type MOS

at room temperature (•) and at 35 K (o). n-type and p-type MOS show different behavior
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at 35 K. At large negative bias the n-type is in deep depletion. Hence, there are no hcles at

the interface for n-type at 35 K, causing the observed low S value. When illuminated with

visible light, S value for the n-type sample increases to the room temperature value (after

T.C. Leung et al., J. Appl. Phys., 73, 168 (1993)).

FIG. 13. The analysis resuts of positron lifetime measurements from a MOS capacitor.

The symbols at the bottom denote the following: the iirst letter denote doping type, followed

by the incident beam energy E in keV, and bias (B) in volt. A letter O appearing at the

end on some of the labels indicate that the measurements are performed in dark.

FIG. 14. The model structure used in the simulation of positron states at the S3O2-Si

interface. The smaller circles represent O ions, and the larger circles represent Si. The

distances are in A. The light lines outline the volume that cannot be reduced further by

symmetry (after T. McMuDen, Unpublished (1993)).

FIG. 15. The positron potential (upper panel) and positron density(lower panel) in

the x=0 plane at the SiO2-Si interface. The uppermost layer of substrate Si atoms are

located at z=0. The distances are in A(after T. McMullen, Unpublished (1993)).
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