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Abstract. The objective of the contract was the investigation of hot electron transport 

on a microscopic scale in metal-oxide-semiconductor (MOS) structures in order to assess 

intrinsic transport properties in Si02 and defect generation processes that lead to oxide 

failure. The technique used to achieve microscopic resolution was Ballistic Electron 

Emission Microscopy (BEEM), a variant of the Scanning Tunneling Microscope (STM). 

In BEEM, use is made of the nearly monochromatic and highly forward focused electron 

beam of the STM to inject hot electrons through the thin metal "gate" and into the 

conduction band of the Si02. The measured minimum electron energy required to 

achieve injection and subsequent detection in the Si defines the oxide barrier potential. 

A research highlight was the demonstration of image force effects in electron transport 

through MOS structures. The observation was made that the oxide barrier potential 

decreased with the application of an oxide field. This effect was attributed to screening 

by metal electrons and was described by classical image force lowering, an often-ignored 

concept by the MOS science and ■ engineering community. The results led to a new 

"dynamic" value for the dielectric constant of Si02, which was confirmed by theoretical 

modeling of the MOS transport process. Monte Carlo simulations were made of the 

spreading of the beam as it traverses the oxide. The inclusion of image force effects 

was necessary for agreement with experiment. 

The objectives of oxide degradation were realized through electron trapping studies 

and localized breakdown attempts. Two types of oxide traps were observed, pre-existing 

or process induced and hot-electron generated traps. The latter are generated by hot 

electrons with kinetic energy exceeding 2 eV and are associated with the breakage of 



H-Si bonds in the oxide. Through field assisted barrier changes it was possible to de- 

termine the in-depth or profile of the trap distribution in the oxide. For a 7 nm oxide, 

their densities were in the low-to-mid 1013/cm2 range, with the pre-existing traps located 

near the metal gate and the generated traps distributed over the half space of the oxide 

adjacent to the Si. Attempts to break down the oxide with hot electrons exceeding 15 

eV proved very difficult. Breakdowns following local stressing with BEEM were sel- 

dom observed, and only when stressing conditions far exceeded those reported on 

macroscopic samples. It was concluded that even these cases were still dominated by 

low-density, randomly distributed defects in the oxide. 



I. Research Proposal Summary and Objectives 

The proposal was submitted to the Office of Naval Research in March of 1995. 

It was granted to commence on October 10, 1995 and terminate on May 27, 1997. 

The objective of the proposal and its planned implementation were clearly stated 

in the proposal summary, which is reproduced below. 

"This proposal seeks financial support for a research initiative in the spatially re- 

solved transport properties of hot electrons injected into metal-oxide-semiconductor 

(MOS) structures. The financial support, in the form of a two-year, cost-share contract 

between the International Business Machines Corp. and the Office of Naval Research, 

is to cover the costs of a post-doctoral scientist over the period of the contract. The 

proposal is rooted in a need for understanding on a microscopic level the electron 

transport properties through ultrathin (<100 A) oxides that are being considered for fu- 

ture generations of integrated circuits based on MOS technology. For this reason the 

proposal stresses the use of device-quality oxides thermally grown on Si at an IBM 

wafer processing facility. The technical program proposes that a scanning tunnel mi- 

croscope (STM) be used to inject hot electrons into MOS structures. A special imple- 

mentation of the STM, known as ballistic electron emission microscopy or BEEM, 

permits control of the kinetic energy of the injected electrons, which also exhibit 

quasi-monochromatic energy distributions. These properties of BEEM, combined with 

the inherent control over the electric field across the oxide, suggest a potentially unique 

tool to investigate, transport properties through oxide layers, including the role of defects 

in the oxide, at spatial resolutions approaching atomic dimensions. The proposed work 

addresses three topic: 1) an investigation of the fundamental hot electron transport 

processes across MOS structures for electron injection with an STM tip, 2) the detection 

and imaging of individual electron trap states in the oxide, their generation character- 

istics through impact with energetic electrons, and the dynamics of electron trapping and 

detrapping, and 3) an evaluation of the BEEM technique as a new diagnostic tool to 

quantify process-dependent oxide properties and oxide quality." 

The Research Objectives were stated as follows: 



1) Intrinsic transport properties of Si02: 

Investigations of the energy and field dependent processes underlying 

BEEM-mediated electron transport issues in MOS structures are proposed, with the 

purpose of enhancing the understanding of fundamental physical concepts from a new 

and often advantageous perspective. 

2) Defect related phenomena in Si02: 

Investigations of local distributions of charged defects are proposed. Defects in- 

herent to the as-grown oxide and those induced through in-situ electrical stressing of the 

MOS structure will be studied, with the purpose of understanding the origin, densities 

and mode of generation of defects and traps in Si02. 

3) Si02 process diagnostics 

A study of process related defect generation will be undertaken with the purpose 

of determining the feasibility of using the technique as a viable tool to characterize 

oxides for technical purposes. 

The objectives will be used as a guide to describe the progress achieved during the 

grant period. 



Research Accomplishments during Grant Period 

1) Intrinsic transport properties of Si02: 

la. Imape Force Effects (details in appendices 3 and 4) 

As an electron passes from the metal gate of a Metal-Oxide-Semiconductor (MOS) 

structure into the oxide, its potential energy is modified by the charge imbalance it in- 

duces in the metal. This charge modification is positive (attractive), and represents a 

response by the metal to screen the electric field set up by the moving electron in the 

oxide. This screening is described well by the classical concept of an image charge 

placed in the metal at a distance equal to that of the electron on the oxide side of the 

interface. The effect of the attractive force is to lower the potential sensed by the 

electron. This so-called image force lowering was already observed in MOS structures 

over 30 years ago by internal photoemission spectroscopy.1-3 Its presence, however, 

was generally ignored by almost all researchers in MOS transport studies. Consequently 

image force effects remains a controversial subject in oxide transport. 

Since BEES measures directly the threshold energy between the Fermi level of the 

metal and the conduction band minimum of the Si02, it is thus an ideal tool to measure 

the Schottky effect, which is the combined effect of the image force of the electron in 

the vicinity of the metal-oxide interface and that of an applied oxide field Vox.   This 

effect was observed with BEES in one of the earlier studies supported by the ONR 

grant.4  Classical image force theory predicts that the lowering of the threshold 8eV0 is 

given by [Vox/47te0eoxtox]
1/2, where e0 and £ox are, respectively, the permittivity of vacuum 

and the effective dielectric constant of the oxide sensed by a moving charge.  The latter 

has been assumed to be represented by the optic dielectric constant, given by eop=2.15, 

that was measured using the indirect and model dependent internal photoemission 

method.2  The value of eox obtained with BEES is 2.74,5 and lies in-between the limits 

of e0 =2.15 and the static dielectric constant ss=3.9.   This conflicting result was the 

motivation for a theoretical investigation of the dynamic response of a dielectric to a 

moving charge in the vicinity of a metal interface, an issue of basic interest and practical 



consequences. The BEES experiment was modeled within the framework of classical 

dielectric response theory, that included electron-phonon interactions.6 A value eox=2.69, 

close to the experimental value of 2.74 was calculated.5 It was concluded that the dy- 

namic response is not determined by the transit time of the electron to reach the potential 

maximum, as previously suggested,7 but rather by the nearly field independent mean 

velocity of the electron between the metal interface and the potential maximum. Con- 

sequently phonon effects cannot be ignored and arguments for an optical dielectric value 

based solely on the short transit time to reach the potential maximum are too crude. 

The new value for eox should have impact on transport modeling issues, for which the 

optic value was used up to the present. 

The observed lowering of the BEEM threshold with increasing oxide field has been 

frequently criticized as due to tunneling. To dispel this possibility, WKB calculations 

of the tunneling probabilities were performed as a function of the oxide field. The re- 

sults do not show the linear dependence of the threshold shifts on the square root of the 

oxide potential, from which it was concluded that direct tunneling effects are negligible 

in field assisted BEEM on MOS structures. 

lh. Monte Carlo Simulations (details in appendices 2 and 8) 

Theoretical modeling of electron transport across MOS structures to simulate 

BEEM was accomplished by integrating the Boltzmann equation using Monte Carlo 

techniques that incorporate energy dependent effective masses and energy dependent 

electron-phonon scattering rates.8 • In these studies the energy dependent transmission 

probability for an electron to traverse the Si02 layer and reach the Si was calculated and 

compared to BEEM-derived results. For agreement with experiment, the electrons' angle 

of injection in the Monte Carlo simulations needed to be distributed isotropically, that 

is, all angles were equally possible. This assumption appeared to be counter intuitive, 

as experimentally the electrons approached the interface at normal angles. The latter 

geometry requires an additional scattering channel in the oxide in order to make simu- 

lations and experiment agree. Such additional scattering channel was not envisioned 

until the importance of the image force induced band bending at the metal-oxide inter- 



face was realized.   An isotropic distribution did not arise from a lack of interfacial co- 

herence, as previously speculated, but rather from additional electron-phonon scattering 

in the image force region of the oxide.   In this region an electron injected with energy 

just sufficient to overcome the barrier will nevertheless experience large kinetic energies 

due to the rapidly downward-bending conduction band at the metal interface.  Since the 

randomizing acoustic phonon scattering is strongly energy dependent, with a maximum 

scattering rate for electrons at kinetic energies near 2 eV,8 many electrons are scattered 

back into the metal, even though their energy relative to the barrier maximum is small. 

This added scattering channel strongly suppresses the transmission probabilities at low 

kinetic energies, a conclusion that is supported by the agreement between BEEM results 

and Monte Carlo simulations that included image force effects and injection normal to 

the interface.9   Our findings thus demonstrate the necessity of including image force 

effects in order to properly simulate electron transport across MOS structures. 

With knowledge of the necessity for proper boundary conditions in Monte Carlo 

simulations, we proceeded to calculate the spread of the electron beam due to electron- 

phonon scattering as it reaches the oxide-silicon interface.10  The beam spread must be 

known to determine the lateral resolution of BEEM, as well as to assess the current 

density and injected charge density at the interface following electric stressing.   The 

calculation were made for low energies typically encountered for threshold determi- 

nations and for energies typically used during electric stress measurements of oxide 

samples.   For the low energies that correspond to tip biases in the 4-5 V range, the 

electrons traverse the oxide with little scattering (ballistic), so that even for a 7nm oxides 

the BEEM spread, and hence resolution, is better than 1 nm.   In contrast, for electrons 

with energies of 4 eV or larger (tip biases -10 V), the spread for a 3.8 and a 7.6 nm 

oxide  at   the   Si   interface   cover  an  area   with   diameters   of -6   and   -12   nm, 

respectively.10 These simulation demonstrate that threshold determinations, which are 

very sensitive to oxide charge, are achievable under optimal resolution conditions.   As 

will be discussed in the next section, this attribute of BEEM will be used to estimate the 

local fluctuations in the density of trapped electrons in the oxide. 



2) Defect related phenomena in Si02: 

2a.  Trap generation and trapped charge profiling        (details in appendices 5,6 and 7) 

Trap generation and measurements of the trapped charge density are routine pro- 

cedures in oxide studies using standard capacitance-voltage and current-voltage methods. 

However, it has not been possible in the past to determine the in-depth distribution or 

charge density profile across the oxide. Using conventional techniques only the centroid 

of the charge distribution was obtained." BEEM, however, measures directly the po- 

tential maximum of the trapped charge distribution. From the changes in the potential 

induced by varying the applied oxide bias we were able to determine the trapped charge 

distribution that modifies the oxide potential.1213 

Capture of injected electrons at trap sites in the oxide was studied on a local scale 

as a function of both the energy of injected electrons and applied oxide bias.   It was 

generally observed that the first measured BEEM spectrum on a virgin portion of the 

MOS surface exhibited the lowest threshold in an array of spectra taken over a 25x25 

nm2 area. This threshold, whose value is 4 eV, corresponds to the intrinsic barrier height 

between the Fermi level of the metal and the conduction band minimum of the Si02, 

and represents an essentially charge free region of the oxide.    Once scanned, the 

thresholds in the scanned area increased, a clear indication that local electron trapping 

occurred as part of the measurement. The increases were observed at sampling locations 

as far as 5-10 nm away from the initial injection point, and are the consequence of 

trapped electrons scattered to distant sites as the beam spreads in its progress toward the 

Si substrate.   This notion is supported by the Monte-Carlo calculations of the beam 

spread discussed in section 1.1b above.    When the kinetic energy of the injected 

electrons in the oxide Ekin remained below 2 eV (this corresponds to a tip bias VT<6 V 

and no applied oxide bias), the threshold shifts ceased after a few spectral scans, which 

indicates a saturation of the trap filling process.  It was concluded that these trap states 

could not be generated by the injection process, and therefore their origin must have 

pre-existed the measurement.   In contrast for hotter injected electrons, i.e. those with 

Ekin>2 eV, additional threshold shifts of several eV were observed.   These shifts, which 



also ceased to change after repeatedly scanning the sampling area, are attributed to the 

capture of additional electrons at newly created trap sites. The energy threshold of 2 

eV required for their creation agrees with that associated with the breakage of Si-H 

bonds in the oxide,16'17 to which we tentatively assign the newly observed traps. 

The distribution of the traps across the oxide has not been possible to obtain by 

conventional I-V or C-V techniques. With BEEM, however, it is possible to measure 

the potential maximum and its variation with applied oxide bias, from which the filled 

trap distribution can be obtained through modeling.12 In the model the trapped charge 

is represented by a series of sheet charges parallel to the interfaces, whose influence on 

the potential must be considered through appropriate boundary conditions. The positions 

and strengths (charge densities) of the sheet charges are adjusted until the field de- 

pendence of the potential maximum arising from the combination of sheet charges, ap- 

plied oxide bias and image force effects matches the field dependence of the observed 

threshold shifts. This modeling methodology revealed that for a 7 nm oxide the pre- 

existing defects were located within ~3 nm of the gate metal, and the generated defects 

were distributed predominantly within 4 nm of the oxide-Si interface. Their charge 

densities are in the range of 1-4x1013/cm2. An important conclusion was the realization 

that the distribution of the pre-exisiting defects was not affected by the generation of 

new defects. This observation is possible because the two types of traps are spatially 

separated, and indicates that the more energetic electrons do not create new defects in 

the vicinity of the metal gate. 

2b.Oxide stressing and breakdown studies (details in appendices 2 and 5) 

The salient conclusion of our studies is that stressing an oxide layer locally by in- 

jecting hot electrons with an STM in a BEEM experiment seldom leads to a destructive 

breakdown of the oxide. In the few cases when a breakdown occurs, the net injected 

charge, commonly referred to as charge-to-breakdown or Qbd, is orders of magnitude 

larger than the best values reported for macroscopic size MOS structures stressed 

through Fowler-Nordheim (F-N) injection.18 Most of the successful breakdown exper- 

iments were performed on 3.8 nm oxides.  The electrical stressing experiments are per- 



formed by placing the tip of the STM at a specific point on the surface, or by scanning 

a small area (typically 25x25 nm2) and interrupting the scans at points that are part of 

a pre-selected pattern.   Once the tip is at the designated point, the tip bias VT is set to 

a predetermined large value (in the range of 7-10 V) and the collector current is inte- 

grated to determine the charge injected locally into the oxide.  The injection process is 

interrupted periodically to measure the threshold changes.   These increase initially and 

reaches a plateau, a process that corresponds to a trap generation and filling process 

analogous to that discussed in section 2a.  It was observed that if the stressing proceeds 

toward an eventual breakdown, the thresholds begin to decrease again, a process that is 

accompanied by an increase in the overall collector current.    This second stage of 

stressing was referred to as the pre-breakdown stage.10 It was proposed that this stage 

consists of a gradual collapse of the oxide barrier. This process consists of the deteri- 

oration of the oxide that starts at the O-S interface and leads to the formation of regions 

of finite conductivity.   Additional stressing quickly led to a threshold of only 1 eV, 

which was interpreted as due to a total collapse of the oxide barrier.   This stage was 

termed the breakdown stage, with the net collector current integrated to a time just prior 

to the collapse defining QM. 

BEEM stressing results are compared to "best-of-breed" Qbd's obtained by F-N 

stressing in Fig. 1. The latter are depicted by open symbols and lines in Fig. I.18 In 

order to compare the data, the energies of electrons in the BEEM Qbd's have to be con- 

verted to electric fields that in a F-N injection process would field-accelerate the 

electrons to energy values at the anode equivalent to those used in BEEM. This con- 

version assumes that the breakdown process depends predominantly on the energy of the 

electrons, and not on the field. The results of our breakdown studies are shown by the 

solid points on the right of Fig. 1. A stress experiment that led to no breakdown is 

shown by an open circle. In order to calculate the charge density, we used Monte-Carlo 

simulation to calculate the area (spread) of the electron beam at the O-S interface, as 

discussed in section lb, above. It is obvious by looking at Fig. 1 that the BEEM initiated 

local breakdowns, when they occur, lie appreciably above an extrapolated curve of data 

obtained in a conventional, large area stressing experiment. The latter results were 

thought to be limited by "intrinsic" properties of the oxide.18   Our results clearly con- 
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Fig. 1. Charge-to-breakdown comparisons between BEEM-stressed oxides and 
Fowler-Nordheim stressed MOS samples. The latter were obtained by Schuegraf 
and Hu, ref. 18, and are shown as solid curves through open symbols at the left. 
The filled circles represent B-EEM breakdown results, whereas the open circles 
represent extreme BEEM stressing results without reaching breakdown. The 
electron energies used in BEEM were converted to an oxide field required to 
achieve equivalent energies at the cathode in a Fowler-Nordheim experiment. 



tradict this view, indicating instead that an intrinsic limit has not yet been reached and 

that even in our case breakdowns are still limited by randomly distributed 

defects/impurites of unknown origin. 

In recent, yet to-be-published studies, we investigated the roles of both trap densi- 

ties and electric fields on breakdown.   The field dependent stressing was motivated by 

the difficulty of achieving breakdowns without the application of an oxide bias 

Stressing in areas of known high densities of generated traps (~I0I3/cm2) did n It 

in breakdowns.   Similar results were obtained by extensive stressing with the combina- 

tion of high oxide fields and energetic electrons at a point on the sample after tip drifts 

were nearly negligible. The injected charge densities as a function of the F-N equivalent 

oxide fields of this stressing sequence are shown by open circles in Fie  i f 

sively higher stressing conditions at the same point.   Because of some drift the ch 

densities should not be. added.   We see no evidence that fields of up to 9 MV/ 

fluence breakdowns in our BEEM experiments. The failure to achieve breakdowns leads 

one to question much of the conventional wisdom of the roles of process induced and 

hydrogen-related defects in breakdown.   Clearly the observed densities are insufficient 

to provide connectivity across the oxide, which, if necessary,'» suggests the 

of small, statistically distributed regions of very high trap densities.   Alternatively the 

observed defects may be necessary but not sufficient to cause breakdown      "th 

unidentified new defects activating the breakdown process. 

3) Si02 process diagnostics 

With the exception of the process induced trap formation attributed i„ metallization 

which was discussed in Section 2 above, no additional studies in this t    " 

tempted. 
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Appendix 1 

SPATIALLY AND ENERGY RESOLVED HOT ELECTRON TRANSPORT 
THROUGH METAL-OXIDE-SILICON STRUCTURES 

R. Ludeke, E. Cartier and H.J. Wen 
IBM T.J. Watson Research Center, P.O. Box 218, Yorktown Heights NY, 10598 

The tip of a scanning tunneling microscope was used to inject hot 
electrons into thin Pd layers of Pd-Si02-Si structures incorporat- 
ing 75-150 A thermally grown oxides.  The collector currents em- 
anating from the n-type Si(100) substrates for tip biases VT>4 V 
were measured as a function of eVT (electron energy) for different 
oxide biases Vox applied independently across the oxide layers 
Threshold shifts with increasing positive Vox were observed for 
the first time and are attributed to image force lowering of the 
oxide potential near the metal-oxide interface.   The shifts agree 
well with those predicted by classical image force theory   A zero 
field threshold energy of 3.99 +0.02 eV for the Pd-Si02 interface 
was deduced.    Image force effects were also incorporated into 
Monte  Carlo   calculations  of the   energy   dependent  electron 
transmission probability Tox across a 150 A oxide.    Favorable 
comparisons with experiment are observed. 

INTRODUCTION 

/»„JJ1!; performance and reliability of modern  metal-oxide-semiconductor 
(MOS) devices are ultimately dependent on the electronic properties of the 
ox.de, specifically Si02l and its interfaces with the Si and the gate metal These 
properties may be loosely divided into intrinsic properties, such as electron 
phonon scattering rates and impact ionization cross sections  and extrinsic 
properties such as electric breakdown characteristics, that are'determined bv 
defects and impurities in the Si02 bulk or at  its interfaces     The present 
understanding of the electronic properties of _Si02l which have been the sub- 
ject of intensive studies for well over two decades, are larqelv based nn 
studies   on   MOS   capacitor  structures   with   techniques   such   as   internal 
photoem.ssion (1), avalanche injection (2), and photoemission into vacuum (3) 
These results represent properties, typically averaged over samplina areas 
0.01 to 1 mm*, that do not necessarily reflect sample variations on a micro 

scopic scale.   Further shortcomings of the standard electron injection tech 
mques   including Fowler-Nordheim (F-N) tunneling, are the high oxide fields 
required to energize the injected electrons. The high fields resulis in a position 
dependent kinetic energy distribution of the electrons as they cross the SiO 
layer  which complicates the determinations of energy dependent properties 
(4).   The achievement of energetic electrons through field acceleration also 
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becomes increasingly difficult for oxide thicknesses tox<100 A, the thickness 
reaime for future VLSI applications. Additional drawbacks of some injection 
techniques such as photo-excitation and avalanche injection, is an unavo.d- 
able broad energy distribution of the electrons entering the oxide. 

As device dimensions shrink, local fluctuations in material properties be- 
come   increasingly   influential,   and   measured   properties   averaged   over 
macroscopic dimensions become less relevant at predicting device perform- 
ance and reliability.   Hence a need exists and a trend is emerging to investi- 
erte material issues of thin Si02/Si layers on a microscopic scale.  The use of 
an atomic force microscope (AFM) to investigate "vertical" transport .ssues 
across thin Si02 layers has recently been reported (5-7), as well as transport 
studies using a scanning tunneling microscope (STM) (8,9), in a configuration 
called Ballistic Electron Emission Microscopy (BEEM) (10).   Whereas the AFM 
studies    were    performed    directly    on    the    oxide    using    a    conducting 
cantilever/stylus, BEEM requires the use of an MOS structure in order to vary 
the energy of the electrons injected by the STM tip.    Investigations of MOS 
structures with BEEM have several inherent advantages: 
\) the energy of electrons injected into the Si02 conduction band can be arbi- 
trarily  selected  and  independently  modified  by  adjusting  the  oxide  bias, 
thereby increasing the accessible energy range and enhancing experimental 

iin'ransport studies are not limited by oxide thickness (150 A device-grade 

oxides have been investigated); and 
iii) the transport phenomena relevant to oxide physics and technology occur 
over a broad energy range (-0-20 V) that is readily accessible with BEEM. 

We present here the results of a BEEM investigation of MOS structures com- 
posed of thin Pd layers deposited on 75-150 A thick device grade oxides 
thermally grown on Si(100) wafers.   From the spectroscopic data, that is the 
collector current lc emanating from the Si substrate as a function of tip bias 
V    we derive the energy dependent transmission  probability of electrons 
through oxide layers, which we compare with the probabilities calculated by 
Monte Carlo methods.   The results give unique insights into the role of the 
different electron-phonon scattering mechanisms. A novel aspect of the work 
reported here is the demonstration that the oxide field plays a dominant role 
in the injection process.   The most striking observation is a lowering of the 
injection threshold with increasing oxide field, which is well accounted for by 
classical image force lowering of the potential step (barrier) between the Fermi 
level in the metal and bottom of the Si02 conduction band at the metal-oxide 

interface. 
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EXPERIMENTAL DETAILS 

paiii^tir Flectron Emission Microscopy (BEEM) 

BEEM is an STM-based  microscopy/spectroscopy that differs from the 
conventional STM mode by the presence of a thin metal electrode overlying 
thP  semiconductor structure to  be  measured.    The sole  purpose of this 
PlPctrode is to supply a conductive ground plane relative to which the STM tip 
Shiased   The tip bias VT thus determines the energy eVT of the electrons in- 
fected into the metal surface by the STM tip.   Provided that the metal film 
hirkness is of the order of the electron scattering length in the metal, or pref- 
erably much less, most of the electrons will traverse the metal ballistically to 
reach the far interface.     If a  potential  barrier ex.st at that  interface, the 
electrons will backscatter unless their energy eVT exceeds the barner height. 
Traditionally that barrier was a Schottky contact, but may also be one arising 
?om metal -dielectric contacts, such as Au-CaF2 (11), or Pt-Si02 (8,9) overlying 
«Si substrate   A fraction of the electrons with sufficient energy will overcome 
the barrier and be collected in the semiconductor in the form of a collector 
riirrent I     The STM is generally operated in the constant tunneling current 
mode   In addition to the conventional STM microscopy mode that provides the 
surface topography, the collector current lc can also be used to simultaneously 
aenerate a second image (the BEEM image) that represents the local trans- 
mission characteristics of the semiconductor structure.   In the spectroscopy 
mode of BEEM the rastering is stopped and lc is measured as VT is ramped 
over a range that includes the barrier potential.   Thus initially le is zero unti 
VT exceeds a threshold value V0 that represent the effective barner potential 

of the device structure. 

The energy diagram for a BEEM experiment on a MOS structure is sche- 
matically shown in Fig. 1. The condition for injection into the conduction band 
of the Si02 is shown (VT>V0).   The threshold for injection V0 is about 4 V.   In 
our instrument a maximum value of VT=13 V can be achieved, which corre- 
sponds to a kinetic energy Ekln~9 eV for the hottest injected carriers relative 
to the conduction band minimum of the Si02. To achieve similar energies by 
F-N injection into a 5 nm Si02 layer would require an electnc field of 18 MV. 
Electric fields can also be applied in the BEEM experiments to further modify 
the electron energies.   An accelerating field (Si substrate positive relative to 
the metal) supplied by the bias potential Vb is illustrated in Fig. 1    This poten- 
tial is divided between band bending in the Si (shown here in the inversion 
conditions) and the potential Vox across the oxide (9). Also shown is an expo- 
nential function fT that represents the energy distribution of electrons injected 
by the STM tip. ft becomes narrower with increasing tip bias VT, exhibiting for 
example a theoretical full width at half maximum of -0.150 eV at VT = 6 V (12). 
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This energy spread is sufficiently monochromatic for characterizing most hot 

electron phenomena in oxides. 

Sample Preparation 

.. c-n hvpr, were thermally grown near 800 °C in dry oxygen on 
Device-grade Si02 layers ^re^^ai^%7 cm-3 range. No additional treat- 
125 mm Sl(100) wafers^^^^on OxTde thicknesses for the studies 
ments were &rtomG****r %\™n A Approximately 8x15 mm* samples 
reported here ranged f^^t° ]50 A       PP y      deposition cham- 
were cleavedI from, th«> wafen; «"^^urface analysis system. Pd dots, 
ber of our ""«-^^"^^„y evaporated onto the Si02 through a 
°i? ,mm m rÄr^nSesurfto morphology of the thin (-35 A) 
shadow mask. In order to sm00in substrate to near 30 K during deposition. 
Pd films it was neces auyto coo. the sub ^ ^ A jn djameter 

Th.s process prodded Wmsw. ^^ ^^ morpho|ogy |S 

tha?H°Kli BEEMTmage contrast arising from the surface topography 
needed to 7.^'"°™^ sample was allowed to warm up to room tem- 
of the metal (9).   The finishefl\sa^ UHV jnto the STM chamber.   The 
perature and was *e^^^ a selected Pd dot by means 
grounding contact was careiuiiy po' TM        M . and sets of BEEM 
of three orthogonally mounted ^chvwrms        ST g ^ ^ spectra 

spectra were then taken.   For each V   a YM ^   ^ ^^ re 

were measured in a ^J^^ll^\ or more similar spectra.  Acquisi- 
^^s^<^ to the 10-20 second range for a 1 to 10 V 

sweep. 

BEEM SPECTROSCOPY RESULTS 

BEEM Spectra for 75 A SiQ2 

Reoresentative spectra for a 75 A oxide MOS structure are shown in Fig. 
Representative   H conditions.   Both the applied bias Vb and the 

2 for various positive ox de bias con™ The s      tra were 

resulting oxide Pot^f V« a^2
ed

nAi whicn * considerably less than 

iheTyp^To^5 u"r entTr'e pöEd" previously on Pt contacts deposited at 
the typical IU nn rpason for the improved transmission can be par- 

tianv a«"butrea 'to ^Z^^o\oW« the Pd film and to lower scat- 
t.ally fWtoan imp characterized by a rapid increase in lT 
tenng in the Pd Wms   The spertra saturatiorii then a decrease, which 
beyond the threshold near 4 v louoweu uy decrease in lT at ~2 
in turn is followed by a second increase for VT>8 V.   The decrease      iT ai 
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eV above threshold coincides with the onset of acoustic phonon scattering in 
the oxide and is a clear manifestation of the importance of this scattering 
mechanism in oxide transport (9,13). At these energies, the strong momentum 
randomizing phonon collisions cause the electrons to scatter back into the 
metal. The momentum relaxation rates level off at higher energies and the 
collector current again increases because the available phase space (density 
of states) is increasing. Optical phonon scattering is primarily important near 
threshold and is relevant in determining the transmission probabilities under 
bias conditions near 0 V (9). With increasing oxide bias Vb the spectra in- 
crease in absolute intensity and shift to lower energy. The increase in inten- 
sity, particularly for Vb<, 2 V, is largely attributable to an increase in the 
transmission probability in the oxide (9). As will be discussed later, the in- 
creases in lc for Vb>2 V can be attributed to increases in available phase space 
due to the image force. This effect is also responsible for the observed 
threshold shifts brought about through the lowering of the effective interface 
potential, as illustrated by the dashed line in Fig. 1. This will be further dis- 
cussed in the next section. 

In a given set of spectra, variations in the threshold of up to several tenth 
of a volt were observed, particularly in sets taken with low oxide biases. These 
threshold shifts are attributed to negative charge residing at the Si02-Si inter- 
face. The negative field counters that of the applied Vb and is felt strongest for 
low values of Vb. For these bias values, only ~20% of the spectra exhibited a 
common and low threshold value. This number drastically increased for the 
higher biases. In all cases, the spectra shown represent an average of those 
that exhibit a common, lowest threshold within a given set of spectra. 

Image Force Effects in BEEM Spectra 

The threshold values of spectra, such as those shown in Fig. 2, were ob- 
tained by fitting a suitable power law to the data in the vicinity of the threshold 
region (14). The values obtained from the fits are indicated by symbols in Fig. 
3. They represent a monotonic decrease of the threshold with increasing 
oxide field. The likely origin of this effect is the Schottky lowering of the po- 
tential maximum near the metal-Si02 interface due to the simultaneous pres- 
ence of an electric field Eox and the image force of the electron in the oxide. 
The potential <t>im(z) as a function of the distance z from the interface is given 

by: 

^--e^l-zWz--^ [1] 

and is schematically shown by the dashed curve in Fig. 1.    Here, i0 is the 
permittivity of free space, e0x = 3.9 is the dielectric constant of Si02, and tox is 
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the oxide thickness. Setting dd>im(z)/dz = 0 to find the position of the maximum 

in the potential, one obtains 
1/2 

z   = i — ~— ) cm< ^2] 
"™     V 167i£0e0XE0X 

and the lowering of the potential 

,_v      (    eE°*    V/2    J      eV°x      V/2      eV. [3] 
öevo - ^ 47re0eox j \ 47tE0£0Xt0X / 

Equation [3] was used to obtain the solid curve in Fig. 3 The fit to the exper- 
fmerS thresholds is quite good for the higher ox.de biases The deviation 
Tom the theoretical curve for the lower bias values can be attributed to rem- 
nant negative charge effects at the Si02-Si interface that are reflected mspec- 
trafthreshold shifts, as discussed above. The small devia ions at the highest 
b?ases are within experimental uncertainty for the determ.na .on of the 
thresholds (+0 02 eV), but may still be affected by an add.t.onal effective low- 
erng of the potential due to tunneling through the top of the barrier. For bias 
values higher than indicated, the BEEM current was dominated by the F-N 
nmnel current of the capacitor structure, and thus unmeasurable^ From the 
data we deduce that the flat band threshold (Vox = 0 V) for Pd/S.02 is 3.99 

+0.02 eV. 

TRANSMISSION PROBABILITIES IN Si02 

FvpjprimRntal Determination 

The collector current can be expressed as 

'     -k-Kr    T   T [4] 
'T 

where T and TOS are the kinematic transmission probabilities across the 
metal-oxide and oxide-silicon interfaces (9). Tox is the transmission probability 
across the oxide, and K is an energy independent constant of order unity that 
is used as a fitting parameter and includes the attenuation of the injected cur- 
rent in the metal layer. rmo varies slowly with energy and exhibit little structure 
M4\ T =1 for Vb>0 V. tmo can be expressed analytically in a free electron 
model that is based on the overlap of available conduction band states on ei- 
ther side of the interface, and includes the energy distribution of the electrons 
iniected bv the tip the Fermi function and quantum mechanical transmission 
probabilities This is not the case for the transmission probability Tox for the 
oxide because of the strong electron-phonon scattering (13).   As we will dis- 
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cuss in the next section, Tox can be calculated by numerically integrating the 
Boltzmann equation. However, Tox can be deduced from the experimental data 
(9). Transmission across the metal was assumed to be energy independent 
a justifiable assumption over an energy range for which the mean free paths 
are larger than the metal film thickness. In addition, no features in BEEM 
spectra have been attributed to the metal overlayer, whose primary effect is a 
featureless attenuation of the injected electrons. 

Experimentally Tox is determined by first calculating lc with eq. [41 as- 
suming Tox-1. This curve is fitted at the threshold over a narrow (~0 2 eV) 
energy range. The deviation of the calculated curve from the experimental 
spectrum is due to the energy dependence of Tox, which is readily determined 
by dividing the experimental spectrum by the calculated one (8). The result 
of such a determination of Tox for a 150 Ä Si02 layer is shown in Fig. 4 for two 
different values of Vox. As can be seen, the higher positive oxide bias increases 
the collection efficiency and hence the transmission probability. The peaks in 
Tox above threshold appear to be artifacts attributed to statistical noise in the 
data. 

Monte Carlo Calculations of T„ 

Details of the Monte Carlo simulation used to calculate Tox have been de- 
scribed in Ref. 9. Here we will give a summary and some added details on the 
treatment of image force effects. The electron transport model used is based 
on a Monte Carlo integration of the Boltzmann transport equation, which re- 
quires a description of the electron motion in the conduction band structure 
of S.02 in the presence of the electric field Eox, as well as a detailed account 
of the electron scattering processes in the oxide. A single valley conduction 
band was assumed for the oxide, with an energy dependent effective electron 
mass m0 = 0.5 me at the bottom of the band. At high energies, the electron 
mass is assumed to resume the free-electron value m„. Electron-phonon 
scattering was based on semi-empirical scattering rates for both 
longitud.nal-optical(LO) phonon scattering -the-two dominant LO-phonon 
modes with energies of 63 and 153 meV were included - and acoustic phonon 
scattering (15,16). K 

In our previous work, the following boundary conditions were used to 
calculate Tox (9). The electrons were isotropically injected into the oxide at a 
kinetic energy, Ekl = eVT - eV0. For each injection energy, the transmission 
probability was determined by tracking energy, momentum and position of the 
injected electrons until they leave the oxide either at the metal contact or at 
the silicon substrate. Only the latter contribute to the transmitted current 
Back-scattering into the Si02 from either contact was neglected. This as- 
sumption is reasonable because Ekin of the exiting electrons is several eV 
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SLnT^tbrSlo^g reentry.   The transmission prooaoihty T_ can 

be calculated as, 

T    _J!§L [5] 
'ox N      ' 

^te^^ya.«* ,n,edion, to a vaiue o, ~0, ter V, = 8 V. 

f ->mon0 fnrrP pffects into the calculation has pronounced The addit.on of .mage force efforts .mo of ^ 

effect on the transm.ss.on P^bfi'^^^^eFig. 1, dashed line) in the 
conduction band near ne, m* ^ ~thl kinet?c energy of the injected 
presence of the image IorLe dl.,,,y __ninn n<z<z As a point of reference, 
electrons are quite ^%^^glTATl^' z!=4, 26 A, respectively, 
using eqn. [2] w.th ^ *^ free paths in Si02 (13).  The 
values that are com«^^^^ increase in the scattering 
large Ekln wrth.n zm °Jhe interface cause probabilities. The image force 
rates that dramatically °^*^ *r^^|lqn

P [1]}. The singularity at z = 0 
used in the *^^ ^ S "s« et al. (17). Due to the steep 
was removed  n a m*nner ^ tne step increments in the simu- 
potential gradient at the, po.nto'^^er not ^0 miss scattering events, 
lations had to be ^«"y ^^ncomputation times. In addition, it was 
This caused a cons.deraWe ™™*?0"™™£ eie(Arons at the metal-Si02 inter- 

ZTTsV: TstZSÄ Nection resulted in abnormally_small 
tace, as ne a        £ results of two s mu ations of Tox for v0x-u.i v 
transmission P-«*l„ in Fig. 4. A conlparison of the 
(circles) and Vox   w v   ind"»     ' effects clearly shows the importance 
simulationswith.and "^™?^s^ntoZ* acoustic phonon scat- 
of their '~lus.on.   In Phys'ca^terms  . momentum randomization and 
tering .n the re " <z< J^ ^ds l ^ pear tnreshold. This effect is 
strong back scatter      ° lec  °        l       be      rt,a||    mimicked by intro- 
absent for a t1?8?^'8.!. ^'S"^^ £ at threshold such an ad-hoc ap- 
ducing ««*^^^^ emit a single phonon will not 
^l™^m£%?^cort«A without tunneling through the triangu ar 
barrier   eadtg to a significant overestimate of the transm.ss.on probab.l.ty. 

587 



DISCUSSION AND CONCLUSIONS 

It is clear from the observed threshold shifts of Fig. 2 and the good 
agreement with classical image force lowering that image force effects are 
relevant in the injection process, as well as substantial for oxide fields com- 
monly used in transport studies using MOS capacitor structures. Their omis- 
sion in the simulations of our earlier studies still lead to acceptable agreement 
with experiment because the studies were mainly made under low Eox (includ- 
ing Eox<0) conditions. A negative Eox shifts the potential energy maximum to 
the Si02-Si interface, rendering the image force less effective in modifying the 
threshold, although still enhancing the scattering rates at the point of injection. 

The scattering rates are fundamentally different for the optical and 
acoustic phonons (13,16), which affects the shape and energy dependence of 
Tox. The large energies of the LO-phonons lead to strong energy relaxation 
near the energy of the dominant LO-mode (153 meV). The LO-rate rapidly 
decreases as the kinetic energy increases (to —1/10 within 1 eV) because of 
the Coulombic nature of the interaction. LO-phonon scattering becomes in- 
creasingly forward oriented with increasing electron energy (4). Acoustic 
phonons have much smaller energies and contribute little to the energy re- 
laxation rate. However, they dominate the momentum relaxation, which in- 
creases with electron energy and favors large angle (Umklapp) scattering at 
kinetic energies >3 eV. 

These differences between the two phonon types are directly reflected in 
the BEEM results. The decrease in Tox for VT>6 V (Ekin>2 eV) in Fig. 4 is due 
to acoustic phonon scattering, which is also prominently evident in the "raw" 
BEEM data of Fig. 2 for VT>6 V. What is not evident a priori, is that acoustic 
phonon scattering is also dominant near threshold when image effects are in- 
cluded. In the region of z<zm, Ekin can reach values for which acoustic phonon 
scattering dominates, thus scattering a large fraction of electrons back into the 
metal before they reach zm. This is the cause for the drop in the simulated Tox 

from near unity to 0.6 when image forces are included (Fig. 4). The agreement 
between simulation and experimentally determined:Tox is quite good for low 
Vox, but includes a substantial region of discrepancy within 1 eV of threshold 
for Vox = 4.4 V. This discrepancy, already observed for modest biases in our 
earlier data (9), increases for larger values of Vox (not shown). The reason for 
this is at present not known, but appears to be related to a field dependency 
of the quantum mechanical transmission probability (18), which was not in- 
cluded in the simulations thus far. Its inclusion may be questioned on the 
ground that the Si02 is amorphous and that lattice scattering due to disorder 
would dominate. However, it has be argued that amorphous Si02 has a 
short-range order of 10-20 Ä that is comparable to that of crystalline forms of 
Si02 (15). This length exceeds the measured electron mean-free path in Si02 
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at most electron energies (13), which leads one to conclude that disorder in- 
duced scattering is likely to be small compared to phonon scattering. 

An additional observation, that of an enhanced spectral strength with in- 
creasing Vox, as shown in Fig. 2, can also be attributed to image force effects. 
The collector current, as stated in eqn. [4], depends also on Tmo, which in- 
cludes the overlap of the density of states projected onto the interface plane 
in reciprocal space (9). It is limited by the density of states of the oxide. 
However, the image force enhances this overlap at the interface through an 
increase in Ekln, which increases rmo. This increase is larger than the increase 
in scattering due to a larger Ekin, thereby enhancing the net transmitted cur- 
rent, as observed experimentally. 

In summary, we have observed for the first time threshold shifts with in- 
creasing oxide biases in BEEM spectra on MOS capacitor structures, and at- 
tributed the shifts to image force lowering of the oxide potential near the 
metal-oxide interface. The shifts agree well with the shifts predicted by clas- 
sical image force theory. Monte Carlo simulations that also include these ef- 
fects have been used to calculate the transmission probability Tox for a 150 A 
Si02 MOS structure. The calculation give new insights into the role of acoustic 
phonon scattering in determining Tox near threshold. Agreement between ex- 
perimentally determined probabilities and simulations are good for low oxide 
fields, but exhibit some discrepancies near threshold for high oxide fields. 
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BEEM at Pd / 75 k Si02 / n—Si(100) 

Fig 1. Schematic energy dia- 
gram of a BEEM experiment on 
an MOS structure under positive 
oxide bias Vox- 
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Fig. 2. BEEM spectra (lT vs. VT) 
for a 75 Ä Si02 layer for indicated 
positive oxide biases. 
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Stressing and high field transport studies on device-grade Si02 by ballistic 
electron emission spectroscopy 
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The tip of a scanning tunneling microscope was used to inject hot electrons across the gate and into 
the oxide of a metal-oxide-semiconductor structure. This method, known as ballistic electron 
emission microscopy (BEEM), allows an arbitrary choice of the energy of the injected electrons, 
which may be further accelerated by the application of a gate bias. The high current densities and 
choice of energy make BEEM an attractive method to study hot electron transport and breakdown 
phenomena in dielectrics. The studies reported here were made on Pd/SiO2/Si(100) structures with 
a Si02 layer thickness of 3.8 nm. Monte Carlo techniques were used to calculate the spreading of 
the electron beam as it traverses the oxide. A strong dependence of the spreading on the kinetic 
energy and oxide thickness were observed. Using the calculated beam spreads to determine current 
densities and injected charge densities, the charge-to-breakdown (Qbd) was measured for several 
breakdown sequences. The ßbd's consistently exceeded by several orders of magnitude the values 
obtained by conventional Fowler-Nordheim (FN) tunnel injection under high field conditions. Most 
of the time, breakdowns could not be achieved for 3.8 nm oxides. It is concluded that impurity/ 
defects still control all observed breakdowns; an intrinsic limit—although claimed to have been 
reached—has not yet been established. Changes in the BEEM spectra with injected electron charge 
are interpreted in terms of a three stage process to breakdown: (I) electron trap creation and filling 
at the Si02-Si interface, (II) prebreakdown believed to occur through thinning of the oxide that 
starts at the oxide-Si interface, and (III) oxide punch-through, characterized by an injection 
threshold si V, close to that for Si. The role of hot hole injection into the Si02 valence band was 
also assessed and deemed a negligible factor in the degradation process under the zero or low oxide 
biases used in the experiment reported here.   © 7996 American Vacuum Society. 

I. INTRODUCTION 

From a design point of view, future generations of inte- 
grated circuits (IC) can be scaled well below the presently 
manufactured 0.25 /urn technology, a projection that requires 
gate oxides ultimately reaching thicknesses below 2 nm.1-3 

However, the reliability of thin gate oxides is one of the most 
important problems in metal-oxide-semiconductor (MOS) 
technology. Hence, the ability of manufacturers to mass pro- 
duce such aggressively scaled ICs will depend on the suc- 
cessful solution of a number of materials and processing 
problems, among which is the oxide integrity for gate oxides 
in the 4 nm range and below. This problem has been desig- 
nated a potential show stopper.4 In this thickness range, in- 
terface roughness, deviations from stoichiometry, and impu- 
rities in the oxide and at the Si02-Si interface are believed 
to be especially critical. Their roles in affecting device reli- 
ability and eventually oxide breakdowns are presently not 
known, and attempts at gaining further understanding of 
these issues are undertaken at a number of laboratories.5-19 A 
fundamental physical description of oxide degradation and 
failure are of crucial importance in formulating models that 
predict device reliability and lifetimes from burn-in and ac- 
celerated aging studies. 

Oxide breakdown studies are based on failure analysis of 
electrically stressed MOS capacitor structures or MOS field 
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effect transistors (FETs). Conventionally, energetic (hot) 
electrons are injected into the conduction band of the Si02 

by means of field assisted injection or Fowler-Nordheim 
(FN) tunneling. Following injection, the electrons gain en- 
ergy through field acceleration until they reach the opposite 
interface. The injection may occur in a constant voltage or a 
constant current mode. The time is measured until device 
failure occurs (time to breakdown). This time, which is de- 
pendent on the fluence or total injected charge, exhibits a 
complex dependence on field and oxide thickness, which can 
be rationalized in terms of electron heating in the oxide film.9 

The total charge injected at failure is referred to as charge to 
breakdown, ßbd. An example of the dependence of ßbd on 
oxide field and thickness is shown in Fig. I.16 These ßbd's 
represent state-of-the-art values on high quality oxides. Their 
values have increased over the years as oxide growth and 
substrate cleaning methods have improved, implying that the 
origin of breakdowns are still associated with defects or im- 
purities. It is general practice, however, that for the best ox- 
ides, such as those shown in Fig. 1, the breakdown is ad- 
dressed as the intrinsic mode,11'14'20 because breakdown 
distributions are narrow and quite distinct from early fails or 
low-field break-down. In a strict sense, however, intrinsic 
would imply an oxide free of defects, with the ßbd's reflect- 
ing the practical upper limit of oxide reliability. 

A fundamental and little disputed aspect of oxide break- 
down is the role of the hot electrons in generating charge 
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FIG. 1. Normalized charge to breakdown as a function of average electric 
field for indicated oxide thicknesses at room temperature. These results were 
obtained through field stressing (injection by FN tunneling at the polysilicon 
gate). Open data points are experimental results, solid lines are model 
calculations-adapted from Ref. 16. The solid data points represent oxide 
failures achieved with BEEM for 3.8 nm and 7.5 nm oxides. The energies of 
the STM injected electrons were converted to the equivalent field necessary 
to achieve those values. 

traps at the interfaces. Microscopic details of such traps are 
either lacking or highly speculative, with the exception of 
traps generated at the cathode due to the presence of hydro- 
gen. The latter is released at the anode through impact with 
energetic electrons (kinetic energy S:2 eV). The hydrogen 
diffuses to the cathode where it combines with another hy- 
drogen atom and escapes. The release of the second hydro- 
gen is believed to leave behind an interface state or an elec- 
tron trap.7'9 For thicker oxides under high oxide fields, 
conditions for which some electrons in the oxide reach ener- 
gies exceeding 9 eV (the Si02 band gap energy), electron- 
hole pairs may be created in the oxide by impact ionization, 
with the holes being swept to the injecting cathode where 
they can be trapped by oxygen vacancies, for example. 
Electron-hole recombination can then create interface states 
and electron traps. This mechanism is important only for 
oxide thicknesses 5:10 nm, and will not be further discussed, 
as these conditions are not encountered in the present experi- 
ments. Hole injection into the oxide may also occur at the 
Si-Si02 interface through electron-hole pairs generated by 
impact ionization of the hot electrons reaching the anode (Si 
substrate). Although deemed a low efficiency process,21 

some breakdown models rely exclusively on hole injection 
as the primary trap creation mechanism at the cathode, and 
the principal mechanism leading to progressive oxide degra- 
dation emanating from the cathode.14'22 Other models de- 
emphasize the role of hole trapping and attribute the start of 
oxide degradation to electron trapping at the anode.12'13'15 

In this article, we present results of stressing thin Si02 

layers by directly injecting hot electrons into the conduction 
band of Si02 with the tip of a scanning tunneling microscope 
(STM). This method obviates the need for field acceleration 
to energize the electrons in the Si02 conduction band, al- 
though this is still an option that allows additional experi- 
mental flexibility. The STM mediated injection provides un- 

precedented spatial resolution and a choice of the location of 
stressing. The results reported here were obtained for 3.8 nm 
device grade oxides. The principal conclusions of this study 
are: (i) in general, the oxides were difficult to break down in 
spite of injecting fluences exceeding by several orders of 
magnitude the reported Qbd values of conventionally (FN) 
stressed oxides (such as those in Fig. 1) for comparable an- 
ode energies; (ii) when breakdowns were observed, the <2bd's 
far exceeded the best-of-breed published results; (iii) strong 
spectral evidence suggests that breakdown emanates from 
the anode following a clearly resolved trapping/charging 
stage and a prebreakdown phase; and (iv) hole injection ap- 
pears to be inconsequential in breakdown processes initiated 
by STM-mediated hot electron injection. 

II. EXPERIMENTAL DETAILS 

A. Ballistic electron emission microscopy/ 
spectroscopy 

Ballistic electron emission microscopy (BEEM) is a STM 
based microscopy that differs from conventional STM by the 
presence of a thin metallic or other conducting film overlying 
the substrate—the Si02-Si structure in the present case. The 
sole purpose of this conductive layer is to provide a potential 
reference plane (generally at ground potential) relative to 
which the STM tip is biased. The electrons injected into this 
layer by the STM tip have an energy equal to e VT, where VT 

is the STM tip bias. The thickness of the metal layer is com- 
parable or preferably less than the electron mean free path, 
so that the electrons can traverse the layer without scattering 
(ballistically). If their energy is larger than the potential step 
at the interface—in the present case the difference eV0 be- 
tween the Fermi level in the metal and the bottom of the 
Si02 conduction band—the electrons have a finite probabil- 
ity of getting injected into the conduction band, traverse the 
oxide and of being collected as a collector current Ic in the Si 
substrate. This probability is dependent on the overlap of 
conduction band density of states at the interfaces, the trans- 
mission probability Tox across the oxide, as well as transmis- 
sion probabilities of a quantum mechanical origin. These is- 
sues have been detailed elsewhere.23'24 Suffices to say here 
that Tm is strongly dependent on the scattering rates of elec- 
trons with longitudinal optical phonons (energy dispersive) 
and acoustical phonons (momentum dispersive), rates which 
are strongly dependent on the kinetic energy of the 
electrons.21'25 The latter is determined by a combination of 
the energy at the point of injection (eVT-eV0) and any gain 
in energy from field acceleration in the oxide due to the 
presence of an oxide potential Vox applied by means of a bias 
potential Vb. An energy diagram for a BEEM experiment is 
illustrated in Fig. 2 for conditions of positive (accelerating) 
and negative (retarding) oxide potentials. 

In the spectroscopy mode, the raster scan of the STM is 
stopped and the collector current Ic is measured as VT is 
ramped over a range that includes the barrier step potential 
V0 • Ic becomes finite once VT exceeds V0 for Vox>0 or ex- 
ceeds V0-Vm for Voxs0, conditions illustrated in Fig. 2. 
The STM is generally operated at a constant tunneling cur- 
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Vrv       lVb>0        (a) 

Vb<0.5 V 
(b) 

FIG. 2. Schematic energy band diagram for a BEEM experiment on an MOS 
structure for positive oxide bias Vox (a), and for negative Vox (b). Vox is 
controlled by means of the gate bias Vb. For Pd/Si02/Si, Vox<0 when 
Vb< -0.5 V. The energy of the electrons injected by the STM tip is deter- 
mined by the tip bias VT. Their energy distribution is represented by the 
exponential function fT. The distribution of the electrons reaching the 
Si02-Si interface is shown by the hatched distributions /os. eV0 is the 
energy difference between the Fermi level EF of the Pd layer and the bottom 
of the Si02 conduction band. 

rent IT- Ic can also be used for image contrast in the scanning 
mode, thereby generating an electron transmission image of 
the MOS structure, commonly referred to as a BEEM 
image,26 that is recorded simultaneously with the STM topo- 
graphic image. 

In stressing studies using BEEM, electrons at a given en- 
ergy (eVT) are injected locally (well within a nm) for a given 
time, with the collector current determining the total fluence. 
Then an Ic versus VT spectrum is taken to assess the conse- 
quences of the stressing in terms of changes in the local 
transmission characteristics, including threshold shifts SV0. 
This process is then repeated until either the stressed area 
moves out of range due to instrument drifts, or the oxide 
breaks down as evidenced by a low value of V0. Alterna- 
tively, spectra over a broad energy range are repeatedly taken 
at the same spot until either of the two previously mentioned 
events occur. As a point of reference, an Ic of 50 pA col- 
lected over an area of 5 nm2 (realistic for oxides dominated 
by ballistic transport, i.e., oxide thickness ?oxs5 nm) corre- 
sponds to a charge injection of 103 C/cm2 s! In our experi- 

ments, we can achieve injection energies of 9 eV. To achieve 
this value by conventional FN injection, one would need to 
apply a field of —24 MV/cm to a 5 nm oxide. Still larger 
effective energies can be achieved with BEEM by applying 
an accelerating oxide bias. 

B. Sample preparation 

Device-grade  amorphous  Si02  layers  were  thermally 
grown in the range 750-800 °C at 1 atm of dry oxygen for 
30-50 min. The substrates were 125-mm-diam Si(100) wa- 
fers doped to the low 1017 range. No additional treatments 
were performed after the oxidation. Oxide thicknesses for the 
studies reported here are 3.8 and 7.5 nm. Approximately 
8X15 mm2 samples were cleaved from the wafers and intro- 
duced into an ultra high vacuum (UHV) preparation cham- 
ber. Arrays of Pd dots, 0.2 mm in diameter, were deposited 
by thermal evaporation of Pd through a shadow mask, with 
the substrate held at —30 K. The finished sample was al- 
lowed to warm up to room temperature and was subse- 
quently transferred under UHV into the STM chamber. The 
grounding contact needed to bias the tip was carefully posi- 
tioned onto a selected Pd dot by means of three orthogonally 
mounted inchworms™. Deposition at low temperatures im- 
proves the surface morphology of the thin (—3.5 nm) Pd 
films, resulting in a morphology that consisted of a nodular 
structure typically 8 nm in diameter that protruded si nm 
above the valleys. An STM image is shown in Fig. 3(a). A 
smooth surface morphology is needed to minimize BEEM 
image contrast arising from the surface topography of the 
metal, which has previously been observed to be strongly 
reflected in the BEEM image.27'28 The corresponding BEEM 
image of the 3.8 nm Pd/3.8 nm SiO2/Si(100) structure is 
shown in Fig. 3(b). The surface topography is clearly repli- 
cated in the BEEM image. However, the nodular structure of 
the topographic image appears rather flat in the BEEM im- 
age, that is, there is little evidence that thickness differences 
in the metal film affect the net transmission. The reason for 
this is that the mean free paths in the metal film are larger 
than the thickness of the metal film. However, near the grain 
boundaries the scattering drastically increases, resulting in 
the electrons being scattered outside the acceptance cone for 
transmission across the metal-Si02 interface. 

The change from the previously used Pt gates23 to the 
presently used Pd metallurgy revealed a somewhat surprising 
enhancement in the net transmission characteristics across 
the MOS device. This enhancement is shown in Fig. 4, 
where we compare the BEEM spectrum of a 3.3 nm Pt film 
with that of a Pd film of comparable thickness, with both 
films deposited on 3.8 nm oxides. It should be noted that a 
tunneling current of 10 nA was used with the Pt gates,23 

whereas for Pd, this current was typically in the 1-5 nA 
range. The enhanced transmission for Pd not only provides 
enhanced statistics, but makes stressing studies much easier 
by allowing larger currents to be injected into the oxide. An 
added advantage of lower tunneling currents lies in the im- 
proved collimated nature of the injected current. This is a 
direct result from the increased tunnel gap during injection at 
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BEEM at metal / 38 A SiQ2 / n-Si(100) 

FIG. 3. 100X100 nm2 STM topograph (a) and BEEM image (b) of a 3 nm 
Pd/3.8 nm SiO2Si(100) structure. Black-white range over the image is 3 nm 
in topography, and 100 pA in BEEM. VT= -6 V, IT=2 nA, Vb = Q V. The 
average peak to valley in the topography image is less than 1 nm. 

lower currents.30 A more collimated electron beam is subject 
to fewer scattering events, which enhances the transmission 
across the MOS structure. This in turn results in crisper spec- 
tral features, as shown in Fig. 5. As the data indicates, under 
optimal conditions useful spectra can be readily obtained 
with tunnel currents of ^0.5 nA. 

C. Monte Carlo (MC) simulations 

Details of the (MC) simulations, which are based on the 
code developed by Fischetti et al.,25 have been given 
elsewhere.23'24 In the present application, MC simulations 
were used to estimate the spreading of the electron beam as it 
traverses the Si02 layer. Knowledge of the spreading is 
needed in order to estimate current and charge densities dur- 
ing electrical stressing of the Si02. To calculate the spread- 
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FIG. 4. Comparison of BEEM spectra for similar MOS structures except for 
the gate metal. Pd gates allow substantially larger transmission than the 
previously used Pt gates. Spectrum (a) is for a Pd gate, (b) for a Pt gate and 
(c) is curve (b) normalized to a 2 nA tunnel current. 

ing in the oxide, normal injection across the Pd-Si02 inter- 
face at one single point was assumed (delta function). The 
potential in the oxide included image force lowering and the 
applied oxide bias. Electrons returning to the metal were 
discarded. The position of the transmitted electrons was re- 
corded and the normalized local current density j{r)IIm, was 
calculated after sufficient statistics had been acquired (typi- 
cally 10 electrons). The distance r is measured away from 
the injection point, and Im is the injection current. In Fig. 6, 
typical results of the simulations are summarized for differ- 
ent combinations of the oxide thickness, the oxide bias, and 
the tip bias. The two distributions for Vr=5.5 (open sym- 

BEEM at Pd/38ÄSiO2/rr-Si(100) 
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FIG. 5. Normalized collector currents for a Pd/SiO2/Si(100) structure for a 
range of indicated tunnel currents. The curves have been normalized to the 
IT= 2 nA spectrum, to which the ordinate scale refers. The relative intensi- 
ties scale inversely with IT, which is attributed to the higher collimation 
(and transmission) for the smaller /r's, for which the STM tip-surface dis- 
tance is greater. 
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FIG. 6. Spatial distribution of the normalized current densities at the Si/Si02 

interface after electron transport through 3.8 and 7.5-nm-thick Si02 films as 
calculated by MC simulations for various bias conditions. The figure serves 
to illustrate the strong dependence of the beam spreading on the electron 
energy in the oxide. At low electron energies (open symbols, VT-=5.5 V) 
little broadening is predicted. Strong broadening will occur if electrons are 
either injected at high energy (3.8 nm, VT=9.8 V full diamonds), or if the 
electrons are heated inside the oxide by a strong electric field (7.5 nm, 
Vox=4.4 V full dots). 

bols) were done at a small accelerating bias. At this tip bias, 
the electrons travel at an energy of 1.5 eV through the oxide, 
where phonon scattering is small and mostly via longitudinal 
optical phonons (forward scattering). This results in a 
streaming type motion in the presence of a small accelerating 
field and leads to very little beam broadening by the trans- 
port through the oxide. In these cases, the beam size on the 
substrate side is expected to be comparable to the size of the 
injection beam. The two distributions were scaled to the 
same heights in such a way that the additional broadening in 
the thicker oxide can be clearly seen. The peak at r = 0 over- 
shoots the y axis of the plot by one order of magnitude, such 
that actual broadening is considerably smaller than suggested 
at a first glance. 

Most interestingly, considerably broader distributions are 
obtained if the electrons are either injected at high energies 
(for 3.8 nm film, solid diamonds) or accelerated by a strong 
electric field (7.5 nm film, solid circles) in the oxide. The 
broadening is caused by a rapid increase of the acoustic pho- 
non scattering (Umklapp dominated, isotropic, quasi-elastic 
scattering) with increasing kinetic energy of the electrons. 
This scattering dominates at energies above 3 eV and leads 
to strong backscattering that both reduces the overall trans- 
mission efficiency and quite significantly spreads the beam. 
In the 3.8 nm film, the electrons were injected at a tip bias of 
9.8 V, which corresponds to an initial electron energy in the 
oxide of about 5.8 eV. Alternatively, electrons were injected 
at an energy of 1.5 eV into a 7.5 nm oxide and subsequently 
heated by a strong electric field, such that their average en- 
ergy reaches values of 4-5 eV. Again, significant beam 
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FIG. 7. Spectra of threshold region for BEEM-stressed Pd/3.8 nm Si02/Si 
structure. The kinetic energy of the injected electrons is ~6 eV. The total 
injected charge was ~3X105 C/cm2. This charge is plotted in Fig. 1. No 
oxide breakdown occurred. The stressing location is indicated in Fig. 8. 

spreading is predicted and the increased oxide thickness 
leads to additional broadening. Under conditions where the 
electrons reach energies in excess of 3-4 eV, the beam size 
on the substrate side is predicted to be largely determined by 
the spreading in the oxide. This has to be taken into account 
when calculating local current densities and charge to break- 
down. 

In the present determination of current and charge densi- 
ties, it was assumed that r=2.3 nm. For this value 74% of 
the current injected into the oxide is included in the density 
determinations. The remaining current in the tail of the dis- 
tribution contributes little to the density. This leads to an 
effective area of 17 nm2 for the beam spread at the Si02-Si 
interface for the 3.8 nm oxide at a kinetic energy of 5.8 eV. 

III. STRESS MEASUREMENTS 

As pointed out before, the mere fact of taking a BEEM 
spectrum, such as those of Figs. 4 and 5, involves the injec- 
tion of large charges into the oxide. A conservative, lower 
estimate of this charge is 300 C/cm2 over a time span (about 
1 s) that corresponds to a voltage change A Vj-^O.S V during 
a typical spectral sweep. For electrons injected at VT= 10 V, 
with Vb = 0 V, their kinetic energy in the oxide is «6 eV, a 
value achieved with FN injection only in the presence of an 
oxide field of —24 MV/cm for a 3.8 nm oxide. At such large 
energies or equivalent oxide fields, breakdown should be ob- 
served frequently if the local oxide characteristics were simi- 
lar to those of the quality oxides represented in Fig. 1. How- 
ever, breakdowns in 3.8 nm oxides were seldom observed 
during routine spectral scans with l=£Vr=slO V and Vb = 0 
V, and never observed on oxides S7 nm thick unless a posi- 
tive bias was applied. An extreme case of stressing without 
breakdown is illustrated in Fig. 7, which depicts a series of 
spectral scans taken at the same location of an MOS structure 
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with rox=3.8 nm. A spectram was taken after each dosage of 
injected charge. Except for an almost imperceptible increase 
in the threshold position, indicative of some charging at the 
Si02-Si interface, no spectral changes are observed after 3 
min of stressing (gin—105 C/cm2). After 10 min of stressing 
the spectrum weakened and shifted to slightly higher ener- 
gies. The weakening of the spectrum is indicative of some 
additional scattering in the oxide, possibly due to the genera- 
tion of interface defects. These may be precursors to break- 
down (see following section), but the evidence of a conven- 
tional BEEM spectrum and threshold indicates that the oxide 
is still largely intact. Additional stressing was not possible 
because of instrument drift, which, although extremely small 
at this particular time (—2.5 nm/h), caused the STM tip to 
drift out of the stressed area (~1 nm2) over the duration of 
the stressing time. ginj—3X105 C/cm2 after completion of 
the stressing. This value, marked on Fig. 1 at an equivalent 
field of 24 MV/cm, is totally incompatible with the rest of 
the gbd's for conventionally stressed oxides, strongly sug- 
gesting again that the gbd's of Fig. 1 are not intrinsic but 
defect controlled. The stressing did not cause any observable 
damage in the Pd film. Topography and BEEM images of the 
stressed area are shown in Fig. 8(a) and 8(b), respectively. 
The stressed area has been marked with a cross. The BEEM 
image barely shows an area of slightly weakened transmis- 
sion at the stress point. 

Stress experiments that resulted in breakdown were suc- 
cessful rather infrequently (of the order of 10%), which sug- 
gest that the sites where breakdowns occur are quite dis- 
persed, of rather low density and most likely controlled by 
impurities and/or defects. A breakdown sequence is illus- 
trated in Fig. 9, which consisted of applying a VT= 10 V 
(kinetic energy ~6 in the oxide) for predetermined time in- 
tervals, each of which was followed by a spectral scan. After 
stressing for 10 s (curve b), a threshold shift to higher ener- 
gies is clearly observed. A partial breakdown is observed 
after stressing for 20 s, with the threshold moving down to 
about 1 V and the collector current increasing by orders of 
magnitude (the dashed curves represent a 100X demagnifi- 
cation). The low threshold is a clear manifestation that the 
oxide barrier has disappeared and that a direct contact exists 
to the Si substrate. The total injected charge to breakdown 
corresponds to —6X103 C/cm2. Another breakdown se- 
quence is shown in Fig. 10. The oxide was repeatedly 
stressed at the same point of a 3.8 nm oxide with VT= 10 V 
and Vb = Q V. Spectral scans were taken after each stress 
application. Only a fraction of the scans are shown in the 
figure, starting with the first scan (a) on a virgin section of 
the sample and ending with spectrum (g), which represents 
the locally broken down oxide. The sequence shows a weak- 
ening of the transmitted collector current that is accompanied 
by threshold shifts to higher energies. After injecting 
—7X10 C/cm2 the intensities again increase, as shown in 
spectrum (d), and the thresholds move progressively to lower 
energies ultimately reaching the breakdown stage (curve g) 
after —3X104 C/cm2 have been injected. Following such 
breakdown events, the surface of the MOS  structure is 

(a) 

(b) ' 

FIG. 8. 12.5 X 12.5 nm2 STM topograph (a) and BEEM image (b) of a 3 nm 
Pd/3.8 nm SiO2/Si(100) structure. Black-white range over the image is 1.9 
nm in topography, and 30 pA in BEEM. Vr=-5 V, /r=5 nA, Vb = 0 V. 
The location of the BEEM stressing area is marked by an x. 

heavily damaged. The damaged area is of the order of 10 nm 
across, and generally consists of a crater with surrounding 
rough hillocks of dimensions of 5-10 nm. It should be em- 
phasized that the damage resulting from the breakdown is 
not due to a tip crash, but appears to be the result of the large 
currents injected locally and/or discharge of injected trapped 
charge in the stressed area. The morphology in the prebreak- 
down phase was not investigated. 

IV. DISCUSSION AND CONCLUSIONS 

A key feature of the stressing and breakdown studies with 
BEEM is the initial shift of the threshold V0 to higher values. 
This shift is plotted as a function of injected charge in Fig. 11 
for the data of Fig. 10. The increase SV0, together with the 
attenuation of the intensity of /0, depicted in Fig. 10, is 
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equivalent to applying a negative bias to the oxide, as dem- 
onstrated in a previous publication.23 The responsible field 
for this shift is due to electrons trapped in the vicinity of the 
Si02-Si interface. This view is consistent with previous ob- 
servations based on FN injection.10'12'13'15 However, one 
could argue that in the present case the injected electrons are 
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already sufficiently energetic to cause damage at the inject- 
ing Pd electrode, a scenario that cannot entirely be excluded. 
However, any trapped charge in such hypothetical states 
would be screened by the metal and contribute a negligible 
amount to the threshold shift. A simple calculation, with the 
metallic screening treated by the classical image force, 
gives the following relationship between eSV0 and the dis 
tance d of the charge from the metal-Si02 interface: 

31 

eSV0 = 
ATTCQC, 

1 1 

'■ + 4d' 

1/2 

(1) 

where r is the distance between the trapped charge and the 
injected electron as it crosses the plane parallel to the inter- 
face that includes the trap. e0 and er are, respectively, the 
permittivity of vacuum and the dielectric constant. Clearly, 
eSV0 approaches zero as d approaches the metal-Si02 in- 
terface, so that the trapped charge must reside in the vicinity 
of the Si02-Si interface to produce a sizeable SV0. For a 
shift of 1 eV or more, with the negatively charged trap 3.5 
nm from the Pd-Si02 interface, the electron must pass 
within 0.35 nm of the trap. Alternatively, if the charge were 
uniformly distributed, a 1 eV shift corresponds to an inter- 
face charge of 5.7X 1012 electrons/cm2. In a realistic situation 
there will be a number of filled traps, as evidenced by the 
increasing shift with dosage, and the net shift will arise from 
the sum of contributions from each individual charge. During 
stressing, Fig. 6 indicates that the electron beam has spread 
over an area of radius ~2 nm with tails of the distribution 
extending somewhat farther. At the threshold, however, the 
beam has spread very little and is thus more sensitive to local 
distributions. Fluctuations in thresholds are indeed observed 
even for unstressed areas a few nanometers apart, corrobo- 
rating the highly localized resolution of BEEM, particularly 
for thin oxides. Consequently, the shifts in V0 represent in- 
terface trap charging on a truly local (< 1 nm) scale, but the 
trap creation from the energetic electrons occurs over an area 
of —20 nm2 for a 3.8 nm thick oxide. 
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Trap creation and charging also occur for VT< 10 V, as 
can be ascertained form curve (a) of Fig. 10 which represents 
a spectrum for a previously unstressed area. Yet its intensity 
for VTS: 8 V is uncharacteristically low compared to those of 
Figs. 4 and 5. The lower intensity implies an ongoing charg- 
ing as the data is taken. This phenomenon is not observed in 
spectra taken randomly over the sample and suggests the 
presence of a weak spot at the point of injection that ulti- 
mately results in breakdown. Upon further stressing a maxi- 
mum in SV0 is reached, as shown in Fig. 11, which indicates 
that a maximum was reached in the density of negative 
charge trapped near the Si02-Si interface. A negative charge 
in the absence of an applied bias leads to a local energy 
profile similar to that depicted in Fig. 2(b). Further injection 
leads to a gradual decrease of V0, which may result from an 
increased charge leakage due to the deterioration of the oxide 
or from either positive charges generated at the Si02-Si in- 
terface (anode), or electron trapping at the cathode.9 The 
maximum in V0 coincides with the onset of larger currents 
for VrS7 eV, as seen in spectra (d)-(f). The enhanced cur- 
rent is due to an ongoing modification of the oxide, the sim- 
plest explanation being the destruction of the oxide that 
gradually progresses into the oxide starting from the Si02-Si 
interface. The local thinning explains the dramatic increases 
in Ic as the stressing progresses, curves (e) and (f). The X10 
enhanced curve (f), shown by the dashed line, clearly reveals 
a remnant of a conventional BEEM spectrum with a thresh- 
old at 4.8 eV. The reason for the weakened threshold region 
in this spectrum is attributed to added scattering at defect 
sites in the progressively deteriorating oxide. However, once 
VT exceeds 7 V, the oxide breakdown proceeds rapidly as 
suggested by the rapid rise of Ic. Upon completion of spec- 
trum (f) punch-through of the oxide resulted, as indicated by 
the low V0«* 1 V, and the large currents. 

The onset of the current enhancement in what we refer to 
as the prebreakdown region in Fig. 11, and represented in 
Fig. 10 by curves (c)-(f), is approximately 2 eV above V0. 
Perhaps coincidentally, this energy also corresponds to the 
threshold for hydrogen release and trap formation at the an- 
ode of MOS capacitor structures.7 The hydrogen then dif- 
fuses to the cathode (injecting electrode) to produce electron 
traps. As discussed above, our measurements are not sensi- 
tive to such traps at the injecting interface, and it is not clear 
at present how the hydrogen release would affect the oxide 
breakdown scenario depicted here. Nevertheless, if present, 
electron trapping at the cathode would increase the acceler- 
ating field in the oxide, thereby accounting for both a de- 
crease in V0 in the prebreakdown regime, and an enhance- 
ment of oxide deterioration by increasing the electron energy 
as they reach the anode. The implication that most of the 
events that lead to breakdown are initiated at the Si02-Si 
interface (anode) is also consistent with the MC simulations. 
These indicate that beam spreading due to acoustic phonon 
scattering is accentuated in the oxide away from the injecting 
interface. Since this scattering occurs with little loss/gain in 
energy, the effectiveness in damaging the oxide is enhanced 
as the electrons sample a greater volume, which increases the 

probability that an electron encounters a weak spots where 
the breakdown may be initiated. This breakdown scenario 
starting at the oxide-Si interface is consistent with those 
proposed by several other workers,12'13'15'32 but inconsistent 
with oxide degradation attributed to hot hole injection into 
the oxide at the Si02-Si interface.14 The hot holes are cre- 
ated by impact ionization of the hot electrons as they enter 
the Si. The hole injection model requires the high fields 
present in conventional FN injection to accelerate the holes 
toward the cathode. This situation does not apply in the 
present case for a 3.8 nm oxide with no applied bias. In fact, 
the electron traps initially created by the stressing produce a 
retarding field for the holes, keeping them from being in- 
jected into the valence band of the Si02. 

The <2M values obtained from various breakdown events 
have been plotted in Fig. 1, as well as the total charge in- 
jected in one experiment that did not reach breakdown. The 
injection energies of the BEEM experiments were converted 
to an equivalent electric field that would achieve the same 
energies under FN injection.33 The stressing current at maxi- 
mum tip bias was converted to a charge density by multiply- 
ing Ic by the time and dividing the product by the area of the 
electron beam reaching the Si02-Si interface (—17 nm2), as 
determined from the MC simulations depicted in Fig. 6. The 
<2bd's thus obtained fall consistently above the curves ob- 
tained from conventional stress experiments.16 These were 
interpreted in terms of an intrinsic breakdown limit, a con- 
clusion that is challenged by the present results. Even the 
new points obtained here are not intrinsic, as much higher 
charge dosages did not routinely cause breakdowns in the 3.8 
nm oxides. Consequently we conclude that even the higher 
observed breakdown dosages are still limited by extrinsic 
effects, either defects or impurities at the interface. This con- 
clusion offers hope that in the future, device lifetimes and 
device reliability can be considerably improved. Our obser- 
vations are consistent with an increase in oxide robustness 
observed over the years as capacitor areas and device dimen- 
sions shrink.34"36 It is generally acknowledged that these 
trends are directly attributable to a decreasing probability of 
finding defects/impurities in the oxide as the device areas 
decrease. 

It is a reasonable question to ask if ßbd's obtained with 
BEEM can be compared to those obtained under FN injec- 
tion. The conversion of the former from an energy scale to an 
effective electric field scale assumes that only the electron 
energy is important and that field effects in the FN stress 
mode contribute negligibly to the breakdown. Previous stud- 
ies have shown that the principal trap, defect and interface 
state generation mechanisms are dependent solely on the ki- 
netic energy of the hot electrons injected into the oxide, with 
no evidence of a field dependence other than to accelerated 
the electrons to the required energies for defect 
generation.7'9'37 This is not to say that the field is unimportant 
but rather that thus far there is little evidence of the field 
playing a primary role in determining the breakdown mecha- 
nism. For the electric field stressed modes, such as FN, de- 
fect formation can also occur from holes generated by impact 
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ionization in both the Si02 and the Si (anode) with subse- 
quent injection into the Si02 valence band. The field is thus 
important to accelerate the holes towards the cathode where 
they can create traps and interface states. These processes 
also depend on the energy of the holes.38 However, hole 
generation depends on the energy gained by the electrons, 
with a minimum oxide potential of 8 V being required for 
hole injection to occur from the Si (anode).38 This potential 
threshold is higher than the gate voltages used by Schuegraf 
and Hu16 to obtain the data of Fig. 1 with the exception that 
the data for the 7 nm oxide beyond 11 MV/cm correspond to 
a gate voltage exceeding 8 V. However, no change in slope is 
apparent in the data of the 7 nm oxide, strongly suggesting 
that hole injection for thin oxides and for the given field 
ranges is not a principal contributor to breakdown. It is also 
worth noting that the BEEM-stressed ßbd for the 7.5 nm 
oxide in Fig. 1 was obtained with an applied field of ~6 
MV/cm in addition to a kinetic energy of 4.2 eV at the point 
of injection. From these discussions, it can be surmised that 
the oxide field has a yet to be identified role on ßbd's for thin 

oxides (aside from accelerating the electrons in FN stress- 
ing). Consequently, the comparison of FN-stressed and 
BEEM-stressed data is a reasonable undertaking with any 
additional, but still unknown, field enhanced contributions in 
the FN case being compensated by the higher energies sus- 
tained by the BEEM-injected electrons throughout their pas- 
sage across the oxide. 

V. CONCLUSIONS 

In conclusion, we have demonstrated that spatially highly 
resolved stress studies using the STM can give new insights 
into breakdown phenomena in ultrathin oxides. Unlike con- 
ventional stressing by means of FN injection, the present 
technique allows an arbitrary choice of injected electron en- 
ergies, thereby greatly simplifying the injection and oxide 
transport processes. The latter have also been modeled by 
MC simulations, from which the spreading of the electron 
beam as it traverses the oxide was calculated. Stress induced 
breakdowns under conditions that far exceed those for con- 
ventionally stressed state-of-the-art oxides imply that break- 
downs are still controlled by defects/impurities in the oxide, 
and that an intrinsic breakdown limit has not yet been 
reached. When observed, the breakdown scenario suggests a 
three-fold sequence of initial trap creation and filling, fol- 
lowed by a prebreakdown phase that appeared to be associ- 
ated with a progressive oxide deterioration starting at the 
Si02-Si interface, and finally a catastrophic punch through, 
characterized by a very low barrier to electron injection. The 
data furthermore suggests that hole transport in the oxide is 
unlikely to occur for the low oxide biases used in the present 
experiments. 
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Image force effects and the dielectric response of Si02 in electron 
transport across metal-oxide-semiconductor structures 
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Hot electrons of variable energy were injected from a scanning tunneling microscope tip into a 
Pd/SiO2/Si(100) metal-oxide-semiconductor structure. An analysis of the emerging collector 
current in the Si substrate, a technique known as ballistic electron emission microscopy, revealed a 
monotonic barrier height lowering with increasing positive oxide bias, in excellent agreement with 
a scaled classical image force theory. Calculations using the WKB approximation suggest a 
negligible contribution to the observed shifts from electrons tunneling through the barrier. From an 
extrapolation to zero oxide field the Pd-Si02 barrier height of 4.08 ±0.02 eV was deduced. An 
image-force dielectric constant of 2.74 in between the so-called optical (2.15) and static (3.9) 
dielectric constant was determined. In order to understand this intermediate value, a theoretical 
calculation of a retarded image force on the moving electron is carried out for the first time. The 
calculations yield an image-force dielectric constant of 2.69, that is consistent with the 
experimentally determined value. This intermediate dielectric constant is evidence for electron- 
phonon interaction and corresponds to an average dielectric response integrated over the time of 
progression of the electron in Si02.   © 1997 American Vacuum Society. [S0734-2101(97)05403-l] 

I. INTRODUCTION 

It is well known that image force effects lower the barrier 
height at a metal-semiconductor or metal-insulator interface, 
and that tunneling through the barrier may give a lower ef- 
fective barrier as well.1 In general, both effects increase with 
an increasing external field applied across the insulator, al- 
though in the context of Fowler-Nordheim tunneling the im- 
age force potential was ignored by some workers.2'3 The tun- 
neling induced barrier lowering is usually small in 
nondegenerate semiconductors, as well as in relatively thick 
insulator layers. The image force induced barrier lowering 
(image force lowering) was traditionally determined by in- 
ternal photoemission measurements.4"6 From the observed 
barrier lowering as a function of the applied electric field an 
effective dielectric constant can be derived, often called the 
image-force-dielectric constant. With this technique, barrier 
heights between metal/Si02 and Si/Si02 interfaces and their 
field dependencies have been studied.5'6 In these studies, an 
image-force-dielectric constant of eox= 2.15, equal to the op- 
tical dielectric constant in Si02, was determined, a value that 
has been accepted ever since.7'8 Arguments supporting that 
value were based on the transit time T that an electron needs 
to move from the metal-oxide (MO) interface (z = 0) to the 
potential maximum (z = zm) ■ In the case of Si the transit time 
was deduced to be between 1 X 10"14 s and 5 X 10"15 s and 
it was argued that the image-force dielectric constant should 
be comparable to the dielectric constant for electromagnetic 
radiation of these periods. A corresponding value equal to 
the static dielectric constant of 12 was determined, which 
agreed with the value obtained by internal photoemission 
measurements.1 This somewhat fortuitous agreement results 
from the nonpolar nature of Si, whose dielectric constant is 

a)Electronic mail: ludeke@watson.ibm.com 

essentially constant for electromagnetic radiation from dc to 
\= 1 yum.9 In contrast, Si02 is a polar material, whose opti- 
cal phonon modes result in strong variations of the dielectric 
constant in the range of X = 40 to 4 ^.m.9 In this case a transit 
time of 5 X 10"15 s, which corresponds to X.= 1 /um, should 
correspond to a dielectric constant at optical frequencies, i.e., 
2.15. It should be noted that a response characterized by the 
optical dielectric constant means that the lattice polarization 
of the medium cannot follow the moving electron; in other 
words, the particle moves so fast that the electron-phonon 
interaction does not occur. Consequently, the moving elec- 
tron senses a stronger image force than at rest. To the au- 
thors' opinion, the traditional transit time argument that the 
image-force-dielectric constant should be comparable to the 
dielectric constant for electromagnetic radiation of the period 
equal to the transit time lacks physical justification and there- 
fore is not a measure for predicting a dielectric response. In 
order to know how the dielectric medium responds to a mov- 
ing electron, we need to consider the details of the electron- 
phonon interaction. 

In this work, we use ballistic electron emission micros- 
copy (BEEM) as a new technique to study the field depen- 
dent barrier lowering at the Pd/Si02 interface of metal- 
oxide-semiconductor (MOS) structures. We demonstrate 
that the barrier lowering exhibits a linear dependence on the 
square root of the oxide bias. In order to know whether or 
not the observed barrier lowering contains a contribution 
from electrons tunneling through the barrier, the WKB ap- 
proximation is used to calculate tunneling probabilities. Our 
calculations lead us to conclude that a tunneling contribution 
is negligible in our method of measuring barrier heights. 
Therefore the barrier lowering only includes contributions 
from image force effects. Since the experimental results ex- 
hibit a behavior proportional to the square root of the applied 
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oxide field, the classical image force theory is considered to 
be valid. In this way, an image-force dielectric constant of 
2.74 is determined, a value that is considerably larger than 
the optical dielectric constant. In order to assess the origin 
for such a value between 2.15 and 3.9, we formulate a novel 
theoretical model of transport dynamics in the interface re- 
gion. In this treatment, an electron-phonon interaction force, 
which ultimately determines the dielectric response to fall 
between the two extreme cases, is introduced into the equa- 
tion of motion for the electron. We establish that the ' 'transit 
time" T is a kind of time scale for the electron-phonon 
interaction, i.e., as long as WT>0 (W is a phonon frequency), 
there is always some electron-phonon interaction contribu- 
tion; only when WT->0 will the term representing electron- 
phonon interaction disappear and the medium respond with 
an optical dielectric constant. For the condition of our BEEM 
experiment, an image-force-dielectric constant of 2.69 was 
obtained by solving the equation numerically. This value is 
in excellent agreement with the experimentally determined 
one of 2.74. However, the concept of time for a fast moving 
particle as presented here may be of questionable applicabil- 
ity, for which a quantum mechanical treatment is more suit- 
able as discussed in Sec. IV. 

II. EXPERIMENTAL DETAILS 

A. Ballistic electron emission microscopy 

BEEM is a scanning tunnel microscope (STM)-based 
microscopy/spectroscopy that differs from the conventional 
STM mode by the presence of a thin metal electrode overly- 
ing the semiconductor structure to be measured. The sole 
purpose of this electrode is to supply a conductive ground 
plane relative to which the STM tip is biased. In our studies 
hot electrons were injected from the tip into Pd/Si02/Si 
MOS structures. An energy band diagram for the present 
BEEM experiment is shown in Fig. 1. The tip bias VT is 
referenced to the thin grounded metal film (the metal Fermi 
level is defined to be the zero potential). Therefore, eVT is a 
direct measure of the kinetic energy of the electrons injected 
into the metal. Provided that the metal film thickness is of 
the order of the electron scattering length in the metal, most 
of the electrons will traverse the metal ballistically to reach 
the far interface. It should be noted here that no features in 
BEEM spectra have been attributed to the metal layer, except 
for causing a featureless attenuation of the injected electrons. 
Therefore, transmission across the metal is assumed to be 
independent of the electron energy, a justifiable assumption 
over an energy range for which the mean free paths are 
larger than the metal thickness. Electrons with sufficient en- 
ergy to overcome the potential barrier at the Pd/Si02 inter- 
face may ultimately reach the semiconductor conduction 
band, where they are collected, forming a collector current 
Ic. As a function of increasing VT, Ic is zero until VT 

reaches a threshold (V0), a value equal to the interface bar- 
rier height. The value of V0 is usually extracted from the 
spectra by means of a model fit. A separate gate bias (Vh) 
between the metal and semiconductor can also be readily 
applied within the BEEM configuration. This allows com- 

tip       metal       Si02 «-Si 

FIG. 1. Schematic energy diagram of a BEEM experiment on a MOS struc- 
ture under positive oxide bias Vm. 

plete control over the field in the oxide and facilitates field 
dependent transport studies. As Vb affects both the potential 
drop across the oxide (Vox) and the band bending of the Si at 
the Si02-Si interface, their relationship is nonlinear and is 
obtained by solving the appropriate Poisson equation with 
the assumption of a negligible density of interface states. ' 
In addition, V0K also includes a part of the built in potential 
of 0.50 V due to the work function difference between the 
metal and the semiconductor. In the present case, the work 
function of Pd is larger than that of n-type Si, therefore the 
flat band (VOx=0) condition requires a negative gate bias 
proportional to the work function difference. 

B. Sample preparation 

Device quality oxide layers were thermally grown near 
800 °C in dry oxygen on 125 mm diameter Si(100) wafers 
doped in the low 1017 cm-3 range. No additional treatments 
were made after oxidation. Here we report studies on an 
oxide layer with a thickness of 75 ± 1 Ä; the thickness was 
determined with an ellipsometer. Approximately 2X12 
mm2 pieces were cut from the wafers and introduced into an 
UHV sample preparation chamber, where Pd dots, 0.2 mm in 
diameter, were thermally evaporated through a shadow 
mask. During deposition, the substrate was held at a tem- 
perature of about 30 K. That was necessary in order to in- 
hibit surface diffusion. A roughness of about 10 A for a Pd 
film of thickness of 35 Ä was measured. After evaporation, 
the sample was allowed to warm up to room temperature and 
was subsequently transferred under UHV into the STM 
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BEEM at Pd / 75 A Si02 / n—Si(100) Oxide field (MV/cm) 
1 3 6 

5 6 7 
Tip bias VT (V) 

FIG. 2. BEEM spectra (IT vs VT) for a 75 Ä Si02 layer for indicated posi- 
tive oxide biases taken at IT=2 nA. 

0.5 1.0 1.5        2.0 2.5 3.0 
Root oxide potential V   1'2 (volts)1'2 

FIG. 3. Observed threshold shifts (solid circle) resulting from fits to the 
BEEM data of Fig. 2, as well as shifts deduced from classical image force 
theory (solid lines, corresponding to eox=2.15, 2.74, and 3.90, respec- 
tively). Dotted lines are theoretical results calculated by WKB approxima- 
tion; the three upper most lines correspond to eox=2.15, 2.74, and 3.90; the 
bottom line was obtained without considering image force effects. 

chamber, where the BEEM grounding contact was gently 
positioned onto a selected Pd dot by means of three orthogo- 
nally mounted inchworms. MOS structures with leakage re- 
sistance s» 1012 17 were generally suitable for our studies. All 
data were taken in the conventional, feedback controlled 
constant tunnel current (IT) mode. For each Vb a set of, 
typically, 16-25 spectra were taken in a grid pattern cover- 
ing a area of 250X250Ä2. The BEEM data reported here 
are generally averages over approximately ten similar spec- 
tra. Additional details regarding the STM and data acquisi- 
tion can be found elsewhere.11 It is noted here that within a 
given set of spectra, variations in the threshold of up to sev- 
eral tenths of a volt were observed, which are assigned to a 
negative charge at the Si02-Si interface region.1213 The 
spectra presented here were averaged over those that exhib- 
ited a common, lowest threshold in a given set of spectra. 

C. BEEM spectra for 75 A Si02 

Representative spectra for a 75 Ä oxide of MOS struc- 
tures are shown in Fig. 2 for various positive oxide biases. 
Both the applied bias Vb and the resulting potential drop 
Vox across the oxide are indicated on the figure. The spectra 
are characterized by a rapid increase in IT beyond the thresh- 
old near 4 V, followed by a saturation, then a decrease, 
which in turn is followed by a second increase for VT 

>8 V. The decrease in IT at ~2 V above threshold is evi- 
dence for the onset of acoustic phonon scattering in the oxide 
and is a clear manifestation of the importance of this scatter- 
ing mechanism in oxide transport.10'14 At these energies, the 
strong momentum randomizing phonon collisions cause the 
electrons to scatter back into the metal. The momentum re- 
laxation rates level off at higher energies and the collector 
current again increases because the density of states, i.e., the 
available phase space, is increasing. Optical phonon scatter- 
ing is important only near threshold. With increasing oxide 

bias Vb, the spectra clearly show a shift to low energy as 
well as an increase in absolute intensity. The increase in 
intensity is attributed both to an increase in the transmission 
probability in the oxide due to the positive bias,10 and to 
increases in available phase space due to the image force 
potential.12 In this article we will only concentrate on the 
threshold shifts (barrier lowering). The observed barrier low- 
ering derived from the spectra of Fig. 2 are plotted as a 
function of V^2 and are shown by solid circles in Fig. 3. 
These threshold values were obtained by fitting the BEEM 
data with a simulated spectrum of the current in the vicinity 
of the threshold region (V0±0.5 eV).10 The simulation is 
based on the assumption that the transmission probability in 
the oxide is constant and field independent over the consid- 
ered threshold region. The latter assumption implies that 
quantum mechanic contributions to the transmission prob- 
ability, which are included in our theoretical BEEM spec- 
trum, are also relatively field independent—an assertion sup- 
ported by the excellent agreement between experiment and 
Monte Carlo simulated oxide transmission probabilities for 
positive oxide fields.10 In order to determine the threshold 
energy, the experimental data were visually fitted by varying 
only the threshold energy and the intensity prefactor over the 
energy window, with emphasis on an excellent fit on the 
steeply rising part of the spectrum just above the threshold. 
Since this portion of the spectrum is devoid of any contribu- 
tions from electrons tunneling through the barrier, we specu- 
late that the determined threshold energy is not influenced by 
tunneling contributions, a conclusion supported by the excel- 
lent agreement of the threshold energies with classical image 
force theory, as well as by calculations based on the WKB 
approximation. In addition, we did not observe a rising back- 
ground with increasing oxide fields that would suggest con- 
tributions from tunneling electrons. Nevertheless, the issue 
of tunnel contributions will be considered and discussed in 
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detail in Sec. III. The fit to the data can be made to within 
± 0.02 eV, as marked in the figure. It should be noted that 
the right axis scale for the threshold is only in reference to 
the experimental data (solid circle), while the left axis (image 
force lowering relative to the flat band condition in the ox- 
ide) is valid for all curves. In Fig. 3 we clearly see that the 
experimental data are distributed along a straight line, a 
strong manifestation of the validity of the classical image 
force theory as discussed in the following. 

III. DATA INTERPRETATION 

A. Experimental result: cox=2.74 

Since the barrier lowering exhibits a linear behavior, a 
least-squares linear fit with a chi value of only 0.0022 was 
made to the data, as shown in Fig. 3. Originally the fitted 
curve missed the origin, which indicates that our initial esti- 
mate of VOX=0.45 V for zero bias was off by 53 mV. Ac- 
cordingly, the Vm values for the data were uniformly shifted 
by this amount. The fitted curve must go through the origin, 
since at zero field (Vox=0) the barrier height is the same in 
the presence or absence of the image force potential. By 
extrapolating to Vox=0V, a threshold value of 4.08 
± 0.02 eV is deduced for the Pd-Si02 potential barrier under 
flat band conditions. The straight line implies that the con- 
cept of a classical image force expression: <3>im(z) = eV0 

~e^ox(z/tox) — (e2H6ire0eOKz) is still valid, from which the 
maximum position of the potential: zm = [et0J 
1677e0eoxVox]1/2 and the barrier lowering: 8 eV0 

= [eVox/4-77e0eoxrox]
1/2 eV due to the image force are de- 

rived, where e0 is the permittivity of free space, eox is the 
dielectric constant of Si02, and tm is the oxide thickness. 
The energy difference between the Fermi level in the metal 
and the bottom of the conduction band in the oxide is de- 
scribed as e V0, as indicated in Fig. 1. The expression of the 
barrier lowering S e V0 indicates that the slope of the fitted 
line is equal to [e/47re0emtox]m, with eox as the only adjust- 
able parameter, whose value is determined to be 2.74 
±0.11. This uncertainty was estimated from the error range 
in the data. This value is considerably larger than the optical 
dielectric constant (2.15) and lies in between it and the static 
value (3.9). In the following, we demonstrate through a 
model calculation that eox=2.74 is more accurate in describ- 
ing the dielectric response than the optical one, though, that 
value is supported by internal photoemission results.5'6'15 

B. Assessment of tunneling contribution 

Before we present the theoretical model describing the 
dynamic dielectric response, we need to clarify the issue of 
whether or not the observed barrier lowering includes con- 
tributions from electrons tunneling through the barrier. It is, 
in principle, possible that electron tunneling contributes to 
the observed barrier lowering, even though the described de- 
termination of the threshold does not include a tunneling 
current. We state two facts to conclude that a tunneling con- 
tribution to the determined barrier lowering is negligible: (a) 
the barrier lowering clearly shows a linear dependence on the 

square root of the oxide bias Vl
ox, a result valid only within 

the classical image force theory, since a tunneling contribu- 
tion would give a nonlinear behavior; and (b) theoretical 
results based on the WKB approximation exclude any sub- 
stantial contributions for tunneling electrons in the determi- 
nation of the BEEM thresholds. It should be kept in mind 
that the latter corresponds to electrons going over the barrier 
at nearly unit transmission probability, whereas that for tun- 
neling electrons diminishes exponentially rather rapidly for 
energies below the barrier maximum. These concepts were 
quantified and the results are presented by dotted lines in Fig. 
3. The approach taken here is to assess the field dependence 
of tunneling electrons at a given transmission probability. 
Unlike standard tunnel current calculations for MOS capaci- 
tor structures, the tunnel current for BEEM experiments can- 
not be calculated analytically due to the complexity of hot 
electron scattering processes in the metal and at the inter- 
faces. Calculations were carried out with and without the 
inclusion of image force lowering, as well as for the various 
eox=2.15, 2.74, and 3.90 values. An electron effective mass 
at the bottom of the conduction band of 0.5 m0 (m0 is the 
electron rest mass) was used.8 No strong dependence on the 
mass, although varied from 0.3 m0 to 0.5 m0, was observed. 
The singularity of the image force potential at the interface 
(z = 0) was removed by assuming $im(z) = 0 for ^im(z) 
=£ 0. Tunneling probabilities were calculated as a function of 
tip voltage for various oxide biases. A virtual threshold en- 
ergy can be set at a certain tunneling probability, then barrier 
lowering relative to the zero field case can be plotted as a 
function of Vl

ox. The tip voltages at the tunneling probability 
of 50% are plotted by dotted lines in Fig. 3. The three upper- 
most lines were calculated with eox=2.15, 2.74, and 3.90; 
the bottom curve was obtained by excluding the image force 
potential altogether. First of all, it is clearly seen that the 
bottom curve deviates irrecoverably from the experimental 
data. This allows us to conclude that the image force poten- 
tial plays the main role in the observed barrier lowering. 
Second, the theoretical curves are nonlinear, a behavior that 
increases with increasing bias and become even more domi- 
nant for lower tunneling probabilities. We argue that the ab- 
sence of such deviations from linearity in our data precludes 
substantial contributions of tunneling in our methodology of 
determining thresholds. This statement does not mean that 
tunneling is absent, but rather that its contribution below 
threshold is inconsequential to the determination of the 
threshold. This is attributed to the rapid increase of phase 
space for transmission above threshold that entirely deter- 
mines the collector current behavior on which the threshold 
were fitted. For a tunneling probability of 100%, the calcu- 
lated results exhibit the expected linear behavior that exactly 
matches solutions of the classical image force theory for all 
three values of eox. Therefore we conclude that the observed 
barrier lowerings are solely attributed to the image force po- 
tential, with an effective dielectric constant of 2.74. It should 
be noted that Monte Carlo calculation by Fischetti et al.16 

lead to similar conclusions. 
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C.   Classical   calculation   of  retarded   image  force: 
eox=2.69 

In order to understand the origin of the experimentally 
determined eox=2.74, we now present a theoretical calcula- 
tion of the effective dielectric constant for an electron in a 
model BEEM experiment. 

In the model, the electron moving in Si02 as a classical 
particle with trajectory rp(t) and charge e produces a poten- 
tial V(r,t). We calculate V(r,t) and then obtain the force 
acting back on the particle at r= rp. The dielectric medium 
is assumed uniform with a local dielectric response. The 
presence of the metal/dielectric interface is taken into ac- 
count by introducing the image of the particle. Then all po- 
tentials in the left-hand half space (z<0) are automatically 
zero when we define the potential on the plane (z = 0) to be 
zero. We start from the formula17 

0.80 

V(r,f)=V°(r,f)+     rf3r'P(r',i)XVr,i n J r—r (1) 

where V(rj) is the total potential, V°(r,t) the external po- 
tential caused by the particle and its image in vacuum, and 
P(r,0 is the induced polarization in the dielectric medium 
given by 

P(r,f)=-     a- 
Jo 

(t-t')VV(r,t)dt', (2) 

where a(t-t') is the local response or susceptibility per unit 
volume. Gaussian units are used throughout. Using Green's 
theorem, Eq. (2) becomes 

V(z,t) + 4ir\ dt'a(t-t')V(z,t') = V°(z,t), (3) 
Jo 

where r is replaced by z, since the particle in our case is 
traveling along the z-axis. Equation 3 is solved by taking its 
Laplace transform. After some manipulations and inverse 
Laplace transformations, the expression for the time depen- 
dent potential is finally obtained as: 

1 
V(z,t)= + — €o -Zp(t). 

X     w\t-t')e~ 
lo 

e-er 

o(t-t') 

z + zM') 
dt', (4) 

where the phonon response is described by a{t) = a)2te~°". 
The latter is obtained from the Fourier transform of the prob- 
ability distribution w(x) = 4cj3x/7r(x2+ co2)2, and repre- 
sents a Debye-like power law behavior at low frequencies 
with a high frequency cutoff, the simplest form of a broad- 
ened phonon spectrum short of the actual multimode distri- 
bution. For Si02 the higher lying optical mode (w 
= 0.153 eV9) was assumed to represent the oxide, es = 3.9 
and e0 = 2.15. It must be noted that the first term in Eq. 4 
represents only the image term of the external potential and a 
self-energy term representing the quantum mechanical po- 
laron cloud surrounding the particle is not included in Eq. 4, 
since the particle is treated classically. The integral term rep- 

m=1.0 

•   numerical (eq. 5) 

slope equivalent 

zm = 2.69 
J I I 

0.5        1.0        1.5        2.0        2.5 
Root oxide potential Vox

1'2 (volts1'2) 
3.0 

FIG. 4. Results from a classical calculation of the retarded image force in a 
polarizable medium near a metal interface. Solid circles are numerical re- 
sults. The slope fitted to the numerical results is equivalent to an effective 
dielectric constant eox=2.69. The two dotted lines represent the optic (2.15) 
and the static (3.9) limits, respectively. 

resents the effect of electron-phonon interaction over a time 
period t. Since the phonons are described by harmonic os- 
cillators without damping, the electron-phonon interaction 
does not transfer any energy from the electron to the dielec- 
tric. The total energy of the electron is thus conserved. The 
equation of motion is obtained by differentiating Eq. 4: 

V  e 

dt1 •+■ 
1 

4~^ \ + zP(t) 

c-o   I Jo 
(o2(t-t')e -a>(t-t') 

dt'. (5) [zp(t) + zp(t')Y + 4r2\ 

We have included here a softening factor r0 in the image 
force term in order to avoid the singularity at zp = 0. The 
differential equation is run until the critical velocity vc, and 
hence critical kinetic energy (Ec= l/2mv2) is determined for 
the particle to just cross the barrier. The results are demon- 
strated in Fig. 4. In the calculation we use an electron mass 
m=l, in agreement with some recent findings.18 The nu- 
merical results, again plotted against Vm, exhibit a nearly 
linear behavior, in good agreement with the classical image 
force theory. The slope of the fit to the numerical data is 
equivalent to eox=2.69. This value is in very good agree- 
ment with the value 2.74 extracted from the experimental 
data. Based on the above considerations we conclude that the 
electron-phonon interaction is the underlying cause for the 
increase of eox from 2.15 to 2.69. It should be noted that in 
the model the upper cutoff frequency of 0.153 eV for the 
optical phonon mode was used. Both acoustic phonon scat- 
tering and longitudinal-optical (LO) phonon scattering occur 
in Si02, however, they depend in a fundamentally different 
way on the electron energy.14'19 Since acoustic phonons have 
much smaller energies, they contribute little to the energy 
relaxation rate, but lead to strong momentum relaxation, 
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which increases with electron energy and favors larger angle 
scattering. Therefore electron scattering by acoustic phonons 
is not considered in our model, since when it occurs, the 
electron will be scattered back to the metal.10 In contrast, the 
more energetic LO phonons cause strong energy relaxation 
for electrons with energy near that of the dominant LO 
mode. With increasing electron energy LO phonon scattering 
rates rapidly decrease due to the polar nature of the electron- 
phonon interaction, and the scattering becomes increasingly 
forward oriented. There are two dominant LO phonon modes 
in Si02, with energies of 0.063 and 0.153 eV, that corre- 
spond to two resonances in the dielectric response.9 Since the 
electron-LO phonon interaction occurs only if the electron 
energy is comparable with that of the phonon modes, we 
can speculate that electron-phonon interaction may only hap- 
pen when the electron approaches the barrier maximum with 
an energy =£0.2 eV. This notion is consistent with the obser- 
vation that electrons at different oxide biases (leading to dif- 
ferent "transit time" to the barrier maximum) experience the 
same scattering rates, as manifested by the field independent 
dielectric constant eox. 

IV. FINAL REMARKS AND CONCLUSIONS 

The response of a polarizable medium to a moving charge 
is a fundamental phenomenon in condensed matter physics. 
The classical model presented in this article was set up to 
describe a system governed by quantum effects. Neverthe- 
less, the results of an effective image force dielectric con- 
stant lying in between the static and the optical are intu- 
itively physical and in agreement with our experimental 
results. The reason for the different values of e0K obtained 
from different experimental methods is largely due to the 
improved sensitivity of BEEM to detect the low energy elec- 
trons that barely surmount the barrier. However it should be 
noted that a quantum mechanical treatment may be required 
for the real system. Provided the velocity of the particle ex- 
ceeds a certain limit, electrons on the metal surface are not 
able to follow the time varying field of the moving particle; 
in effect, the metal/dielectric interface can no longer be 
treated just by introducing the image of the particle.20,21 The 
concept of transit time is not valid either. Since the time 
scale of the moving particle is so short (10"15 s), the uncer- 
tainty principle no longer allows us to describe the particle 
with a certain velocity at a certain time. Therefore the clas- 
sical treatment using trajectories to describe a particle's mo- 
tion needs to be replaced by quantum mechanic solutions. In 
addition, the quantum mechanic polaron cloud surrounding 
the propagating particle, which modifies the particle's self- 

energy, may need to be considered as well. The latter issue 
appears to be an important consideration for low electric 
fields, for which the barrier maximum lies deep within the 
oxide. 

In conclusion, the article presents field induced barrier 
lowering observed with the BEEM technique. Calculations 
based on the WKB approximation exclude an electron tun- 
neling contribution to the observed threshold shifts. For the 
Pd/Si02 interface, a flat band threshold of (4.08±0.02) eV 
was deduced. A new value of 2.74 for the image force di- 
electric constant was obtained, which is supported by a clas- 
sical model of the retarded image force. As a consequence, a 
deeper understanding of the dielectric response of a polariz- 
able medium to a moving charge was achieved. 

ACKNOWLEDGMENTS 

The authors benefited from the technical assistance of M. 
Prikas. This research was supported by the Office of Naval 
Research under Contract No. N00014-95-C-0087. 

'S. M. Sze, Physics of Semiconductor Devices, 2nd ed. (Wiley, New York, 
1981). 

2Z. A. Weinberg, J. Appl. Phys. 53, 5052 (1982). 
3Z. A. Weinberg and A. Hartstein, Solid State Commun. 20, 179 (1976). 
4S. M. Sze, C. R. Crowell, and D. Kahng, J. Appl. Phys. 35, 2534 (1964). 
5R. J. Powell, J. Appl. Phys. 41, 2424 (1970). 
6P. M. Solomon and D. J. DiMaria, J. Appl. Phys. 52, 5867 (1981). 
7E. H. Nicollian and J. R. Brews, MOS Physics and Technology (Wiley, 
New York, 1982). 

8M. V. Fischetti and S. E. Laux, J. Appl. Phys. 78, 1058 (1995). 
^Handbook of Optical Constants of Solids, edited by E. D. Palik (Aca- 
demic, Orlando, 1985), p. 753. 

10R. Ludeke, A. Bauer, and E. Cartier, Appl. Phys. Lett. 66, 730 (1995); J. 
Vac. Sei. Technol. B 13, 1830 (1995). 

"M. Prietsch, A. Samsavar, and R. Ludeke, Phys. Rev. B 43, 11 850 
(1991). 

12R. Ludeke, E. Cartier, and H. J. Wen, J. Electrochem. Soc. 96-1, 580 
(1996). 

I3R. Ludeke, H. J. Wen, and E. Cartier, J. Vac. Sei. Technol. B 14, 2855 
(1996). 

14E. Cartier, D. Arnold, D. J. DiMaria, M. V. Fischetti, P. Braunlich, S. C. 
Jones, X. A. Shen, R. T. Casper, and P. J. Kelly, Rev. Solid State Sei. 5, 
531 (1991). 

15C. A. Mead, E. H. Snow, and B. E. Deal, Appl. Phys. Lett. 9, 53 (1966). 
16M. V. Fischetti, S. E. Laux, and E. Crabbi, J. Appl. Phys. 78, 1058 

(1995). 
17J. D. Jackson, Classical Electrodynamics (Wiley, New York, 1962). 
18S. Zafar, K. A. Konrad, Q. Liu, E. A. Irene, G. Hames, R. Kuehn, and J. 

J. Wartman, Appl. Phys. Lett. 67, 1031 (1995). 
19D. Arnold, E. Cartier, and D. J. DiMaria, Phys. Rev. B 49, 10 278 (1994). 
20J. Heinrichs, Phys. Rev. B 8, 1346 (1973). 
21G. D. Mahan, in Collective Properties of Physical Systems, Proceedings 

of the Nobel Symposium XXIV, edited by B. I. Lundqvist and S. Lundqvist 
(Academic, New York, 1974). 

JVST A - Vacuum, Surfaces, and Films 



Appendix 4 

Sub*»; H-e«J 

Dielectric Response in Electron 
Transport across Metal-Oxide-Semiconductor Structures 

HJ. Wen, D. M. Newns and R. Ludeke 

IBM T.J. Watson Research Center, 
P.O. Box 218, Yorktown Heights NY, 10598 

(Received: Dec xx, 1996) 

The oxide-field dependent threshold shifts for STM injected electrons into MOS structures 

follow classical image force theory, and yield a dielectric constant intermediate between 

the optical and static values.  A theory based on the classical equation of motion for an 

electron in the retarded phonon field gives results close to these experimental findings. 

We conclude that optical phonons play a significant role in defining the potential seen 

by electrons in Si02. 

Pacs numbers: 73.40.-c, 73.40.Qv, 73.50.Fq, 77.22.Ch 



The response of a polarizable medium to a moving charge has been a fundamental issue 

for many years [1-8], and one of considerable practical relevance for electron transport 

in solid state devices, such as metal-oxide-semiconductor (MOS) and metal-semiconductor 

structures [9-16]. The issue of relevance here is the dielectric response, expressed through 

an effective dielectric constant eim, that determines the strength and shape of the potential 

sensed by an electron on the dielectric side of a metal-oxide interface.  Past studies have 

concluded that eim is given by the high frequency or optical dielectric constant eop~2.15 

of the oxide (Si02) in the MOS structure [9-12], a conclusion that we challenge on ex- 

perimental and theoretical grounds in this letter. Our observations are based on the direct 

measurement of the electric field dependent minimum energy (threshold) needed for an 

electron to surmount the potential barrier of the MOS device. This novel approach allows 

for a direct evaluation of eim and sets the framework for a theoretical assessment of its 

magnitude without the difficulty of solving transport equations. 

Changes in the response of a medium to a potential varying in a time interval x shorter 

than a characteristic response frequency are referred to as dynamic effects [1,2].  Such 

effects are manifested by a reduced screening of charge moving outside a metal surface 

that results when 1/x exceeds the collective response of the metal electrons [4,5,6.].  The 

latter is described by the surface plasmon, whose energy hcos is of order of several eV. 

A different and rarely studied type of dynamic response ensues when the vacuum is re- 

placed by a polarizable medium [8], whose dielectric response is largely governed by 

optical phonons of energies of order of 100 meV.  This case is of relevance to transport 

dynamics of low energy electrons injected into the conduction band of Si02 of a MOS 

structure.  Within classical image force theory the screening of the combined metal-oxide 

system is represented by the potential Vim(x) = - q/(167ie0eimx), where q is the electron 

charge, x the distance from the metal surface and e0 the permittivity of vacuum. Exchange 

and correlation effects in a full quantum mechanical treatment remove the singularity at 



x=0, a feature consistent with experiment [17], with the solution approaching the classical 

form a few Bohr radii from the interface [18]. eim is a function of a time dependent per- 

turbation arising from the electron traversing the interface region, and deviations from its 

high frequency optical limit are due to the electron's ability to partially polarize the Si02 

lattice. It is to be expected that eim is dependent on the methods of both electron injection 

and detecting the electrons that reach the Si. Our approach of measuring transmission 

thresholds uniquely establishes critical velocities of a go/no-go transmission process over 

the potential barrier that we model in a classical framework by solving the retarded 

Newton's equation.  Its numerical solution yields an eim=2.69. 

The system of concern here is a metal-oxide-semiconductor (MOS) structure comprised 

of a Pd film, a Si02 layer of thickness tox and a Si substrate. The application of a voltage 

Vox across the metal and silicon allows the combined image and field potential, given by 

V(x) = Vim(x) - xV0X/t0X, to modify the potential barrier between the metal and the Si02 

conduction band minimum, as shown in Fig. 1.  The maximum V0 of the potential de- 

creases by 5V0 with increasing Vox and its position xm moves closer to the interface: 

5V0 = (qV0X/47ieims0t0X)1/2    V;       xm = (qt0X/167t8ime0V0X),/2    m. (la,b) 

The field dependent threshold potential is defined as Vtl,=V0-5V0.  Since xm is of order 

of a nra, injected electrons with energy close to eV,h (measured relative to the Fermi level 

EF of the metal) will reach xm in a time scale shorter than l/coph.  From estimates  of this 

time scale or transit time x~xm/v^, where v^i is an average electron velocity in the region 

of the image force (5-10xl07 cm/sec), it has been argued that the electron moves so fast 

that the lattice polarization cannot respond.  Consequently, such energetic electron is 

screened only by the valence electrons of the Si02, as reflected through sop [11].  An ac- 

curate and direct determination of the field dependence of V0 can be used to test this ar- 

gument, as the image potential maximum acts as a high pass spectrometer in close, but 

variable proximity to the metal-Si02 interface.  Here we use Ballistic Electron Emission 



Spectroscopy (BEES) to determine Vth directly and from its field dependence we obtain 

a dynamic dielectric response 8^2.74+0.11 for SiO,  This value lies between the static 

(est=3.9) and optical (eop~2) limits and differs considerably from earlier values of 2.15 

obtained by internal photemission [9,10,12]. For lack of a better value, the latter has been 

used exclusively in the interpretation of transport data [13,14] and in device simulations 

by Monte Carlo methods [16].  The discrepancy between the two methods is largely due 

to the direct determination of V* with BEES, which avoids the questionable curve fitting 

routines and extrapolations inherent to internal photoemission [11]. The latter thus de- 

termines a "threshold" corresponding to quite energetic electrons that sense a dielectric 

response different from that encountered by the near-threshold electrons found in con- 

ventional electron injection methods. 

BEES and sample preparation have been presented elsewhere and only a sketch will be 

given [19].  BEES is a scanning tunneling microscope (STM) based method for injecting 

hot electrons from a tungsten tip into the thin metal overlayer of an MOS structure.  The 

tip bias VT, referenced to the metal, reflects directly the energy eVT of the injected 

electrons.  The latter traverse the metal ballistically and may enter the conduction band 

of the Si02 for VT>V,h (Fig. 1). Under the positive bias shown most of the electrons that 

have surmounted the barrier will be collected in the Si substrate as a collector current Ic. 

Thus a spectrum of VT vs Ic will show a threshold near V^Vlh beyond which Ic rises. 

The MOS samples were fabricated from rectangular pieces of thermally oxidized Si(100) 

(phosphorus-doped to the mid 10" cnr'), with t^V.5 nm, onto which 0.2 mm <>, 3.5 nm 

thick Pd dots were evaporated in Ultra High Vacuum (UHV) and subsequently transferred 

in UHV to the STM chamber.  Typically 16-25 BEEM spectra were measured for each 

bias voltage Vb, from which Vox was calculated [13,19].  After a change in Vb, spectral 

acquisition was delayed by several minutes to allow minority carriers to reach equilibrium. 

Some 5-12 spectra, each exhibiting the same low threshold within a set, were averaged 

to improve statistics.  The remaining spectra had thresholds that were larger by up to se- 



veral tenth of an eV, shifts that are attributed to electrons locally trapped during data ac- 

quisition [20]. 

Representative spectra for Vb>0 and IT=2 nA are shown in the inset of Fig. 2.  As the 

oxide bias Vb increases the spectra intensify and shift to lower energy.  The thresholds 

Vth were obtained with an accuracy of ±0.02 V by fitting a calculated expression, based 

on non-conservation of transverse momentum [21], to the data in the vicinity of the 

threshold region. The positions of the thresholds are marked by short vertical lines in the 

inset of Fig. 1, and their values are plotted in Fig. 2 as a function of Vox
,/2. A least squares 

fit through the data indicates a high degree of linearity that agrees with the prediction of 

classical image theory.  A fit with eq. (la) overlaps the least squares fit to the data for 

g.m=2.74±0.11.  From the zero field intercept we deduce that the Pd/Si02 barrier height 

is 4.08 ±0.02 eV.  Contributions to Ic from electrons tunneling through the top of the 

barrier have been considered, but both WKB modeling [22] and Monte Carlo simulations 

[16] indicate that such contributions can be neglected here. 

In order to understand the underlying physics of the experimental observations we develop 

next a theory based on the classical equation of motion for an electron in the retarded 

phonon field.   The electron is treaded as a classical particle with trajectory xe. We cal- 

culate its potential V(x,t) and from it the force acting on the particle at x=xe.  We assume 

a uniform dielectric medium with a local dielectric response.  The metal-dielectric inter- 

face at x=0 is represented through the image potential of the particle.  We start with the 

well known formula [23]: 

* 

V(x,t) = V°(x,t) + -^r |d3x'P(x',t)Vx,(l/|x-x'|) , (2) 



where V° is the external potential due to the particle and image, switched on at t=0.  The 

induced polarization P is defined through the local polarizability a: 

P(^t) _ _ ejja(t - t')VV(x,t')dt'.  Eq. (2) is solved by using Green's theorem and taking 

the Laplace transform, giving V(x,p) = V°/[l + a(p)].  a = äop + äph is the sum of the op- 

tical response, independent of p, and the phonon response aph = gcogi,2/(p2 + co°h
2), where 

g is the phonon coupling strength and cogh a bare phonon frequency.  Through the fre- 

quency dependent dielectric function e(p) = £op + aph, it can readily be shown that 

g = es, - sop.  After suitable substitutions and inverse Laplace transformations, one obtains 

the expression in terms of the renormalized phonon frequency coph = (n^(est/&op)
m: 

V°(x,t)        (£st_Sop)    f . .       <.r\TirO,    ,,<jtl /ox 
V(x,t) =     c

v =-=     co h sin[co h(t - t')]V (x,t )dt   . (3) 
fcop fcstfcop      J0 

V° has contributions from the image term V°im cc q/[x + xe(t)] and a self energy term 

V<>se oc -q/[x - xe(t)].   xe(t) represents the particle coordinate.   Vse leads to the polaron 

cloud surrounding the particle, a quantum mechanical concept that we neglect in our 

present classical treatment.  It should be noted that the phonon contributions to the po- 

tential are now explicitly represented by the integral term in eq. (3).  The equation of 

motion mxe = Force(xe) is obtained by differentiating V(x,t) w.r.t. x, and setting x to xe: 

d2
x       Voxq q2 (est-gpp)   I   q coph sin[coph(t -1')] 

e       '0XH r+ ;_;„ Z    I  ~ —i —rdt'.(4) 
df lox        16TIS0SOP[ "^ t2 W        167is0sop[x2(t) + ro

2]      4"eo%Sop        [xe(t) + xe(t')]
2 + 4r0 

We have included a softening factor r0 for the image force to avoid its divergence at x=0. 

Its value r0=1.33 a.u. was chosen so that the peak in V(x,t) relative to the Fermi level in 

the metal equals V0 («4 V). A further refinement was the replacement of the single 

Einstein mode at coph by a phonon spectrum <x co/(oo2 + a)2)2, whereupon the factor 



(Oph sin(fl)ph,t) becomes f(t) = co?te-^'; here coc is defined by the upper phonon cutoff fre- 

quency of 153 meV in Si02 [24]. We solve eq.(4) for xe as a function of time, with the 

initial velocity of the particle as it enters the oxide as the boundary condition. For a given 

value of the external field, the initial velocity is then varied so as to find the critical ve- 

locity to get a trajectory which just makes it over the barrier.  This leads to the energy 

plotted as the ordinate in Fig. 3. Two masses, m = md and m = 0.5mei (nie, is the electron 

mass), were used, with the results shown in Fig. 3.  The numerical solutions lie close to 

a straight line when plotted against VJX
2. From the slope in the case m = mel, which is close 

to the Si02 conduction band mass [25], an image dielectric constant eim=2.69 was ob- 

tained, in very close agreement with the experimental value. 

The measured and calculated value for eim»2.7 is incompatible, as mentioned earlier, with 

the transit time argument. Over the applied range of Vox the variations in Vth are relatively 

small (3.5-4 V), whereas xm varies from -0.4-2.2 nm. Consequently, v^J can be treated as 

nearly constant.  For a value v^ ~ 8 x 107 cm/ sec, based on half of the injection energy, 

the range of the transit time T corresponds to an equivalent impulse of 10cOph-50wPh, a 

range that is clearly in the optical response range of Si02 (eox~2).  The critical issue in 

this letter is not only the intermediate value of eim, but also the experimental finding and 

theoretical corroboration that eim is essentially constant over the range of applied Vox. 

This property is again attributed to the relative independence of v^i on Vox, since for short 

transit times the integral term of eq. (4), which is responsible for the deviation of eim from 

the optical value and represents the average force exerted by the phonons on the electron, 

can be simplified to be occoph
2/vi2.  Our numerical solutions (not shown) further show that 

the average force is constant, that is, it is independent of the oxide field and the value 

of xm.  Consequently, a new concept is advanced that the dielectric response depends on 

the nearly field independent mean velocity of the electron, rather than the transit time. 

For fields beyond the range of the experiment we expect deviations from the observed 

linearity, a tendency already suggested by the calculated points in Fig. 3. 



In summary, we have observed a strong field effect in the threshold of STM mediated 

current injection into MOS structures. The observed behavior is attributed to image force 

effects, with negligible contributions from electrons tunneling through the barrier.  The 

value of the associated image force dielectric constant, intermediate between optic and 

static limits, indicates that phonon contributions cannot be neglected. A classical response 

model supports this interpretation and, moreover, yields a value of eim in close agreement 

with experiment. 
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Figure Captions 

Fig. 1.  Schematic energy diagram of a BEEM experiment on an MOS structure under 
positive oxide bias Vox.  The triangular, dotted potential represents the barrier in the ab- 
sence of image force effects.  The threshold energy (potential barrier height) is given by 

eVth=eV0-e8V0. 

Fig. 2.  Observed threshold shifts (•) obtained from fits to BEEM data (subset shown in 
inset) and calculated from eq. (1) (solid lines) for indicated eox. The dotted lines represent 
calculated thresholds, via WKB, that include contributions from tunneling through the 
barrier, with values of sox=2.15, 2.74 and 3.90 used for the three top curves; the lowest 
dotted curve does not include image force contributions (after ref. 22). 

Fig. 3. Field induced barrier lowering obtained by the dielectric response model (eq. 4). 
The slope of the fit through the numerical results (•) for the case m = mei, corresponds to 
an effective eim = 2.69. The two dotted lines correspond to the optical (upper) and static 

(lower) limits. 
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Ballistic Electron Emission Microscopy (BEEM) is shown to be a versatile new tool for the study of hot 
electron phenomena in metal-oxide-semiconductor structures. The elusive problem of measuring oxide charge 
distributions is largely overcome by suitable modeling of the field dependent threshold shifts for both pre- 
existing defects and stress induced traps. Local oxide breakdowns were seldom observed, and then only after 
injecting charge dosages that exceeded by several orders of magnitude the best values reported on macroscopic 
samples. 

1. INTRODUCTION 

Virtually all knowledge of the electrical proper- 
ties of dielectrics has been garnered from mostly 
traditional current-voltage or capacitance-voltage 
measurements made on metal-oxide-metal or 
metal-oxide-semiconductor (MOS) sandwich struc- 
tures. A microscopic picture of the fundamental 
processes governing the electrical properties on an 
atomic scale was consequently deduced from such 
averaging measurements on macroscopic samples. 
However, with the relentlessly ongoing reduction 
of device dimensions, local fluctuations in material 
properties become increasingly dominant, and 
properties representing averages over macroscopic 
dimensions become less relevant at predicting de- 
vice performance and reliability. Consequently, 
there exists a need to investigate material issues of 
thin SiO^Si layers on a microscopic scale. 

The advent of the Scanning Tunneling Micro- 
scope (STM) provided the first practical means of 
investigating electrical phenomena on solid surfaces 
with resolution of atomic dimensions. Yet its ap- 
plication to the investigation of sub-surface phe- 
nomena required another instrumental advance of 
the STM, namely that of the Ballistic Electron 
Emission Microscope (BEEM) in 1988 [1]. Prima- 
rily used to study transport phenomena in Schottky 
barriers, the first BEEM applications on MOS 
structures were reported for Au-CaF2-Si in 1994 
[2], and for Pt-Si02-Si in the following year [3]. The 
use of an Atomic Force Microscope (AFM) to in- 
vestigate transport through thin SiÖ2 layers has re- 
cently been reported [4-6]. Whereas the AFM 
studies were performed directly on the oxide using 
a conducting cantilever/stylus, BEEM requires a 
conducting overlayer to which the STM tip bias is 
referenced. This conveniently allows an arbitrary 
choice of the energy of the electrons injected by the 

STM tip into the MOS structure. BEEM has several 
additional advantages besides its unsurpassed spatial 
resolution, these include: a) a relatively narrow en- 
ergy distribution (<0.3 eV) of injected electrons, b) 
independence on oxide thickness, with successful 
BEEM experiment reported on 25 nm oxide layers 
[7], and c) independent control over the injection 
energy and oxide bias, which thereby increases the 
accessible energy range and enhances experimental 
flexibility. In contrast, the traditional Fowler- 
Nordheim (F-N) and photo-injection methods de- 
pend solely on the high oxide fields to accelerate the 
injected electrons to suitable energies, but at a cost 
of a position dependent kinetic energy distribution 
of the electrons that complicates the determinations 
of energy dependent properties [8]. This method 
of achieving hot electrons becomes increasingly 
difficult for oxide thicknesses toX<100 Ä, the thick- 
ness regime for future VLSI applications. 

BEEM has been successfully used on MOS 
structures to determine the energy and thickness 
dependent electron transmission probabilities in 
oxides [3], to visualize and quantify stress induced 
trapped charge [7,9], and to measure the dynamic 
dielectric response of Si02 from the field dependent 
image force lowering of thresholds [10]. Here we 
will describe the salient results of recent BEEM 
studies of hot electron transport through thin Si02 
layers, with particular emphasis on the generation 
of trap states in the oxide and related stress studies 
that lead to the eventual breakdown of the oxide. 

2. EXPERIMENTAL DETAILS 

2.1 Ballistic Electron Emission Microscopy 
The implementation of BEEM differs from that 

of the conventional STM by the presence of a thin 
conducting layer, usually a metal, deposited on top 

0167-9317/97/S17.00 © Elsevier Science B.V.   All rights reserved. 
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of the semiconductor structure to be measured. The 
metal establishes a ground contact relative to which 
both the STM tip bias VT and the oxide bias Vox are 
referenced. The tip bias thereby establishes the en- 
ergy eVT of the electrons injected into the metal 
surface. A cartoon of this implementation is shown 
in Fig. la. For metal film thicknesses comparable 
or less than the electron mean free path, most of the 
electrons will traverse the metal ballistically to reach 
the far interface. If the electrons encounter a po- 
tential barrier at that interface, they will backscatter 
unless their energy exceeds that of the barrier. In 
this case a fraction of the electrons will reach the 
semiconductor, from where they emerge as a col- 
lector current Ic. Besides the conventional topogra- 
phy mode of the STM, the collector current Ic can 
also be used to provide contrast for a second, si- 
multaneously recorded image (the BEEM image) 
that represents the local transmission characteristics 
of the semiconductor structure. In the spectroscopy 
mode of BEEM the STM image acquisition is in- 
terrupted at a predetermined location on the surface 
and Ic is measured as VT is swept over a voltage 
range that includes the barrier potential maximum. 
Thus initially Ic is zero until VT exceeds a threshold 
value V0 that represent the effective barrier potential 
of the device structure. V0 can be measured to an 
accuracy of ±0.02 V [3,9]. 

The energy diagram for a BEEM experiment on 
a MOS structure is shown in Fig. lb for zero oxide 
bias and near "flat-band" conditions that apply for 
a p-type Si substrate and a Pd gate [9]. The curved 
leading edge of the oxide barrier results from the 
inclusion of image force lowering [10]. The condi- 
tion for injection into the conduction band of the 
Si02 is shown (VT>V0). The threshold for injection, 
V0, is about 4 V. A maximum tip bias of VT=13 
V can be achieved with our STM. The corre- 
sponding kinetic energy E^ relative to the Si02 
conduction band minimum is ~9 eV for the hottest 
carriers in the vicinity of the metal-Si02 interface. 
The application of an oxide field modifies the 
electron energies further as they move across the 
oxide. In comparison, the achievement of compa- 
rable energies by F-N injection into a 5 nm oxide 
requires an electric field of 18 MV/cm, a virtually 
unattainable condition. The inclusion of both an 
accelerating field (Si substrate positive relative to 
the metal), supplied by the bias potential Vb, and the 
presence of a negative oxide -charge is illustrated in 
Fig. Ic. The resulting potential is divided between 
band bending in the Si (shown here in the accumu- 
lation condition) and the potential Vox across the 
oxide [3]. 

(a) 

(b) 

(c) 

SiO, metal 

PTN >si      1 

tip     metal    Si02 p-Si 

tip     metal     SiOi p-Si 

Fig. 1. Schematic of a BEEM experiment on an 
MOS structure, (a): layout, showing electrical con- 
nections. Energy band structure for (b): Vb=0, and 
(c): for Vb>0 and a negative oxide charge. 

2.2 Sample Preparation 
Oxide thicknesses for the studies reported here 
ranged from 3.8 to 7.5 nm. The device-grade Si02 
layers were thermally grown near 800 °C in dry 
oxygen on 125 mm Si(100) wafers doped in the low 
1017 cm-3 range. No additional treatments were 
performed after the oxidation. Working samples of 
-8x15 mm2 were cleaved from the wafers and in- 
troduced into the metal deposition chamber of our 
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ultra-high vacuum (UHV) BEEM/surface analysis 
system. Pd dots, 0.2 mm in diameter, were 
thermally evaporated onto the Si02 through a 
shadow mask. The substrate was held near 30 K 
during deposition in order to smooth the surface 
morphology of the thin (-35 A) Pd films. This 
process produced films with a nodular structure 
typically 80 Ä in diameter that protruded <10 A 
above the valleys, as shown in the STM topograph 
at the top of Fig. 2. A smooth surface morphology 
is needed to reduce BEEM image contrast arising 
from the surface topography of the metal [3], which 
cannot be eliminated as shown in the BEEM image 
at the bottom of Fig. 2. The finished sample was 
allowed to warm up to room temperature and was 
then transferred under UHV into the STM chamber. 

o 
to 

20 pA 

0 pA 

Fig. 2. STM topograph (top) and BEEM image 
(bottom) for a 4nm Pd/7.1 nm SiO2/p-Si(100) MOS 
structure stressed at VT=-10 V over a 25x25 nm2 

area that clearly appears as an -30 nm oblong dark 
area in the BEEM image. 

The grounding contact was carefully positioned onto 
a selected Pd dot by means of three orthogonally 
mounted Inchworms™. STM images and sets of 
BEEM spectra were then taken, the latter consisting 
of typically 25-36 spectra measured in a grid pattern 
covering a 25x25 nm2 area. 

3. BEEM-INDUCED OXIDE CHARGES 

3.1 Pre-existing defects 
It was commonly observed that the thresholds 

in a set of BEEM spectra taken over a 25x25 nm2 

area varied among the different spectra [3,9], which 
was attributed to local charging of existing defects. 
This interpretation was deduced from the facts that 
i) on a virgin area of the sample the first spectrum 
generally exhibited the lowest thresholds which 
could only be duplicated by going to another spot 
about 10 nm away; ii) most subsequent spectral 
scans at nearby locations revealed threshold in- 
creases that suggested the filling of defect sites by 
electrons scattered from a more distant location 
during a previous spectral scan; and iii) a saturation 
of the threshold shifts after several repeated scans 
at the same location, but at tip biases that kept the 
kinetic energies of the injected electrons below 2 
eV. The saturation in particular indicates that at 
these low energies the electrons do not seem to 
generate additional trapping sites and that the 
charging occurs at sites already present at the time 
of the spectral acquisition. We have labeled these 
defects as pre-existing or process induced. Since 
we only observed threshold increases, which corre- 
spond to an increase in the oxide potential seen by 
the traversing electrons, we conclude that the 
trapped charge is due to electrons in the oxide. This 
situation is schematically shown in Fig. lc. 

As can readily be imagined upon inspection of 
Fig. lc, an increase in the positive oxide bias will 
pull down (decrease) the barrier maximum at a rate 
that is directly proportional to the distance of the 
barrier maximum from the metal-Si02 interface. 
The barrier maximum corresponds approximately to 
the location of the centroid of the charge distrib- 
ution, a fact that was used in the past to determine 
its value from the slope of the field dependent 
threshold shifts [7,11]. These determinations were 
made on relatively thick oxides, for which the 
charge distributions were far from the gate. For the 
thinner oxides discussed here, an appreciable part 
of the total charge density can reside within 2.5 nm 
of the interface, particularly that near the metal gate, 
where it is subject to image force effects.   The re- 
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suiting potential in this region is extremely dis- 
torted, a condition that worsens with increasing 
positive oxide bias (accelerating fields). As a con- 
sequence the potential due to the oxide charge (other 
than a single sheet charge) is not uniquely described 
by a single centroid, with the consequence that the 
threshold shifts are no longer linear with applied 
oxide bias. This non-linearity is clearly shown in 
Fig. 3 for a 7.1 nm Si02 layer grown on a p-type 
Si(100) substrate. We can take advantage of the 
image force distorted potential to extract heretofore 
unavailable information on the charge distribution 
across the oxide. We do this after we develop a 
distributed sheet charge model in section 4 that in- 
corporates image force and oxide field effects. 
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Fig. 3. Field dependent threshold shifts for a Pd/ 
7.1 nm SiO2/p-Si(100) sample: (a) for a charge free 
sample (only image force lowering); (b) for 
charge-saturated pre-existing defects; (c) for 
charge-saturated pre-existing defects and stress in- 
duced traps. 

The field dependent threshold shifts for the ex- 
isting defects, curve (b) in Fig. 3, was obtained in 
the following way. A virgin area 25x25 nm2 on the 
MOS sample was repeatedly scanned at VT=-6 V, 
IT=2 nA and Vox=0 until the thresholds, which were 
measured after each scan, no longer shifted, that is, 
the existing defects were fully saturated (the gener- 
ation of additional trap at larger tip biases will be 
discussed in the next section). The oxide bias was 
then stepwise increased from 0 to 6 V, with a com- 
plete set of BEEM spectra taken over the saturated 
region for each bias value to determine the thresh- 
olds changes.   These spanned a range of -0.5 eV 

over the 36 measured spectra for each bias value. 
Their distribution, essentially Gaussian over the 
range [9], is a measure of the statistical fluctuations 
of the local charge at each sampling site. In Fig. 3 
we only plot the values at the peak of the distrib- 
ution. The extrema of the distributions exhibit 
identical, but displaced behavior [9]. It is worth 
noting that the spread in thresholds was reproducible 
at other, similarly saturated regions of the sample; 
the spread thus represents a statistically meaningful 
range of fluctuations in charge density. For positive 
oxide potentials the thresholds shift, as expected, to 
lower energies. However, the shift is non-linear and 
even shows a tendency to saturate before exhibiting 
a further drop beyond Vox=5 V. At 6 V the shift 
corresponds to that for an uncharged sample, curve 
(a), that is subject only to image force lowering 
[10]. The fact that the values nearly coincide at 6 
V is an indication that the charge-saturated region 
has discharged. If the bias is now changed from 
positive to negative (open symbols) a drastic in- 
crease in the threshold occurs that is larger than the 
increase expected from solely changing the oxide 
potential (the "expected" change can be ascertained 
by extrapolating the slope into the negative region). 
We attribute this shift mainly to a change in electron 
screening, an issue that will be further discussed in 
section 4. 

3.2 Stress-generated traps 
We noted that when the kinetic energies of the 

electrons injected into the oxide exceed 2 V, pro- 
nounced threshold shifts in addition to those dis- 
cussed above were observed [10]. This observation 
is a clear manifestation that additional charging oc- 
curs in the oxide, and moreover that it occurs at 
newly created trap sites. The 2 eV threshold for 
their creation coincides with the value for the well 
documented trap generation process associated with 
hydrogen release that is initiated through hot 
electron impact near the Si02-Si interface [12-15]. 

To assess the location of the generated traps 
through the field dependence of the spectral thresh- 
olds, we proceeded in a manner similar to that used 
for the existing defects. An area of 25x25 nm2 was 
repeatedly scanned with tip biases as large as -10 
V, IT=2 na and Vox=0. Sets of spectra were analyzed 
after each scan to ascertain the threshold shifts. 
This procedure was repeated several times until the 
thresholds stopped shifting to higher values. The 
BEEM image of such a stressed area is shown as a 
darker, low transmission region in Fig. 2b. The area 
is larger than the scanned area due to the spreading 
of the beam as it traverses the oxide.   The oxide 

I 
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field dependence of the thresholds was subsequently 
measured. Due to the additional scattering at the 
trap sites the net collector current became rather 
weak, and the mean value in the distribution was 
difficult to determine. Hence we plot in Fig. 3, 
curve (c), only the minimum of the range of 
threshold shifts (the maximum tracks parallel to this 
curve [10]). Curve (c) is shifted higher in energy 
by -1 eV compared to curve (b) for the pre-existing 
defects, a clear manifestation of the additional 
trapped charge in the oxide. The overall shapes of 
the two curves are similar, with a noticeably higher 
slope for curve (c), which indicates that the newly 
generated defects lie closer to the Si interface (a unit 
slope would mean that they are at the Si02-Si 
interface). The steep drop that starts near 3 V and 
reaches the same value as the other two curves at 6 
V is a clear indication of charge detrapping. Upon 
returning to zero oxide bias, these refill with the first 
spectral scan (open symbols), but do not quite reach 
the value for the fully saturated traps. A slight 
negative bias has an even more pronounced effect 
on the threshold shifts than for the existing traps. 
This shift is again attributed to the onset of screen- 
ing changes, which are fully accountable by the 
model that will be discussed next. 

Before proceeding, however, it is worthwhile to 
discuss the significance of the observed saturation 
in the threshold shifts, which indicates that the 
number of generated trap sites is limited as well. 
This ceiling in trap generation indicates that the 
process is non-intrinsic, that is, limited either by 
non-intrinsic precursors sites (some form of defect 
or impurity) that are activated, for the sake of ar- 
gument, by the released hydrogen, or alternatively 
limited by the density of the hydrogen source (pos- 
sibly Si-H bonds). Since for metal gate (particularly 
Pd) the abundance of hydrogen does not appear to 
be limiting, we surmise that the traps are associated 
with a bulk defect. 

4. OXIDE-CHARGE DISTRIBUTIONS 

4.1 Screened sheet charge model 
The approach we take here is to model a charge 

region in the oxide by a series of equally spaced 
sheet charges, calculate the potential of each sheet 
charge subject to the proper boundary conditions, 
sum up the potentials and add the resulting defect 
potential to that of the oxide barrier. The latter in- 
cludes both image force lowering and the applied 
oxide potential.   We then calculate the net barrier 

potential of the oxide and fit, by varying the charge 
density and location, the resulting field dependent 
maxima to the experimentally determined thresh- 
olds. 

The charge injected into the oxide covers an area 
roughly circular with radius R~15nm, as shown in 
Fig. 2. We then represent this charge by several 
sheet charges of density Gj that lie parallel both to 
each other and to the interfaces and are located at 
a distance dj from the M-O interface. The potential 
<))j(dj-x) due to each sheet charge along the axial di- 
rection in a medium with dielectric constant e0x is 
given by [17]: 

ct.j(dj-x) = ^ {[(dj-x)2 + R2]1/2 - |dj-X| } 

(1) 

The two interfaces restrain the potential to boundary 
conditions (|>j(dj)=0 at the M-O interface, and 
<t)j(dj-t)=0 at the O-S interface and for Vox>0. Here 
t is the oxide thickness. The latter boundary condi- 
tion assumes that the oxide potential drives the 
semiconductor into accumulation, which occurs for 
the p-type substrates used in our studies. For Vb<0 
the Si at the interface is not accumulated and the 
potential remains finite until inversion is reached 
(this condition was not studied here). All these 
boundary conditions can be addressed by using the 
method of images [17]. Because of the two inter- 
faces, the boundary conditions require multi-image 
charges, that is, image charges of image charges. 
The net potential per sheet charge is given by: 

Oj(x) = 4>j(dj -x) - c>j(dj +x) - p<t>j(2t - dj -x) + 

p<t>j(2t + dj -x) + p<|>j(2t - dj +x) - p0j(2t + dj +x) - 

p2(])j(4t-dj-x) + .... (2) 

where p = (es - Eox)/(es + eox). Here es is the effec- 
tive dielectric constant at the Si interface, which is 
assumed to be large under conditions of accumu- 
lation (Vox>0) or equal to 11.8 otherwise. In the 
former case p=l, in the latter p=0.49. The first two 
terms in eq. 2 are the sheet charge potential and its 
image across the M-O interface, the remainder are 
the consequence of the presence of the O-S inter- 
face. These terms vanish when the interface is re- 
moved. This is formally achieved by setting 
£s=£ox, which yields p=0. 

The net potential due to a set of n sheet charges 
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*q« = 5>j(x) (3) 
j=l 

This potential is shown in Fig. 4 for two sets of 3 
sheet charges, each depicted by a vertical bar: the 
dashed line labeled <j>f, is for p=l (fully screened at 
the O-S interface), the dotted line marked <j>ps. cor- 
responds to p=0.49 (dielectric screening only). The 
drastic effect on the potential near the O-S interface 
is clearly seen as the screening is changed upon 
changing the carrier concentration of the Si at the 
interface from accumulation (p=l) to weak de- 
pletion (p=0.49). 

4.2 Field dependent oxide potential and fits 
The total, position dependent potential U seen 

by an electron injected from the gate and into the 
oxide is the sum of the "bare" oxide barrier V0, the 
field effect V0Ix/t, the dynamic image force lower- 
ing q/(16 rax) [10] and <t>q: 

U = V„ 
V   x voxA 

16nex -£*j(x) (4) 

This potential is shown as a function of -0.5<VOX<6 
V for two sets of 3 charges each that are indicated 
by vertical bars at the bottom of Fig. 4. Their height 
is proportional to the charge density, with the scale 
depicted on the right margin of the figure. Their 
strength a, and position dj where chosen so as to 
give a reasonable fit of the field dependent maxi- 
mum of U to the experimental data of Fig. 3. 

The fits were done in the following way. First, 
Oj and dj were optimized for the maxima in U to fit 
the experimental field dependence of pre-existing 
defects, curve (b) in Fig. 3, using only the set of 
three sheet charges depicted on the left of Fig. 4 
(these potential curves are not shown). The in- 
creasing Oj's close to the M-0 interface are neces- 
sary to duplicate the observed "softening" of the 
slope in the experimental curve (b) as Vox increases. 
As already discussed in section 3, the further low- 
ering of the thresholds for Vox>4 V is attributed to 
a field-induced discharge of some of the charge in 
the defect states. This situation is readily simulated 
by either setting 1 or 2 of the Oj's closest to the 
anode to zero for Vox=5 and 6 V, respectively, or 
by stepwise reducing the Oj's equally. For Vox<0, 
p=0.49 was used in eq. 2. The result of this model- 
ing is shown by the dashed line overlying curve (b) 
in Fig. 3. Changes of order 10% in the parameters 
resulted in obviously inferior fits to the experimental 
data.   Fits to the experimental results for the gener- 

ated traps, curve (c) of Fig. 3, were accomplished 
by keeping the identical distribution and charge 
density of the pre-existing traps and adding another 
set of three sheet charges positioned close to the 
O-S interface, as shown by the bars in Fig. 4. We 
found no justification for changing their relative in- 
tensity, which was kept the same for the three 
components. Their strength and position, however, 
was crucial to fit the experimental data. Again it 
was important to "discharge" the Oj's for Vox>4 V. 
For Vox>5 V the generated traps were required to 
be discharged and only the pre-existing traps needed 
to remain partially filled for the model calculation 
to fit the experimental curve (c). Again, for Vox<0 
incomplete screening was assumed, with p=0.49. 

0.5  w 

0     S> 
0.0 0.2 0.4 0.6 0.8 1.0      « 

x/tox Normalized Distance from M-0 Interface        ° 

Fig. 4. Oxide-bias dependent barrier potential for 
the sheet charge model applied to a 7.1 nm oxide. 
The broken curves represent the potential only due 
to the charge, assuming full screening (<(>&) and 
dielectric screening (<j)ps) at the Si02-Si interface. 
Sheet charge location and density are marked by the 
six vertical bars.   The density scale is on the right. 

The following conclusion can be drawn from the 
model fits to the data, i) The pre-existing defects are 
close to the M-0 interface and exhibit a rapidly 
decreasing density away from the interface, ii) The 
generated traps are located close, but not at the O-S 
interface, (-2/3 of the distance form the M-O inter- 
face), iii) The unexpected threshold increases for 
negative Vox can readily be explained by assuming 
a decrease in free carrier screening at the O-S 
interface, rather than a filling of interface states as 
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the Fermi level moves toward midgap. iv) 
Trap/defect discharging under high positive bias is 
the most plausible origin of the observed field in- 
duced decreases in the experimental thresholds. 

5. BREAKDOWN STUDIES 

Our studies have shown that stressing an oxide 
layer locally by injecting hot electrons with an STM 
in a BEEM experiment seldom leads to a destructive 
breakdown of the oxide, and when these occur, the 
net injected charge, often referred to as charge-to- 
breakdown or Qbd, is orders of magnitude larger than 
those reported for F-N stressing on MOS capacitor 
structures [18]. We will present here only the sali- 
ent results of these studies, for details the reader is 
referred to reference 18. Most of our breakdown 
experiments were performed on 3.8 nm oxides. In 
these experiments the tip of the STM is stopped at 
a chosen location on the surface, then VT is set to 
a predetermined large value (in the range of 7-10 
V) and the collector current is integrated to deter- 
mine the charge injected into the oxide. The in- 
jection process is interrupted at periodic intervals to 
measure the threshold position. The latter increases 
initially and reaches a plateau, a trap generation and 
filling process analogous to that discussed above. 
If the stressing proceeds toward an eventual break- 
down, the thresholds begin to decrease and an in- 
crease in the overall collector current is observed. 
This second stage of stressing was referred to as the 
pre-breakdown stage [18]. The simple view was 
taken that this stage commences with the collapse 
of the oxide barrier, an oxide thinning process that 
consists of the formation of regions of finite 
conductivity starting at the O-S interface. Addi- 
tional stressing quickly led to the breakdown stage, 
a total collapse of the oxide barrier that resulted in 
a threshold of only 1 eV. The net collector current 
integrated to a point just prior to this oxide failure 
defines QM. 

To compare the QM'S with "best-of-breed" re- 
sults obtained by F-N stressing, such as those shown 
by open symbols and lines in Fig. 5 [19], the ener- 
gies of the electrons were converted to equivalent 
electric fields necessary in F-N stressing to field- 
accelerate the electrons to the energies used in our 
experiments. This conversion assumes that the 
breakdown process depends predominantly on the 
energy of the electrons, and not on the field. The 
results of our breakdown studies are shown by the 
solid points on the right of Fig. 5. A stress exper- 
iment that led to no breakdown is shown by an open 

circle. In order to calculate the charge density, we 
used Monte-Carlo simulation to calculate the area 
(spread) of the electron beam at the O-S interface 
[18]. It is obvious by looking at Fig. 5 that the 
BEEM initiated local breakdowns, when they occur, 
lie appreciably above an extrapolated curve of data 
obtained in a conventional, large area stressing ex- 
periment. The latter results were deemed to be 
limited by "intrinsic" properties of the oxide [19]. 
Our results clearly contradict this view, indicating 
instead that an intrinsic limit has not yet been 
reached, and that even in our case breakdowns are 
still limited by randomly distributed defects and/or 
impurites of unknown origin. 

1 1 1 1 

no breakdown-*o 

9        10      11       12       13      15      16      23      24 
Oxide field (MV/cm) 

Fig. 5. Electric field dependent breakdowns for 
MOS structures of indicated thicknesses. Open data 
points and solid lines are adapted from ref. 19, and 
correspond to Fowler-Nordheim stressing of 
macroscopic samples. The solid data points are re- 
sults from localized BEEM stressing studies. The 
energies of the STM injected electrons were con- 
verted to an equivalent field necessary to achieve 
those energies. 

6. CONCLUSIONS 

We have attempted to show the versatility of 
BEEM to study hot electron transport issues in MOS 
structures. The technique is the first truly micro- 
scopic method that can be used to address a variety 
of novel transport issues, including stress measure- 
ments, on device quality oxides. In particular, we 
have shown that the direct measurement of the oxide 
potential maxima (thresholds) allows the determi- 
nation of charge densities profiles in oxides. In 
addition, we reviewed oxide breakdown studies that 
led to additional insights into the breakdown proc- 
ess, and which further indicated that oxide failures 
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are still dominated by occasional defects and impu- 
rities in the oxide. 
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Investigation of existing defects and defect generation in device-grade Si02 by 

Ballistic Electron Emission Spectroscopy 

H.J. Wen, and R. Ludeke 

IBM T. J. Watson Research Center, P.O. Box 218, Yorktovm Heights, New York 10598 

Degradation processes initiated by defect generation in device-grade SiÜ2 were studied by 

locally injecting hot electrons from a scanning tunneling microscope (STM) tip into Pd/Si02/p- 

Si(100) MOS structures. An analysis of the emerging collector current in the Si substrate, a 

technique known as Ballistic Electron Emission Microscopy (BEEM), provides electron transport 

information, from which the oxide defect generation process was studied. The charging of the 

defects resulted in shifts of threshold energies for electron transport across the oxide. A novel 

sheet charge model was developed to assess the in-depth distribution and charge densities in the 

oxide from field-induced threshold shifts obtained from experiment. An as-fabricated MOS 

system with an oxide thickness of 71 Ä was investigated and found to contain existing electron 

traps of charge densities in the range (0.7-2.8)><1013 e/cm2 that are distributed within a 30 A 

region adjacent to the metal/oxide interface. Further stressing was performed at zero oxide bias 

with increasing tip voltages of up to -10 V. New electron traps characterized by charge densities 

of (1.9-3.6)xl013 e/cm2 and located within 40 A of the SiCVSi interface were generated when 

the kinetic energy of the electrons injected into the SiCh conduction band exceeded 1.9 eV. This 

energy threshold is in very good agreement with the hydrogen-release energy that is frequently 

invoked to explain oxide degradation. 



L Introduction 

The performance and reliability of modern metal-oxide-semiconductor (MOS) devices 

are ultimately dependent on the electronic properties of the silicon dioxide, and those of its 

interfaces with the Si substrate and the gate metal [1]. The electronic breakdown characteristics, 

which are determined by defects and impurities in the SiÜ2 bulk or at its interfaces, become 

increasingly sensitive to local fluctuations in material properties as device dimensions are 

reduced [2-5]. The present understanding of degradation and breakdown mechanisms is largely 

based on studies on MOS capacitor structures with techniques such as Fowler-Nordheim (F-N) 

tunneling injection, internal photoemission, etc. [6-23]. The results of these studies represent 

properties typically averaged over sampling areas of 0.01 to 1 mm , which do not necessarily 

reflect sample variations on a microscopic scale. Further shortcomings of the standard electron 

injection techniques, including F-N tunneling, require high fields across the oxide to energize the 

injected electrons. The high fields result in position dependent kinetic energy distributions of the 

electrons as they traverse across the oxide layer. For thicker oxides the energies may ultimately 

reach values sufficient to cause impact ionization in the oxide [6-10]. Even at much lower fields 

the electrons still may reach energies sufficient to generate hot holes in the Si by impact 

ionization, which then can be injected into the silicon dioxide valence band [11,12]. The 

presence of diverse types of hot carriers complicates the determination of oxide degradation 

mechanisms. The two most popular models, referred to as "impact ionization" and "trap 

creation", are both based on strong electron heating in the oxide [6-16]. Impact ionization occurs 

when electrons in the oxide reach energies exceeding the Si02 band gap energy of 9 eV, which is 

necessary for creating electron-hole pairs in the oxide. Electron-hole recombination can then 

create interface states and electron traps. Defects in the "trap creation" model are generated by 

hot electrons breaking hydrogen-silicon bonds at the anode. The released hydrogen atoms diffuse 

to the cathode where they combine with other hydrogen atoms and escape, leaving defects 

behind. In this model the energy of hot electrons has a minimum threshold of ~ 2 eV in order to 

break H-Si bonds. However, under high field conditions the two defect generation mechanisms 

may coexist, which complicates the study of the many details of the processes. Moreover, such 

macroscopic results can not precisely describe microscopic details of broken bonds, interface 



states and charge traps. In order to understand oxide breakdown from a more fundamental point 

of view, studies on a microscopic scale become necessary. 

In this article we present results from Ballistic Electron Emission Microscopy (BEEM) 

studies of both existing defects and the generation of new defects in gate oxides and near the 

interfaces of MOS structures. The results reported here were obtained for a 71 A gate oxide. An 

"as-fabricated" MOS structure was found to have electron trap densities in the range of (0.7- 

2 8)*1013 e/cm2 that are distributed within a 30 Ä region adjacent to the metal/oxide (M-O) 

interface. New electron traps, observed as trapped charge densities of (1.9-3.6)xl013 e/cm2 

distributed within 40 A of the Si02/Si interface, were generated when the energy of the hot 

electrons exceeded 1.9 eV. This value is close to the minimum energy of ~ 2 eV required to 

break hydrogen-silicon bonds [15]. This process suggests that the initial defect generation, which 

eventually leads to a destructive breakdown of the oxide, is associated with the "trap creation" 

model by releasing hydrogen. Hole injection and impact ionization are absolutely excluded in the 

present study, since the stressing was carried out at zero oxide bias and the kinetic energy of hot 

electrons was below the threshold for band gap ionization. 

II. Experimental details 

A. Ballistic electron emission microscopy/spectroscopy at various oxide fields 

BEEM is a STM based microscopy/spectroscopy. In this study electrons were injected 

from a STM tip into the metal layer of a MOS structure, as shown in Fig. 1 (a). The sole purpose 

of this metal layer is to provide a potential reference plane, represented by the Fermi level in the 

metal, which is connected to ground in the present case. With the STM tip biased at VT relative 

to the Fermi-level in the metal, the electrons tunneling from the tip into the metal have a near- 

exponential energy distribution fT with a maximum kinetic energy equal to eVT, as shown in Fig. 

1(b). In our BEEM configuration a maximum value of VT = -13 V can be achieved, which 

corresponds to a kinetic energy of 9 eV relative to the conduction band minimum of the Si02 for 

the hottest injected electrons. For comparison, to reach this value in a 7 nm oxide by 

conventional F-N injection, a field of ~ 18 MV/cm would need to be applied. A separate gate 

bias Vb can also be readily applied between the metal and silicon substrate. This allows complete 

control over the field in the oxide and further modifies the electron energies. In general, the 



potential drop Vox includes one part from the gate bias Vb and another part from the difference in 

workfunctions between the metal and Si substrate. Since Vb affects both Vox and the band 

bending of the Si at the SiO:-Si interface, the relationship between Vb and Vox is nonlinear and 

can obtained by solving Poisson's equation [1, 25]. Thus the energy of electrons injected into the 

Si02 conduction band can not only be arbitrarily selected by changing the tip bias, but also 

independently modified by adjusting the oxide bias, thereby increasing the accessible energy 

range and allowing greater experimental flexibility. 

The thickness of the metal layer should be of order of the electron scattering length in the 

metal, or preferably less, so that most of the electrons traverse the metal layer ballistically. In 

order to traverse the MOS structure and reach the Si substrate, the kinetic energy of the electrons 

must be larger than the potential barrier height in the MOS structure. The barrier height and 

shape in MOS structures is a much more complicated issue than for the metal/semiconductor 

system. It varies with the oxide bias, charge in the MOS system, work-function difference 

between the metal and the Si substrate, and image force effects at the interfaces. Fig. 1(b) shows 

the schematic energy band diagram of the Pd/Si02/p-Si system at Vb= 0. By taking the potential 

step Vo at the Pd/Si02 interface at zero oxide bias to be 4.08 eV [29, 30], a band offset of 3.2 eV 

at the Si02/Si interface and a Fermi level location ~ 0.2 eV above the valence band maximum in 

the Si substrate, a nearly zero work-function difference between Pd and p-Si is deduced. 

Therefore, at zero oxide bias the bands of the Pd/Si02/p-Si system are essentially flat. It should 

be noted that only image force effects, but no electron tunneling through the barrier [29,30] are 

considered in Fig. 1 (b) and (c). For the conditions of Fig. 1(b), electrons need a minimum kinetic 

energy of eV0 to attain finite probabilities for crossing the M-0 interface, traversing the oxide 

and being finally collected in the Si substrate as a collector current Ic. As a function of increasing 

VT  Ic is zero until VT reaches the value of the potential step V0; thereafter it increases 

monotonically. The Ic vs VT spectra thus exhibit a threshold at V0. However, the location of the 

potential maximum and its height vary in the presence of an oxide charge. An energy diagram 

under positive oxide bias for an oxide film with negative trapped charge in the central region is 

shown in Fig. 1(c). One can readily realize that the effective barrier height <t>th is strongly 

dependent on the charge density, charge distribution and the applied oxide bias. Assuming the 

charge is distributed narrowly (sheet charge) and parallel relative to the interfaces, the effective 



barrier height lowering should then be linearly proportional to the applied oxide bias, with the 

slope of this relationship representing the location of the potential maximum as a fraction of the 

oxide thickness relative to the metal interface. In other words, charge density and charge location 

can be extracted from the field dependence of the effective barrier height. It should be noted that 

in Fig. 1(c) the sheet image charge in the metal is not depicted. Its inclusion is necessary for the 

interpretation of the BEEM results, and will be discussed in section HI. The experiment was 

devised as follows. As a first step, the as-fabricated MOS structures (without any hot electron 

stressing) were investigated. The existing defects manifest themselves as negative charge, which 

increases the effective barrier height and reduces the transmission probabilities. The location of 

existing defects was extracted by analyzing the field dependence of the barrier height. Then hot 

electrons were injected with a variable tip voltage of up to -10 eV in order to stress the oxide 

film. In this way, new defects were generated and further characterized by their field dependence. 

B. Sample preparation 

Device quality oxide layers were thermally grown near 800 °C in dry oxygen on 125 mm 

diameter Si(100) wafers doped with boron to about 1016 cm"3. No additional treatments were 

made after oxidation. Here we report studies on an oxide layer with a thickness U = 71±1 A. The 

thickness was determined with an ellipsometer. Approximately 2x12 mm pieces were cut from 

the wafers and introduced into an UHV chamber, where Pd dots, 0.2 mm in diameter, were 

thermally evaporated through a shadow mask. During deposition, the substrate was held at a 

temperature of about 30 K, which was necessary to inhibit surface diffusion. A peak-to-valley 

roughness of about 15 Ä was measured for a 40 A Pd film thickness. After evaporation, the 

sample was allowed to warm up to room temperature and was subsequently transferred under 

UHV into the STM chamber, where the BEEM grounding contact was gently positioned onto a 

selected Pd dot by means of three orthogonally mounted Inchworms. MOS structures with 

leakage resistance > 1012 Q. were generally suitable for our studies. 

C. Data acquisition 

All measurements were carried out when drifts caused by sample drift and piezocrystal 

creep were less than 1 A/min. in both the x- and y-directions. The low drifts were achieved either 



by waiting until the instrument was finally stabilized or by using drift compensation. In the 

spectroscopy mode the raster scan of the STM is stopped and the collector current Ic is measured 

as VT is ramped over a range that includes the barrier height. The barrier height manifests itself 

as a threshold voltage in the Ic vs VT scan, from which the threshold is extracted with a model fit 

to the data [25]. The fitting process ensures negligible contributions to the threshold value from 

electrons tunneling through the barrier [29,30]. The STM topographic images were taken in the 

conventional, feedback-controlled constant tunnel current (IT) mode. Ic can also be recorded 

simultaneously, thereby generating an electron. transmission or BEEM image of the MOS 

structure. Both point stressing and area stressing, achieved by injecting hot electrons at a point or 

over an area of 250*250 A2, were performed. In order to gain statistical information on a 

microscopic scale, Ic vs VT curves were taken at 36 points of a grid pattern spread over a 

250x250 A2 area of the surface, with a spacing of 40 A between points. It should be emphasized 

here that thresholds were obtained from single spectral scans (no averages), since we aimed to 

detect small changes that contain important information regarding the statistical nature of 

microscopic defects. Therefore all threshold energies presented here have an error bar of ± 0.05 

eV. Further experimental details will be given as specific measurements are discussed. Details 

regarding the STM can be found elsewhere [26]. 

III. Data interpretation and discussions 

A. Observation of existing traps and mechanisms of new trap generation. 

As mentioned earlier, the experiment was arranged to first investigate as-fabricated 

oxides before any intentional stressing. The existing traps are referred to as background or initial 

defects/impurities in the oxide and at the interfaces, which are incorporated into the structure 

during fabrication or processing and can be easily charged up by the injection of electrons or 

holes. These defects vary with the fabrication process and may be different in sign, density and 

location from defects generated in aging studies. Therefore we intent to study first the existing, 

electrically active defects. 

Fig. 2 depicts a set of sequentially taken BEEM spectra that show a monotonic increase of 

the threshold with the number of spectral scan. These shifts clearly indicates that the mere 

spectrum acquisition process already begins to fill the pre-existing traps. During acquisition of 



these spectra the STM tip was located at the same point over the sample, the tip voltage was 

^ ed only up to -6 V and the oxide bias was held at zero in order to prevent electron energy 

^exceeding 2 eV, which is considered a "soft" threshold for generating new defects. Each 
r01   took less üian 20 s. After the 8th scan the energy position of the threshold was stabilized. 

^taLsing threshold indicates that the existing defects are electron traps. The final, stabilized 

eshold energy is ~ 5-0 eV. This value, however, varies not only from one sample to another, as 

pTslnld in Fig. 3 (the data in Fig. 2 were taken on sample 1 in Fig. 3) but may occur at different 

locations on a microscopic scale, as illustrated by the spread in thresholds depicted in Fig. 4.    • 

Such variations reflect a distribution in the local charge density of the existing traps, as will be 

presented in section III. D. 
After the existing traps were saturated with electrons, i.e. no further shifts were observed 

in the BEEM spectra, hot electrons were injected with the STM tip on purpose to stress the 

oxide The stress-induced defects manifest themselves as further shifts in the threshold energy, as 

shown in Fig 3. The electron kinetic energy on the abscissa of Fig. 3 is given by eVT - eOth. The 

zero threshold shift corresponds to the Pd-Si02 barrier height of 4.08 eV under flat band 

conditions [29,30]. As discussed in section II [Fig. 1 (b)], the flat band condition for Pd/SiCV,- 

Si corresponds to Vb = 0 V, with the assumption that no trap filling has occurred. Thus a 

deviation from the 4.08 threshold gives us an indication that the sample area below the tip is 

charged For example, the first spectrum of Fig. 2 shows the threshold of 4.20 ± 0.05 eV, 

indicating a nearly charge-free are, The curves in Fig. 3 show a "soft" threshold of-1.9 eV for 

the kinetic energy of the injected electrons. The curves continue to increase above this threshold, 

which indicates that more defects are generated by the increasingly hotter electrons. It must be 

noted that several spatially separated places were investigated during hot electron stressing. For a 

given electron kinetic energy above -1.9 eV, fluctuations in the BEEM threshold with values as 

low as 5 0 eV were observed at several stressed points. Such extreme low values are attributed to 

leakage of the trapped charge, a process believed to occur in the pre-breakdown region [28]. The 

data presented in Fig. 3 correspond to the highest value measured at several stressing places for a 

given electron kinetic energy. The "soft" threshold of-1.9 eV can be directly related to the "trap 

model. This model implies that traps are created by hot electron-initiated breaking of 
creation 
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maximum, minimum threshold energies, and that at the distribution maximum are indicated in 

Fig 4 by the up and down triangles and square symbols, respectively. The achievement of 

saturation means that the distribution does not change with further scans; it does not imply that 

each individual spectrum shows exactly the same threshold energy as the previous one, since the 

STM tip can not exactly approach the same 36 sampling points between consecutive data sets. 

Such statistical results are better than a result from only one stressing point, since they provide a 

distribution of the existing trap densities over a microscopic area. 

The oxide field dependent experiment was then performed in order to determine the trap 

distributions and densities. Identical grid patterns of 36 spectra were taken for gate biases in the 

sequence of 1 V steps from 0 through 7 V and back to 0 and -1 V, which corresponds to external 

oxide potentials of the same values. This simple relationship results from the fact that the Fermi 

level at the interface remains near the top of the Si valence band ( in accumulation) due to the 

internal oxide field caused by the trapped charge. The threshold energies for Vox = 7 V were 

difficult to determine due to a relatively large background leakage current and therefore were not 

included in Fig. 4. The corresponding STM topographic images, generated concurrently with the 

spectral set, were used to check if the tip stayed at the same area. The results are presented in Fig. 

4 It is seen that all three threshold data sets: minima, maxima and distribution maxima of the 

36 spectra exhibit almost the same field dependence and are, moreover, equally separated in 

energies. This well behaved and scatter-free behavior leads to the following conclusions: (a) the 

consistent spread between extrema and the distribution maxima, as well as their smooth 

dependence on Vox, are well represented by the limited sampling size of 36, that is, the data is 

statistically meaningful, (b) Although each data set was not taken at the same points, the 

locations  where  the  data  sets  were  taken  statistically  exhibited  very  similar  electrical 

environments, (c) no further trap filling takes place when Vox increases from zero, and (d) the 

distribution of the threshold energies represents a local fluctuation of trapped charge densities. In 

comparison, the pure image force lowering as a function of the oxide field is also indicated by the 

solid circles in Fig. 4. One readily sees that not only its field dependence differs from that of the 

three data sets, but that the shifts are also much smaller. It should be noted that this data set was 

taken from areas where no trapped charge was present, as detailed in our previous work [29,30]. 



As mentioned in section II A., the magnitude of the field-dependent threshold shifts 

depends on the location of the potential maximum, which in turn depends on the charge 

distribution in the oxide. The field dependence of the three parallel data sets in Fig. 4 exhibits 

approximately three regions, as distinguished by vertical dotted lines. The region of Vox ranging 

from 0 to 3 V has a nearly linear behavior with a slope of-0.3, while the region for Vox > 3 V 

first shows a segment of weak field dependence that is followed by one of strong dependence and 

eventual saturation. When the oxide potential Vox changes from 0 V to -1 V, the threshold 

energies increase by ~ 0.6 eV, a value that is twice the 0.3 eV shift expected solely from the 

applied oxide bias. 
We can understand the overall field dependence through a simple model that will be 

detailed in section D. The model assumes that the trapped charge is distributed over separated 

sheets of charge parallel to the metal/oxide interface. When there is only one sheet charge present 

the potential maximum is located at the sheet charge position, whereas in the presence of several 

sheets of charge the shape of the total potential depends on their relative strength. Since charge in 

an MOS structure is spatially distributed, a detailed rendering of its effect on the potential can be 

reasonably approximated by considering several sheets of charge. A few general observations of 

the field dependence of the thresholds are worth stating here. The 0.3 slope indicates that the 

potential maximum in the bias range 0 < Vox < 3 V is located around 0.3x71 - 20 Ä from the M- 

O interface. This is a direct consequence of the reduced leverage of the applied oxide bias in 

affecting the potential maximum, whose position relative to the M-0 interface is directly 

proportional to the slope of the field dependent threshold shifts. Consequently, the closer the I 

barrier maximum is to the M-0 interface, the smaller will be the barrier lowering for a given j 

increase in oxide bias. The data up to the Vox = 3 V indicates that the effective barrier lowering I 

caused by a 3 V bias is 1 V, which compensates the original 1 V shift due to trap filling j 

(approximately the shift between the solid circle and the square at Vox = 0 V). However, for Vox > j 

3 V the softening of the curves implies that the field no longer affects the threshold energies. j 

The curves bend down again upon further increasing the bias.  This  is attributed to a | 

neutralization process and/or a discharge under high fields. It must be noted that after finishing j 

the measurement at the high fields and before the bias was set to -1 V, three data sets at Vox = 0 

V were taken again. These points are represented by open symbols. The square and down triangle > 

10 
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attributed to charging and discharging of the new traps at high oxide fields, a process that can 

happen when the trapped charge is located close to the oxide/silicon interface, or to charge 

neutralization via hot hole injection from the Si valence band. Although the data sets are not 

extracted from good statistical distributions, they still show the same field dependent behavior, 

which leads us to conclude that their separation adequately describes the maximum and 

minimum densities of the trapped charge. One sees in Fig. 5 that the field dependence is in 

general similar to that of Fig. 4, but the magnitude of the shifts are considerably larger. In 

comparison, the field dependent pure image force effect is also shown by the solid circles in the 

Fig. 5. The observed field dependence is also divided into three regions, a nearly linear region 

with a slope of ~0.6 between 0 - 2.5 V, a region for Vox > 2.5 V that exhibits first a weak field 

dependence and then a much stronger one, and another region for Vox between 0 and -1 V where 

the threshold energy dramatically increases by ~1.3 V. 

From the slope of 0.6, we deduce that the potential maximum for Vox between 0 - 2.5 V 

is located at -30 Ä from the Si02/Si interface. A softening of the field dependence at -2.5 V 

indicates that the maximum in the potential barrier shifts closer to the M-0 interface, which 

implies a distributed oxide charge. At still higher oxide fields the increased rate of threshold 

shifts is again interpreted in terms of charge loss (neutralization or/and discharging). This high- 

field induced effect is also reflected in the -0.5 eV lower threshold energies at Vox = 0 V after 

high fields have been applied (open symbols). The dramatic increase for negative bias is largely 

attributed, as will be discussed in the next section, to changes in the screening mechanism at the 

Si02/Si interface. 

D. Sheet charge model: charge density determination 

Although oxide charge is expected to be distributed over some depth, it nevertheless can 

be reasonably approximated by one or more sheet charges so located that their resulting potential 

can describe the experimental observations. From previous discussions of the field dependence 

of the BEEM thresholds (Figs. 4 and 5) for 0 < V < 3 V, it was concluded that a constant slope 

implies a specific position of the potential maximum relative to the M-0 interface. In this case a 

single sheet charge located at the potential maximum would give a suitable potential profile. We 

model a single sheet charge in the oxide by considering it as a disk of radius R parallel to the 
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oxlde interfaces, of charge density oj and located at a distance dj from the M-0 interface. The 

potential ^(dj-x) along the axial direction x in an infinite dielectric medium of dielectric constant 

£ox is given by [31]: 

ü^y-aSd'-x)1+R^ dj -x (1) 

where e = 80eOx. £o represents the permittivity of free space. The real potential <Dj(x,dj) must be 

zero at both interfaces because of metallic screening. These boundary conditions are satisfied by 

using the method of images [31], which is accomplished by adding the potentials of the image 

charges, including those from higher order terms (images of images, etc.): 

<l>J(xtdJ) = ^J{dj-x)-^j(dj^x) (2) 

-4K - *> -*) - ♦'(*«+^ -x) - *'(2'« - *i+x)+♦>(*«+dJ>+x)\+■ ■ ■ 

Here s=(^0,)K^^) is the effective screening factor at the O-S interface, with es an effective 

dielectric constant of the semiconductor at the interface. For accumulation (or strong inversion) 

8S is assumed to become very large, so that s-»l (metallic screening). For 6s=sSi=11.8, s=0.5. 

The profile of the resulting potential for a single disk shaped sheet charge is triangular, with the 

maximum (apex) at the location dj of the sheet charge. In general, one can approximate the 

potential from a charge distributed along x by summing over a series of potentials arising from j 

individual sheet charges: OT = ZOj. The barrier potential U is obtained by adding OT to the sum 

of the barrier, field and image force potentials for the injected electron: 

U = OT + V0-Vmx/tm-q/(\6nsx) (3) 

As discussed earlier in reference to Fig. 4, the potential maximum, judged from the slope in 0-3 

V bias region, is ~0.3toX or -20 Ä from the M-0 interface. A single sheet charge was placed at 

this position (d.) and its strength adjusted so that the total barrier potential U in eq. (3) matches 

that of the experiment for Vox = 0. A single sheet charge, however, overextends the region over 
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which the slope equals 0.3 in Fig. 4. In order to account for the observed saturation for Vox > 3 V, 

the potential Or must bulge in the region of x < d,. This occurs only if additional negative oxide 

charge is located within d,, which will be represented here by a second sheet charge placed at 

d/t    = 0 11 ( ~8 A). Its density a2 is adjusted to mimic the softening observed in Fig. 4 for Vox 

> 3 V. For a good general fit to the data, a third sheet charge was required beyond d,/toX=0.3, 

specifically at d3/tox=0.41. The üJ 'S were varied for an optimal fit to the data of Fig. 4 (solid 

squares), with relatively little freedom in the choice of the parameters. The net potential arising 

from the three sheet charges, indicated by the vertical bars in Fig. 6, is shown as curve Ofs, where 

the subscript refers to the choice of full (metallic) screening at both interfaces. The field 

dependent representations of the full barrier potential U (eq. 3) are shown as well in Fig. 6. The 

changing role of each sheet charge in determining the potential maximum as Vox is increased 

from zero is clearly evident in the figure. The right-most sheet charge dominates for 0 and 

negative bias; the center charge dominates to Vox~3 V, beyond which the innermost sheet charge 

takes over. However, the subsequent rate of threshold lowering remains relatively weak and does 

not account for the drop beyond 5 V observed in Fig. 4. This can only be explained by a decrease 

in charge density (neutralization or discharging) under the highest field conditions (Vox=6 V), 

which can readily be simulated by lowering the net charge residing in the three sheets to 50% of 

its value. This reduction of the charge can conceptually occur either through field ionization or 

neutralization by hot holes injected into the oxide from the Si anode. Since prolonged high-field 

exposure without electron injection did not affect the thresholds measured subsequently at Vox=0, 

we tend to ascribe the charge reduction to hole injection. Hole creation and injection is the result 

of electron-hole pair creation in the Si by impact ionization of hot electrons coming from the 

oxide. This process is quite efficient for electrons with kinetic energies >5 eV in the oxide [32]. 

As pointed out earlier in the discussions of Figs. 4 and 5, the large threshold shifts for 

negative bias appear to be anomalous, as the expected shifts would lie closer to values obtained 

by extrapolating the positive-biased segments of the curves near zero into the negative region. A 

sudden inrush of negative charge into the oxide at the O-S interface is unlikely, as this would 

suggest an interface trap density of the order of 1014 /cm2 -eV near the Fermi level. However, the 

negative bias does have the tendency to move the Fermi level out of the valence band, which 
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drastically affects the hole density in the Si at the O-S interface (because of the oxide charge the 

Ferrm level remains near the top of the valence band). The decrease in the interface hole density 

has the effect of reducing the screening, which is described by the parameter s in cq. (2). A value 

of s-0 7 was used to account for the observed threshold shifts for Vox= -1 V. The resulting 

change in the oxide-charge potential is seen in the dotted profile marked Opsin Fig. 6, as well as 

in the barrier potential shown by the top-most dashed curve. Ops includes a contribution from a 

dipole charge of 3xl012 e/cm2 located at x/W=0.8 that is necessary to maintain band off-sets at 

the interface Its effect is seen by the slight kink in the two broken curves of Fig. 6. The maxima 

in the oxide barrier potentials of Fig. 6 are depicted in Fig. 4 by the dashed line. A similar 

treatment was followed for the generated defects, which were represented by an additional three 

sheet charges We show here only the results, which are represented by a dashed line in Fig. 5 for 

the data corresponding to the lower limit in shift distributions. The parameters used to calculate 

the various potentials for both figures are summarized in Table I. It should be pointed out that 

other profiles and distributions, such as spreading the charge over much broader regions across 

the oxide gave decidedly poorer fits to the experimental data, which in most cases could only be 

fitted over a narrow bias range. The radius R=16 nm for all sheet charges was chosen to give an 

area equal to the scanned and stressed areas used in the experiments to generate the data for Figs. 

4 and 5. This value was extracted from the transmission image of the stressed area shown in Fig. 

Several conclusions may be deduced from the results of the modeling. The obtained 

densities and location of existing traps near the M-0 interface are consistent with previous 

observations on metal gated MOS structures [32]. Secondly, the trap densities near the M-0 

interface remain the same after the hot electron generation of new traps (in Table I, oj for existing 

traps remains the same in both columns). This means that hot electron stressing does not generate 

additional traps near the M-0 interface, which supports our original interpretation that these traps 

pre existed the BEEM experiment. Finally, the densities and location of the generated traps are 

not inconsistent with conclusions obtained with the hydrogen release model, which proposes a 

dangling bond origin of the traps as the hydrogen atom is stripped from the passivated Si-H bond 

near the Si02/Si interface. 
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E. Imaging charged traps ; 

After completing the field dependent stress experiment, a large area of 750*750 A that 

included the stressed area of 250*250 A2 was imaged simultaneously in the topographic and 

BEEM transmission modes, as shown in Fig. 7. The stressed area is seen as a low transmission 

region of approximately 320*320 ÄI The observation of a low-transmission reg.on that is larger 

than the stressed area is attributed to a lateral spread of the electron beam injected into the Si02 

conduction band during the stressing and/or the data acquisition process. I. should be noted that 

before stressing the BEEM image of this area only exhibits a contrast resulting from the nodular 

character of the Pd surface, as is still evident in the periphery of the BEEM image. Stressing a. 

one point was performed several times. An analysis of the threshold shifts in the proxuni.y of the 

stressing point indicates a beam spread of -100 Ä, a value that can explain the large area of low 

BEEM transmission in Fig. 7. We would like to emphasize that at least for thick oxides, besides 

the influence of the metal topography on «he BEEM image, such a big beam spread is another 

critical obstacle to the observation of   individual traps, which would be a highly desirable 

achievement. 

IV. Summary 
We have used a STM tip to locally injected electrons into MOS structures consisting of a 

35 A Pd layer on a 71 A oxide, with the intent of studying defects and defect generation in Si02 

gate oxides on a microscopic scale. Electron transport processes were studied by analyzing the 

BEEM collector current emerging from the Si substrate. In particular the shifts in thresholds were 

investigated that resulted from increases in the oxide potential due.to the presence of trapped 

charge   A model  was  developed  for  the  dynamic  oxide potential  profile  that  includes 

contributions from the oxide charge, field effects and image force (screening) effects from the 

interfaces   From the observed field dependence of the thresholds and suitable modeling, charge 

profiles and charge densities were deduced. The «as-fabricated" MOS structures exhibited 

charged electron trap densities of (0.7-2.8)xl013 e/cm2 that were distributed with decreasing 

density within 30 Ä of the M-0 interface. Stressing with hot electrons of energies exceeding 1.9 

eV generated new electron traps, which manifest themselves as a trapped charge density of (1.9- 

3 6)xl013 e/cm2 located within 40 Ä of the Si02/Si interface. The value of 1.9 eV is in excellent 
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agreement with the minimum energy of ~2 eV required to break hydrogen-silicon bonds. The 

electrically stressed area was observed microscopically as a region of low transmission that 

results from the presence of electrons captured by the traps in the oxide. 

We benefited from discussions with DJ. DiMaria, D.A. Buchanan and E. Cartier. This 

research was supported by the Office of Naval Research under contract N00014-95-C-0087. 
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Figure captions 

fig. 1. (a) Schematic representation of BEEM experiment on an MOS structure, (b) schematic 

energy band diagram of a charge-free MOS system a, V. = 0. (e) energy band diagram of a MOS 

structure with a sheet of negative trapped charge in tine oxide and under a positive oxide bias. 

Fig. 2. BEEM spectra taken sequential a« the same sampling point of a Pd/StO^-Si structure. 

VT ranged ftom -3 V -6 V and fT = 2 nA. I« should be note that on.y the range of-3.9 V - -5.5V 

of VT is shown here. Threshold energies of «he spectra are marked by vertica! dotted bars. 

Fig. 3. Charge induced threshold shifts as a fhnction of electron kinetic energy Ek = VT - *„ 

Both curves corresponding to sample 1 (circies) and sample 2 (squares) show a "soff threshold 

at -1.9 eV beyond which the BEEM thresholds again: increase. 

Fig. 4. Threshold shift as a function of applied oxide bias obtained from an area of 250x250 A> 

where existing traps were filled up win, e.ectrons a, VT = -6 V. The area was sampled in a grid 

pattern of 36 spectra. The observed threshold shifts exhibited Gaussian distributions. The 

symbols correspond to the maximum W and minimum O) threshold shifts, as well as to the 

distribution maximum (.) within a 36 spectral data set. The thresho.d shifts due to pure image 

force effects are also shown (.). The dotted curve was obtained with the sheet charge model 

presented in section III D. Two dotted vertical lines indicate three dtfferent regton of the fieid 

dependence. 
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Fig. 5- Threshold shift as a function of applied oxide bias obtained from an area of 250x250 Ä2 

that was stressed by hot electrons with VT up to -10 V. The area was sampled in a grid pattern of 

36 spectra. The threshold shifts exhibited Gaussian distributions. Up and down triangles and 

circles correspond to the maximum and minimum threshold shifts and threshold shifts due to 

pure image force effects, respectively. The dotted curve was obtained with the sheet charge 

model presented in section III. D. Two dotted vertical lines indicate three different region of the 

field dependence. 

Fig. 6. Field-dependent barrier potentials calculated with the sheet charge model (eq. 3) for the 

saturated existing traps in a MOS structure with a 71 Ä oxide. The heavy vertical bars show the 

sheet charge placements necessary to explain the experimental field-induced threshold shifts of 

Fig. 4- Their resulting potentials are shown at the bottom as Ofs and Ops that represent, 

respectively, full and partial screening at the O-S interface. Partial (dielectric) screening applies 

ly for the dashed curve for Vox= -1 V; the solid curve assumes full screening. on! 

Fig. 7. 750x750 A2 STM topography (a) and BEEM image (b) of a 40 A Pd/71 A Si02//>-Si 

structure stressed by hot electrons with VT of up to -10 V. Black-white range over the image is 32 

A in topography, and 20 pA in BEEM. VT = -7 V, IT = 2 nA, Vb = 0 V. The stressed area is seen 

as a lower transmission region of -320 Ä diameter. 
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TABLE 1. Results from the sheet charge model for charge in an as-fabricated MOS structure 

column 1, and charge generated by stressing, column 2. The dash line separates the model 

parameters of the pre-existing defects (top) from those of the generated defects. 3 sheets of 

charge are used to represent the distributions of each type of defects, a (range) is the range of 

total charge density necessary to represent the maxima and minima distributions for pre-existing 

(Fig. 4) and generated defects (Fig. 5). 
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TABLE I. 

as-fabricated stressed 

sample sample 

aj (e/cm2)xl012        9.8,   7.6,   5.4 9.8,   7.6,    5.4 

dj/tox 0.11,0.26,0.41 0.11,0.26,0.41 

a (e/cm2) (range)       (7-28)xl012 (7-28)xl012 

aj (e/cm2)xl012 ----- 6.6,   6.9,   5.8 

,1. /t   0.55,0.70,0.85 

a (e/cm2) (range)   (19-36)xl012 
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Localized electron trapping and trap distributions in Si02 gate oxides   v 

R. Ludeke and H.J. Wen 
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(Received xx April 1997; accepted for publication dd mm 1997) 

Localized trap filling and trap creation in Si02 were investigated by injecting electrons into 

metal-oxide-semiconductor structures with a scanning tunneling microscope. The resulting 

charging causes changes in the oxide potential that were studied as a function of an applied 

oxide field. The charge densities and charge distributions were obtained by modeling the field 

dependence of the potential arising from multiple sets of sheet charges in the oxide. 



The distribution of trapped charge in the oxide layer of a metal-oxide-semiconductor (MOS) 

structure has been virtually impossible to determine with conventional transport methods on 

relatively thick oxides and only its centroid could be established.'-3 We report here trapping in 

Si02 during electron injection with a scanning tunneling microscope (STM) and the determi- 

nation of the trapped charge density and its distribution. Both pre-existing (process induced) 

and stress-generated traps were observed. The trapped charge strongly affects the local potential 

seen by the injected electrons, which is further modified by the combination of an applied oxide 

field and image force effects arising from the nearby interfaces (Schottky effect). We use 

Ballistic Electron Emission Microscopy (BEEM) in conjunction with the Schottky effect to 

probe the oxide potential. From model calculations of the potential and fits to experiment we 

then deduce the charge densities and distributions in the oxide. 

In BEEM electrons are injected with a STM tip into the metal gate of a MOS structure. The 

tip bias VT is referenced to the gate so that eVT represents the kinetic energy of the electrons. 

A finite collector current Ic emerges from the Si substrate when eVT>eVth. eVth is the threshold 

energy for electron transmission and corresponds to the potential maximum in the oxide relative 

to the Fermi level of the gate metal. An energy diagram of BEEM applied to a MOS structure 

in the presence of both a negative oxide charge and an applied positive bias Vb is shown in the 

inset of Fig. 1. For Vb's used here, the boundary conditions at the oxide-semiconductor (O-S) 

interface require that the p-type Si substrate is in accumulation. For p-type Si and a Pd gate 

metal the intrinsic oxide potential V0X«Vb for the bias ranges used here.4 Details of the BEEM 

experiment are given elsewhere.3 "* Here we are only concerned with measuring Vth, which is 

obtained within an accuracy of ±0.03 V from computer fits to the Ic vs VT curves or BEEM 

spectra.6 

The 71 Ä Si02 layers used in this work were thermally grown near 800 °C in dry oxygen 

on 125 mm Si(100) wafers (boron doped to -lO" cm"3). No additional treatments were per- 

formed after the oxidation. -8x15 mm2 pieces were cleaved from the wafer and covered with 

-35 A thick Pd dots, 0.2 mm in diameter, that were thermally evaporated through a shadow 

mask in ultra-high vacuum.   The finished sample was then transferred under vacuum into the 



STM chamber.   Data were acquired in sets consisting of 6x6 spectra evenly spread over a 

25x25 nm2 area. 

Depending on prior electron beam exposure of the sampled area, thresholds varied spatially 

on a nanometer scale and by as much as 2 eV over a spectral set. These variations are attributed 

to electrons accumulated in traps of locally varying densities.47 The first spectrum on a virgin 

area of the sample always resulted in the lowest threshold (~4 eV), a value achieved subse- 

quently only by moving to another spot ~10 nm away. Sampling a closer spot already revealed 

shifts that are attributed to partial filling of pre-existing traps by electrons scattered there from 

the prior injection. This assignment is based on the observation that for electron kinetic energies 

in the oxide Ekin<2 eV (i.e. VT<6 V) the shifts in a spectral set ceased to increase (saturate) after 

a few repeated scans over the 25x25 nm2 area. The observed saturation implies that the low 

energy electrons do not create any new traps, and that the newly filled traps must have pre- 

existed the measurement. 

The approximate location of the charge can be deduced from the dependence of the thresh- 

olds on the applied oxide potential Vox«Vb. It is easily ascertained from the inset of Fig. 1 that 

a change of 8V0X will result in a threshold change of 8Vth=x5Vox/t, where t is the oxide thickness 

and x the distance of the barrier maximum from the metal-SiO? interface.3 A set of 36 spectra 

was acquired over the charge-saturated area for each integral value of 0<Vb<6 V. Within such 

a set, the thresholds for the pre-existing traps varied over a 0.6 eV range that exhibited a bell- 

shaped distribution.7 This range reflects the local fluctuations in the charge density over the 

sampled area, with an estimated resolution of 2-3 nm.5 We show in Fig. 1, curve (b), only the 

thresholds for the pre-existing defects at the peak of their distribution. The extrema in the range 

of observed shifts exhibit nearly identical behavior, but are displaced by +0.3 eV.7 The spread 

in thresholds was reproducible at other charge-saturated areas of the sample, and thus corre- 

sponds to a range in charge densities that is characteristic of this oxide sample. As Vox in- 

creases, the thresholds of curve (b) shift to lower energies. However, the shift is non-linear and 

shows a tendency to saturate prior to an additional drop for Vox>5 V. For Vox=6 V, Vth nearly 

corresponds to the value of an uncharged sample that is subject only to image force lowering 

(curve a).8   This indicates that the charge-saturated region has been temporarily neutralized at 



the high bias condition, since upon returning to Vox=0 (open symbol) Vth nearly assumes its 

original value. We attribute the neutralization to anode hole injection, a process that becomes 

very efficient when the electron energy in the Si02 exceeds 5 eV.9 For Vb<0 (open symbols), 

the threshold increases at a rate larger than the rate one would expect by extrapolating the slope 

into the negative region. As will be discussed later, the added shift is assigned to a change in 

electron screening. 

Threshold shifts of 1-2 eV were observed in addition to those attributed to charging of pre- 

existing traps for tip biases exceeding 6 V (i.e. Ekin>2 eV),7 which indicates that new traps are 

being generated and filled by the hot electrons. The Ekin=2 eV value coincides with the for- 

mation threshold for trap generation attributed to the release of hydrogen near the Si02-Si 

interface.10-'3 To ascertain that trap generation was limited, we repeatedly scanned the 25x25 

nm2 area at tip biases as large as -10 V, IT=2 na and Vox=0, and measured the thresholds be- 

tween scans. These stopped shifting after a few scans, indicating that electron trapping at the 

generated traps had reached saturation as well. The oxide field dependence was then measured. 

Due to additional scattering at the trap sites, the net collector current was rather weak and the 

mean value in the distribution became difficult to determine accurately. Hence we plot in Fig. 

1, curve (c), only the minimum of the range of threshold shifts - the maximum lies ~1 eV 

higher.7 Curve (c) is shifted higher in energy by ~1 eV compared to curve (b) for the pre- 

existing defects, a clear manifestation of additional trapped charge in the oxide. The overall 

shapes of the two curves are similar, with a noticeably higher slope for curve (c), which indi- 

cates that the newly generated defects lie closer to the Si interface. The decrease in Vth for 

Vox>3 V, which ultimately coincides with that of curve (b) at 6 V, is due to increasing charge 

neutralization that we attribute again to anode hole injection. On returning to Vb=0 the traps 

refill within the first spectral scan (open symbols), but do not quite reach the value for the fully 

saturated traps. Changing Vox to -1 V has an even more pronounced effect on the threshold 

shifts than observed for curve (b). A large fraction of this shift can be ascribed to changes in 

screening at the O-S interface. 

We now proceed to model the trapped charge in the oxide by a series of equally spaced sheet 

charges, calculate their potentials subject to proper boundary conditions, sum up the potentials 



and add the resulting defect potential to that of the oxide barrier. We then calculate the net 

barrier potential of the oxide and fit, by varying the charge density and location, the resulting 

field dependent potential maxima to the observed threshold shifts. 

The charge injected into the oxide during the areal scans covers a roughly circular area of 

radius R~15 nm that was deduced from the BEEM images (not shown). Due to the effective 

electron-phonon scattering in the Si02, this area is larger than the scanned area.5 This charge 

is then modeled by j sheet charges of density <jj that lie parallel both to each other and to the 

interfaces and are located at a distance dj from the metal-oxide (M-O) interface. The potential 

(J)j(dj-x) due to each sheet charge along the axial direction in a medium with dielectric constant 

80x is given by:14 

4>j(dj-x) = -^L {[(dj-x)2 + R2],/2 - Idj-xl} (1) 

The two interfaces restrain the potential to boundary conditions <j)j(dj)=0 at the M-0 interface, 

and (j)j(dj-t)«0 at the O-S interface, which reflects that the Si is in accumulation there. We treat 

these boundary conditions by the method of images.15 Because of the two interfaces, the 

boundary conditions require multi-image charges, that is, image charges of image charges. The 

net potential per sheet charge is given by: 

<Dj(x) = (bj(dj -x) - 4>j(dj +x) 

k 

- X p'[<t>j(2it - ^ -x) - (t>j(2it + dj -x) - <bj(2it - dj +x) + <|>j(2it + dj +x)], (2) 

Here p = (es - eox)/(£s + e0x), with es the effective dielectric constant at the Si interface. Under 

accumulation, with free carriers at the interface, ss > > 11.8, its bulk value, so that p«l. In the 

absence of free carriers p=0.49. The first two terms in eq. 2 are the sheet charge potential and 

its image across the M-0 interface, the remainder are due to the presence of the O-S interface. 

The sum in eq. (2) was limited to k=5. The net potential of n sheet charges is: Oq(x) = 

<£>i(x) + <t>2(x) +••• + On(x). Potentials resulting from the combined two sets of sheet charges re- 

presenting pre-existing defects (ad) and generated traps (a,), depicted respectively by solid and 



outlined vertical bars, are shown in Fig. 2. The solid line labeled $fs is for p=l (fully screened 

at the O-S interface). The dashed line marked <X>ps. corresponds to p=0.75, that is, a screening 

intermediate between pure metallic and dielectric. Its drastic effect on the potential near the 

O-S interface is evident as the free carrier concentration is reduced at the interface, which 

nevertheless remains in accumulation (depletion was not studied due to a drastic increase in the 

noise as transmission becomes very weak for the higher barriers). 

The total dynamic potential U(x) seen by an electron injected from the gate is the sum of 

the "bare" oxide barrier eV0, the field effect eVoxx/t, the dynamic image force lowering at the 

M-0 and O-S interfaces, e/lörcsx and ep/167ie(t-x) respectively, and <Dq: 

Curves of U(x) that incorporate both types of pre-existing (ad) and generated (a,) traps are 

shown in Fig. 2 for -1<V0X<6 V. Their height is proportional to the charge density, with the scale 

shown on the right ordinate. The strength Oj of each sheet charge and its position d, were chosen 

to give a reasonable fit of the maximum of U(x) to the experimental data of Fig. 1: First, Gj 

and dj were optimized to fit the data for the pre-existing defects, curve (b) in Fig. 1, using only 

the 5 sheet charges labeled by ad in Fig. 2 (their potential U is not shown). The increasing 

CTj's close to the M-0 interface are necessary to duplicate the observed "softening" of the slope 

in the experimental curve (b) as Vox increases. As discussed earlier, the lowering of the 

thresholds for Vox>4 V is assigned to charge neutralization, which was simulated by reducing 

the o/s to 35% of their saturated values for Vox>5 V. The result of this modeling is shown by 

the dashed line overlying curve (b) in Fig. 1. Changes of order 10% in the net charge density 

resulted in inferior fits to the experimental data. Fits to experiment for the generated traps, Fig. 

1(c), were made by keeping the identical distribution and charge density of the pre-existing traps 

and adding a second set of 7 sheet charges, labeled a, in Fig. 2, at positions and with densities 

indicated by the outlined bars. For the fits it was again necessary to simulate charge 

neutralization by reducing the a/s for Vox>4 V: the generated traps were empty for Vox>5 V 

with the pre-existing traps remaining partially filled (50% and 35% for 5 and 6 V, respectively). 

For Vox=-l V incomplete screening with p=0.75 (dotted curves in Fig. 2) gave a good fit to 



experiment. Somewhat inferior fits were obtained with a reduced set of three sheet charges per 

trap type, which nevertheless required the same total charge density and distribution as for the 

larger set. 

The following conclusions are derived from the model fits: i) The pre-existing defects are 

close to the M-0 interface and exhibit a decreasing density away from the interface. From the 

spread in threshold fluctuations, their total density lies in the range of (0.77 - 2.8) x 1013 cm"2, 

ii) The generated traps are located closer to the O-S interface, with a total density spread of 

(l_9_3.6)x 1013 cm-2, iii) The unexpected threshold increases for negative Vox are readily 

explained in terms of a decrease in free carrier screening at the O-S interface, iv) The threshold 

reductions under high bias are consistent with charge neutralization through anode hole injection 

Further conclusions relate to the electron traps and their role in oxide breakdown.10-13 The 

observed charge saturation of the generated traps implies both that the number of trap sites is 

limited within a range of locally varying densities, and that their origin is extrinsic, that is, as- 

sociated with defects/impurities that are activated by released hydrogen or other energetic par- 

ticles. However, their observed densities still appear to be insufficient for local oxide failure, 

as attempts to cause breakdown in the stressed areas failed even after injecting «104 

Coul./cm2 at Ekin«6 V (this corresponds to a Fowler-Nordheim equivalent field of 13 MV/cm). 

Alternatively, their presence may be necessary with breakdowns occurring at other defect sites 

of much lower density. Of similar interest is the apparent unimportance of the process induced 

defects to the breakdown process, at least for the 7 nm oxides studied here, as breakdowns are 

seldom observed in BEEM stressing.5 

We acknowledge fruitful discussions with D. DiMaria, D. Buchanan and E. Cartier. This 

research was partly supported by the Office of Naval Research, under Contract NO. 

N00014-95-C-0087. 
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Figure Captions 

FIG. 1. Field dependent threshold shifts for a Pd/ 71 A SiO2/p-Si(100) sample: (a) for a 

charge free sample (only image force lowering); (b) for charge-saturated pre-existing traps; 

(c) for charge-saturated pre-existing traps and stress induced traps. Inset shows an energy 

diagram of the BEEM experiment. Curve (a) was obtained from field dependent measure- 

ments on virgin areas of MOS structures.8 

FIG. 2. Barrier potential U(x) as a function of applied oxide bias Vox. The curves labeled 

OfS and <E>pS are the potentials for the oxide charge assuming full and partial screening, re- 

spectively. The topmost broken curve for Vox=-l V includes <J>ps, the solid one beneath it 

includes <t>fs. Sheet charge locations and densities reflected in the potentials O are marked 

by vertical bars.  The density scale is on the right. 
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Atomic-scale studies of electron transport through MOS Structures 

H.J. Wen, R. Ludeke, D.M. Newns, S.H. Lo and E. Cartier 

IBM T. J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598 

The STM-based Ballistic Electron Emission Microscopy/ Spectroscopy (BEEM/BEES) in 

conjunction with theoretical modeling and Monte Carlo simulations are used to clarify intrinsic 

transport issues in Metal-Oxide-Semiconductor (MOS) structures. Compared to conventional 

MOS  transport studies, BEEM/BEES offers unique advantages that  include,  besides  its 

unsurpassed spatial resolution, independent control over the energy of the electrons, which 

thereby can be injected directly into the Si02 conduction band, as well as complete control over 

the electric field across the oxide. The MOS samples consist of thin Pd "gate" dots deposited on 

7-15 nm device-grade oxides thermally grown on Si(100). BEES measures the threshold energy 

for electron transmission over the potential barrier determined by the gate metal and oxide. This 

potential is strongly affected by the combination of screening effects due to the metal gate and an 

applied oxide field. Field dependent decreases of the injection thresholds follow classical image 

force theory, through which we have determined a dielectric response of 6ox = 2.74 for electrons 

in Si02. Possible contributions to the threshold shifts from field induced tunneling through the 

oxide barrier were assessed with a WKB calculation and deemed unimportant. Justification for 

the measured eox = 2.74, as opposed to the "established" value close to the optical dielectric 

constant of 2.15, is obtained from a novel theoretical model. The model, based on a classical 

particle subject to a time-dependent potential in a polarizable medium, predicts a dynamic 

dielectric response in the oxide to a moving charge near the metal interface of EOX = 2.69. The 

image force induced distortion of the potential near the metal gate has a pronounced effect on the 

dynamics of the electrons reaching the oxide. Monte Carlo simulations show that this distortion 

strongly affects the phonon scattering rates in the immediate interface region. Energy and oxide- 

field dependent electron transmission probabilities were obtained from the simulations and were 

found to agree remarkably well with experimentally determined probabilities. 



I. INTRODUCTION 

Field assisted barrier lowering due to image force effects has a controversial history in its 

application to transport physics in MOS structures, although this concept is well established in 

condensed matter physics [1]. In modeling of electron transport across a dielectric, image force 

effects are generally ignored, in particular when tunneling, either direct or Fowler-Nordheim, is 

part of the process [2-3]. A further contribution to a lower effective barrier may result from 

electrons tunneling through the barrier [1]. However, the tunneling induced barrier lowering is 

usually small in nondegenerate semiconductors, as well as in relatively thick insulator layers. The 

image force induced barrier lowering (image force lowering) was traditionally determined by 

internal photoemission measurements [4-6]. From the observed barrier lowering as a function of 

the applied electric field an effective dielectric constant can be derived, often called the image- 

force dielectric constant. With this technique, barrier heights between metal/Si02 and Si/Si02 

interfaces and their field dependencies have been studied [5-6]. In these studies, an image-force 

dielectric constant of eox = 2.15, equal to the optical dielectric constant in Si02, was determined 

a value that has been accepted ever since [7-8]. Arguments supporting that value were based on 

the transit time (x) that an electron needs to move from the MO interface (z = 0) to the potential 

maximum (z = zm). In the case of Si the transit time was deduced to be between lxlO"14 s and 

5xl0"15 s and it was argued that the image-force dielectric constant should be comparable to the 

dielectric constant for electromagnetic radiation of these periods. A corresponding value equal to 

the static dielectric constant of 12 was determined, which agreed with the value obtained by 

internal photoemission measurements [1]. This somewhat fortuitous agreement results from the 

nonpolar nature of Si, whose dielectric constant is essentially constant for electromagnetic 



radiation from de to X = 1 ^m [9]. In contrast, Si02 is a polar material, whose optical phonon 

modes result in strong variations of the dielectric constant in the range of X = 40 to 4 um [9]. In 

this case a transit time of 5xl0"15s, which corresponds to X = 1 \xm, should correspond to a 

dielectric constant at optical frequencies, i.e. 2.15. It should be noted that a response 

characterized by the optical dielectric constant means that the lattice polarization of the medium 

(optical phonons) can not follow the moving electron; in other words, the particle moves so fast 

that the electron-phonon interaction does not occur. Consequently, the moving electron senses a 

stronger image force than at rest. In the authors' opinion, the traditional transit time argument 

that the image-force dielectric constant should be comparable to the dielectric constant for 

electromagnetic radiation of the period equal to the transit time lacks physical justification. In the 

following it will be concluded that the transit time is not a measure for predicting a dielectric 

response. In order to know how the dielectric medium responds to a moving electron, one needs 

to consider contributions of optical phonons in Si02. 

In this work, we use Ballistic Electron Emission Microscopy (BEEM) as a new technique 

to study the field dependent barrier lowering at the Pd/Si02 interface of MOS structures. We 

readdress theses issues and demonstrate that i) image force effects are important in MOS 

transport and cannot be explained by alternative processes such as tunneling; ii) the effective 

dielectric response to a moving charge lies in between the optical eopt = 2.15 and the static e^ = 

3.9; iii) a theory based on classical concepts gives a dielectric response close to experiment, and 

provides new insights to its origin, which is determined by the mean velocity rather than the 

transit time of the moving electron. A further consequence of image force effects is a decrease in 

the electron transmission probabilities at the MO interface. 



II. EXPERIMENTAL DETAILS 

A. Ballistic Electron Emission Microscopy (BEEM) 

BEEM is an STM-based microscopy/spectroscopy that differs from the conventional 

STM mode by the presence of a thin metal electrode overlying the semiconductor structure to be 

measured, as shown in Fig. 1(a). The sole purpose of this electrode is to supply a conductive 

ground plane relative to which the STM tip is biased. In our studies hot electrons were injected 

from the tip into Pd/SiCVSi MOS structures. An energy band diagram for the present BEEM 

experiment is shown in the Fig. 1 (b). The tip bias VT is referenced to the thin grounded metal 

film (the metal Fermi level is defined to be the zero potential). Therefore eVT is a direct measure 

of the kinetic energy of the electrons injected into the metal. Provided that the metal film 

thickness is of the order of the electron scattering length in the metal, most of the electrons will 

traverse the metal ballistically to reach the far interface. It should be noted here that no features 

in the BEEM spectra have been attributed to the metal layer, except for causing a featureless 

attenuation of the injected electrons. Therefore transmission across the metal is assumed to be 

independent on the electron energy, a justifiable assumption over an energy range for which the 

mean free paths are larger than the metal thickness. Electrons with sufficient energy to overcome 

the potential barrier at the Pd/SiÜ2 interface may ultimately reach the semiconductor conduction 

band, and emerge from the semiconductor as a collector current Ic. For an increasing magnitude 

of the tip bias VT, Ic is zero until VT reaches a threshold (V0), a value equal to the interface 

barrier height. The value of Vo is usually extracted from the spectra by means of a model fit. A 

separate gate bias (Vb) between the metal and semiconductor can also be readily applied within 

the BEEM configuration. This allows complete control over the field in the oxide and facilitates 



field-dependent transport studies. As Vb affects both the potential drop across the oxide (Vox) and 

the band bending of the Si at the Si02-Si interface, their relationship is nonlinear and is obtained 

by solving the appropriate Poisson equation with the assumption of a negligible density of 

interface states [7,10]. In addition, Vox also includes a part of the built-in potential of 0.50 V due 

to the work function difference between the metal and the semiconductor. In the present case, the 

work function of Pd is larger than that of n-type Si, therefore the flat band (Vox = 0) condition 

requires a negative gate bias proportional to the work function difference. 

B. Sample preparation 

Device quality oxide layers were thermally grown near 800 °C in dry oxygen on 125 mm 

diameter Si(100) wafers doped in the low 1017 cm"3 range. No additional treatments were made 

after oxidation. Here we report studies on oxides with thicknesses of 75 A and 150 A; the 

thicknesses were determined with an ellipsometer. Approximately 2x12 mm2 pieces were 

cleaved from the wafers and introduced into an UHV sample preparation chamber, where Pd 

dots, 0.2 mm in diameter, were thermally evaporated through a shadow mask. The Pd deposition 

was made with the Si substrate held at a temperature of about 30 K, which was necessary to 

produce smooth continuous surfaces by inhibiting surface diffusion. The resulting roughness was 

about 10 Ä for a Pd film of thickness of 35 A. After evaporation the sample was allowed to warm 

up to room temperature and was subsequently transferred under UHV into the STM chamber, 

where the BEEM grounding contact was gently positioned onto a selected Pd dot by means of 

three orthogonally mounted Inchworms. MOS structures with leakage resistance ^10   Q were 

generally suitable for our studies. All data were taken in the conventional, feedback-controlled 



constant tunnel current (IT) mode. For each Vb a set of typically 16-25 spectra were taken in a 

grid pattern covering a area of 250x250 A . The BEEM data reported here are generally averages 

over approximately 10 similar spectra. Additional information about the STM and data 

acquisition can be found elsewhere [11]. Within a given set of spectra variations in the threshold 

of up to several tenth of a volt were observed, which are assigned to negative charge at the Si02- 

Si interface region [12-13]. The spectra presented here were averaged over those that exhibited a 

common, lowest threshold in a given set of spectra. 

Ill DATA INTERPRETATION 

A. Classical image force theory 

When an electron crosses the MO interface and enters the oxide, it experiences an 

attractive force of its own positively charged mirror-image with respect to the interface plane at z 

= 0, and therefore has an additional negative potential energy term. The application of a voltage 

Vox across the metal and silicon further modifies the potential between the metal and the Si02 

conduction band minimum, as shown in Fig. 1 (b). Within classical image force theory, the 

z e1 

combined potential is given by  Oim(z) = eV0 - eVox ; the barrier lowering 8eV 
'«*     167re0eOTz 

with increasing Vox and the barrier position zm are given by: 

deV = 

-il/2 

47t£0£
O*'o* 

eV;     zm = 
-il/2 

et„ 

\6Ke0eoxVox 
(la,b) 

where eo is the permittivity of free space, &oX is the effective dielectric constant of Si02, and toX is 

the oxide thickness. In the absence of an oxide charge, the effective barrier height is given by 



eVth _ eVo. $eVo. Vo represents the interface barrier height at flat band conditions, as indicated 

in Fig. 1(b). Eq. (la) represents a straight line provided that the effective dielectric constant Sox 

has a single value over the considered field range. In turn, 80X and the linear relationship (a 

validity test of the classical image force) can be defined from the experimentally determined 

barrier lowering heV0 as a function of the applied oxide potential, as presented in the following. 

B. Experimental observation of image force lowering in barrier heights: £<,* = 2.74 

Representative spectra for a 75 A oxide MOS structures are shown in Fig. 2 for various 

positive oxide biases. Both the applied bias Vb and the resulting potential drop Vox across the 

oxide are indicated on the figure. The spectra are characterized by a rapid increase in IT beyond 

the threshold near 4 V, followed by a saturation, then a decrease, which in turn is followed by a 

second increase for VT > 8 V. The decrease in IT at ~ 2 V above threshold is evidence for the 

onset of acoustic phonon scattering in the oxide and is a clear manifestation of the importance of 

this scattering mechanism in oxide transport [10,14]. At these energies, the strong momentum 

randomizing phonon collisions cause the electrons to scatter back into the metal. The momentum 

relaxation rates level off at higher energies and the collector current again increases because the 

density of states, i.e. the available phase space, is increasing. Optical phonon scattering is 

important only near threshold. With increasing oxide bias Vb, the spectra clearly show a shift to 

low energy as well as an increase in absolute intensity. The increase in intensity is attributed both 

to an increase in the transmission probability in the oxide due to the positive bias [10], and to 

increases in available phase space due to the image force induced barrier lowering. In this section 



we will only concentrate on the threshold shifts (barrier lowering). The observed barrier 

lowerings derived from the spectra of Fig. 2 are plotted as a function of Vox
1/2 and are shown by 

solid circles in Fig. 3. We clearly see that the experimental data are distributed along a straight 

line, a strong manifestation of the validity of the classical image force theory. These threshold 

values were obtained by fitting the BEEM data with a simulated spectrum of the current in the 

vicinity of the threshold region (V0+0.5 eV) [10]. The simulation is based on the assumption that 

the transmission probability in the oxide is constant and field independent over the considered 

threshold region. The latter assumption implies that quantum mechanic contributions to the 

transmission probability, which are included in our theoretical BEEM spectrum, are also 

relatively field independent, an assertion supported by the excellent agreement between 

experiment and Monte Carlo simulated oxide transmission probabilities for positive oxide fields 

[10]. In order to determine the threshold energy, the experimental data were visually fitted by 

varying only the threshold energy and the intensity prefactor over the energy window, with 

emphasis on an excellent fit on the steeply rising part of the spectrum just above the threshold. 

Since this portion of the spectrum is devoid of any contributions from electrons tunneling 

through the barrier, we speculate that the determined threshold energy is not influenced by 

tunneling contributions, a conclusion supported by the excellent agreement of the threshold 

energies with classical image force theory, as well as by calculations based on the WKB 

approximation that is demonstrated in detail in the next section. The fit to the data can be made 

to within ± 0.02 eV, as marked in the figure. It should be noted that the right axis scale for the 

threshold is only in reference to the experimental data (solid circle), while the left axis (image 

force lowering relative to the flat band condition in the oxide) is valid for all curves. 
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Since the barrier lowering exhibits a linear behavior, a least-square linear fit with a chi 

value of only 0.0022 was made to the data, as shown in Fig. 3. From eq. (la), the slope of the 

fitted line is equal to 
4n£0eoxtox 

1/2 

, with EQX as the only adjustable parameter, whose value is 

determined to be 2.74±0.11. This uncertainty was estimated from the error range in the data. This 

value is considerably larger than the optical dielectric constant (2.15) and lies in between it and 

the static value (3.9). In the following, we demonstrate through a model calculation that eox = 

2.74 is more accurate in describing the dielectric response than the optical one, though, that value 

is supported by internal photoemission results [5,6,15]. It should be noted that the fitted curve 

originally missed the origin, which indicates that our initial estimate of Vox = 0.45 V for zero bias 

was off by 53 mV. Accordingly, the V^ values for the data were uniformly shifted by this 

amount. The fitted curve must go through the origin, since at zero field (Vox = 0) the barrier 

height is the same in the presence or absence of the image force potential. By extrapolating to Vox 

= 0 V, a threshold value of 4.08 ± 0.02 eY is deduced for the Pd-SiO; potential barrier V0 under 

flat band conditions. 

C. Assessment of tunneling contributions 

Before we present the theoretical nodel describing the dynamic dielectric response, we 

need to clarify the issue whether or not the observed bam or lowering include contributions from 

electrons tunneling through the barrier. It is in prinMpie possible that electron tunneling 

contributes to the observed barrier lowering, even thou;/h the described determination of the 

threshold does not include a tunneling current. We stak two facts to conclude that a tunneling 



contribution to the determined barrier lowering is negligible: (a) the barrier lowering clearly 

show a linear dependence on the square root of the oxide bias Vox
,/2, a result valid only within 

the classical image force theory, since a tunneling contribution would give a nonlinear behavior 

and  (b)  theoretical   results   based  on  the   WKB   approximation  exclude  any  substantial 

contributions for tunneling electrons in the determination of the BEEM thresholds. It should be 

kept in mind that the latter correspond to electrons going over the barrier at nearly unit 

transmission probability, whereas that for tunneling electrons diminishes exponentially rather 

rapidly for energies below the barrier maximum. These concepts were quantified and the results 

are presented by dotted lines in Fig.3. The approach taken here is to assess the field dependence 

of tunneling electrons at a given transmission probability. Unlike standard tunnel current 

calculations for MOS capacitor structures, the tunnel current for BEEM experiments cannot be 

calculated analytically due to the complexity of hot electron scattering processes in the metal and 

at the interfaces. Calculations were carried out with and without the inclusion of image force 

lowering, as well as for the various e^ = 2.15, 2.74 and 3.90 values. An electron effective mass 

at the bottom of the conduction band of 0.5 mo (mo is the electron rest mass) was used [8]. No 

strong dependence on the mass, although varied from 0.3 mo to 0.5 mo, was observed. The 

singularity of the image force potential at the interface (z = 0) was removed by assuming <Dim(z) 

= 0 for <Dim(z) < 0. Tunneling probabilities were calculated as a function of tip voltage for various 

oxide biases. A virtual threshold energy can be set at a certain tunneling probability, then barrier 

lowering relative to the zero field case can be plotted as a function of Vox
I/2. The tip voltages at 

the tunneling probability of 50 % are plotted by dotted lines in Fig. 3. The three upmost lines 

were calculated with e™ = 2.15, 2.74 and 3.90; the bottom curve was obtained by excluding the 

10 



image force potential altogether. First of all, it is clearly seen that the bottom curve deviates 

considerably from the experimental data, which allows us to conclude that the image force 

potential plays the main role in the observed barrier lowering. Second, the theoretical curves are 

nonlinear, a behavior that increases with increasing bias and becomes even more dominant for 

lower tunneling probabilities. We argue that the absence of such deviations from linearity in our 

data precludes substantial contributions of tunneling in our methodology of determining 

thresholds. This statement does not mean that tunneling is absent, but rather that its contributions 

below threshold are inconsequential to the determination of the threshold. This is attributed to the 

rapid increase of phase space for transmission above threshold that determines entirely the 

collector current behavior on which the threshold were fitted. For a tunneling probability of 

100% the calculated results exhibit the expected linear behavior that exactly matches solutions of 

the classical image force theory for all three values of eox. Therefore we conclude that the 

observed barrier lowering are solely attributed to the image force potential, with an effective 

dielectric constant of 2.74. It should be noted that Monte Carlo calculation by Fischetti et al [16] 

lead to similar conclusions. 

D. Classical calculation of the retarded phonon field: £ox = 2.69 

In order to understand the origin of the experimentally determined £oX = 2.74, we present 

a theory based on classical concepts to calculate the effective dielectric constant for an electron in 

a model BEEM experiment. 

In the model, the electron moving in SiÜ2 as a classical particle with trajectory re(t) and 

charge q produces a potential V(r, t). We calculate V(r, t) and then obtain the force acting back 
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on the particle at r = re. The dielectric medium is assumed uniform with a local dielectric 

response. The presence of the metal/dielectric interface is taken into account by introducing the 

image of the particle. Then all potentials in the left-hand half space (z <0) are automatically zero 

when we define the potential on the plane (z =0) to be zero. We start from the formula [17] 

F(F, 0 = V\P, t) + ^- \ d3r'P(f', t) . V, yL^ (2) 

where V{f,i) is the total potential, V°(r,t) the external potential caused by the particle and its 

image in vacuum, switched on at t = 0; and P(r,t) is the induced polarization in the dielectric 

medium defined through the local polarizabilitya(r - t'): 

P(r,t) = -e0\'a(t-t')VV(r,t)dt' (3) 

MKS units are used throughout. Using Green's theorem, eq. (2) becomes 

V{z, t) + — \dt'a(t - t')V(z, t') = V\z, t) (4) 
p      JO 
fc0 

where r is replaced by z, since the particle in our case is traveling along the z-axis. Eq. 4 is 

solved by taking its Laplace transform, giving V(z,p) = V°/[l + ä(p)]. ÖT = aopl + aph is the 

sum of the optical response, independent of p, and phonon response aph = ga>2
ph/(p2 +co2

A), 

where g is the phonon coupling strength. Through the frequency dependent dielectric function 

e(p) = est + 6opt = 1+ otopt + aph, it can readily be shown that g = est - eopt. After suitable 

substitutions and inverse Laplace transformations, one finally obtains: 
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V(z,t) = - 
e0eop; z + ze(t)_ 

+ ■* st opt 

JO z + z(t') 
dt'    (5) 

where the phonon response is described by a(f) = a> V '. The latter is obtained from the 

Fourier transform of the probability distribution w(*) = 4<D
3
*/TI(X

2
 + <D

2
)

2
 , and represents a 

Debye-like power law behavior at low frequencies with a high frequency cutoff, the simplest 

form of a broadened phonon spectrum short of the actual multi-mode distribution. For Si02 the 

higher lying optical mode (coph = 0.153 eV [9]) was assumed to represent the oxide, est = 3.9 and 

8o, = 2.15. Since acoustic phonons are not polarizable, they do not contribute to the image force 

field. It must be noted that the first term in eq. 5 represents only the image term of the external 

potential and a self energy term representing the quantum mechanical polaron cloud surrounding 

the particle is not included in eq. 5, since the particle is treated classically. The integral term 

represents the effect of electron-phonon interaction over a time period t. Since the phonons are 

described by harmonic oscillators without damping, the electron-phonon interaction does not 

transfer any energy from the electron to the dielectric. The total energy of the electron is thus 

conserved. The equation of motion is obtained by differentiating V(z,t) w.r.t. z and setting z to V. 

d2z 
-m e_     Voxq + 

dt2 167tE0£o/), 

esi        eopt 

^47re0e„eop, 

|/o2+*e2(Oj 

[z«(0 + ZeiO]7 + 4r0 

(6) 
dt' 

We have included here a softening factor r0 in the image force term to avoid the singularity at z, 

= 0. Its value r0 = 1.33 a.u. was chosen so that the peak in V(z,t) relative to the Fermi level in the 
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metal equals V0 (*4V). It should be noted that the integral term explicitly represents the electron- 

phonon interaction force. The differential equation is run until the critical velocity vc, and hence 

critical kinetic energy (Ec = \mvc
2) is determined for the particle to just cross the barrier. The 

results are demonstrated in Fig. 4. Two masses, m = m0 and 0.5m0, were used in order to assess 

the sensitivity of the mass on the results. The numerical results, again plotted against V1/2, exhibit 

a nearly linear behavior, in good agreement with the classical image force theory. From the slope 

in the case m = m0 , which is close to the Si02 conduction band mass [18], an effective dielectric 

constant eox = 2.69 was obtained. This value is in very good agreement with the experimental 

value 2.74. 

The measured and calculated value for eox * 2.7 is incompatible, as mentioned earlier, 

with the transit time argument. Based on the above considerations we know that the integral term 

(phonon contributions) is the underlying cause for the increase of eox from 2.15 to 2.69. Another 

critical issue in this matter is that sox is essentially constant over the field range of ~0 to 9 

MV/cm. In order to gain more insights into these issues, we further simplify the integral term in 

eq. (6) to an average force exerted by the phonons on the electron over the transit time, that is 

K °>J*/vri , with vel defined as the electron mean velocity. This simplified term tells us that the 

strength of phonon contributions is dependent on the electron mean velocity rather than the 

transit time. Over the applied range of Vox the variations in Vth are relatively small (3.5-4 V), 

whereas xm varies from -0.4-2.2 nm. Consequently, ve/can be treated as nearly constant, which 

adequately explains a constant value of e^. For a value ve/~8xi07 cm/sec, based on half of the 

injection energy, the range of the transit time x corresponds to an equivalent impulse of lOco h- 
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50cDph, a range that is clearly in the optical response range of Si02 (eox~2). Therefore we conclude 

that the transit time is not a proper measure for predicting an image force dielectric constant. The 

fact that the average force (oc <DJ,/V;, ) is nearly field independent is further demonstrated in 

Fig. 5, which depicts the total work and retarded work in the phonon field calculated until the 

electron approaches its potential maximum zm. The results reveal i) the average force, given by 

the retarded work divided by the total distance xm is nearly the same for both fields; ii) the 

retarded work is mostly done as the electron is approaching its potential maximum (zero kinetic 

energy). The latter is understood from the optical phonon scattering rates [10, 14, 19] that are 

only substantial when the electron energy is comparable with that of the phonon modes (< 200 

mV) [9]. The latter point is a consequence of the Coulombic nature of electron-optical phonon 

interaction. 

Based on the above discussions, we conclude that the dielectric response depends on the 

nearly field independent mean velocity of the electron, rather than the transit time. The reason for 

the different values of eox obtained from different experimental methods is largely due to the 

improved sensitivity of BEES to detect the low energy electrons that barely surmount the barrier. 

For fields beyond the range of the experiment we expect deviations from the observed linearity, a 

tendency already suggested by the numerical data in Fig. 4. 

E. Image force effects on BEEM transmission probabilities 

The inclusion of image force effects drastically changes the potential shape at the MO 

interface region and therefore has pronounced influence on the transmission probabilities. In the 

presence of the image force potential, the conduction band near the MO interface is strongly bent 

15 



down, compared to a triangular barrier (dashed line) in the absence of the image force, as 

indicated in Fig. 1 (b). Thus the kinetic energy of the injected electrons are quite large. As a point 

of reference, for W = 75 A and Vox = 4.4 and 0.1 V, eq. (1) gives zm = 4, 26 A, respectively, 

values that are comparable to the electron mean free paths in Si02 [14]. The large kinetic energy 

within zm causes a drastic increase in the scattering rates that dramatically lowers the 

transmission probabilities. 

Fig. 6 shows transmission probabilities Tox calculated by Monte Garlo methods and 

deduced from experimental data for cases with and without image force effects. Details of the 

Monte Carlo simulation used to calculate Tox have been described in Ref. 10. Here a summary 

and some added details on the treatment of image force effects are given. The electron transport 

model used is based on a Monte Carlo integration of the Boltzmann transport equation, which 

requires a description of the electron motion in the conduction band structure of SiÜ2 in the 

presence of the electric field Eox, as well as a detailed account of the electron scattering processes 

in the oxide. A single valley conduction band was assumed for the oxide, with an energy 

dependent effective electron mass m = 0.5mo at the bottom of the band. At high energies, the 

electron mass is assumed to revert to the free-electron value mo. Electron-phonon scattering was 

based on semi-empirical scattering rates for both longitudinal-optical (LO) phonon scattering and 

acoustic phonon scattering [10,19]. Electrons were isotropically injected into the oxide. The 

transmission probability was determined by tracking energy, momentum and position of the 

injected electrons until they leave the oxide either at the metal contact or at the silicon substrate. 

Only the latter contribute to the transmitted current. Back-scattering into the Si02 from either 

contact was neglected. The transmission probability Tox is calculated as Tox = nS;/N, where N is 
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the number of injected electrons (typically 1000) and nSj is the number of electrons reaching the 

silicon substrate. The results for a 150 Ä oxide and for Vox = 4.4 V (triangles and open circles) 

and 0.1 V (solid circles) are shown in Fig. 6. The inclusion of image force effects in the 

simulations for 4.4 V drops Tox from near unity to 0.6. Comparing with the experimentally 

determined Tox for Vox = 0.1 V and 4.4 V (solid line and dashed line), we clearly see the 

necessity of inclusion of image force effects in Monte Carlo simulations. Experimentally Tox is 

determined by first calculating Ic with equation Ic = KxmoToxx0slT assuming Tox = 1, where xmo 

and tos are the kinematic transmission probabilities across the metal-oxide and oxide-silicon 

interfaces and K is an energy independent constant of order unity. K is used as a fitting parameter 

and includes the attenuation of the injected current in the metal layer. xmo can be expressed 

analytically in a free electron model that is based on the overlap of available conduction band 

states on either side of the interface, and includes the energy distribution of the electrons injected 

by the tip, the Fermi function and quantum mechanical transmission probabilities. It varies 

slowly with energy and exhibit little structure [20]. xos = 1 for Vb > 0 V. The curve Ic versus VT, 

determined by Ic = KxmoToxxosIT, is fitted at the threshold over a narrow (-0.2 eV) energy range. 

The energy dependence of Tox, which is readily determined by dividing the BEEM spectrum 

(experimental Ic versus VT) by the calculated one [10], corresponds to the deviation of the 

calculated curve from the BEEM spectrum. 

The cause for the drop in the simulated Tox is acoustic phonon scattering that dominates 

in the region of z < zm because of large kinetic energy Ekin of electrons. A large fraction of 

electrons are scattered back into the metal before they reach zm, drastically decreasing the 

transmission probability. The agreement between simulation and experimentally determined Tox 
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is quite good for low Vox, but includes a substantial region of discrepancy within 1 eV of 

threshold for Vox = 4.4 V. The reason for this appears to be related to a field dependency of the 

quantum mechanical transmission probability [21], which was not included in the simulations 

thus far. 

IV. Conclusions 

In conclusions, the paper presents field induced barrier lowering observed with the 

BEEM technique. Combining experimental observations and theoretical considerations, we 

demonstrate that inclusion of image force effects has significant influence on barrier heights and 

electron transport processes. In the following, a further discussion is added about the response of 

a polarizable medium to a moving charge. The classical model presented in this paper was set up 

to describe a system governed by quantum effects. Nevertheless the results of an effective image 

force dielectric constant lying in between the static and the optical are intuitively physical and in 

agreement with our experimental results. However it should be noted that a quantum mechanical 

treatment may be required for conditions outside the present experimental range. Provided the 

velocity of the particle exceeds a certain limit, electrons on the metal surface are not able to 

follow the time varying field of the moving particle; in effect, the metal/dielectric interface can 

no longer be treated just by introducing the image of the particle [22-23]. The concept of "transit 

time" is not valid either. Since the time scale of the moving particle is so short (10"15 s), the 

uncertainty principle no longer allows us to describe the particle with a certain velocity at a 

certain time. Therefore the classical treatment using trajectories to describe a particle's motion 

needs to be replaced by quantum mechanic solutions. In addition, the quantum mechanic polaron 

18 



cloud surrounding the propagating pscicie, which modifies the particle's selfenergy, may need to 

be considered as well. The lattei j^ie appears to be sn important consideration for low electric 

fields, for which the barrier may,ijnurr jes deep withia the oxide. 
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Figure Captions: 

Fig. 1. (a) Schematic representation of a BEEM experiment on an MOS system, (b) 

schematic energy band diagram of a charge-free MOS structure under positive oxide bias Vox. 

Fig. 2. BEEM spectra (Ic vs VT) for a 75 A Si02 layer for indicated positive oxide biases 

taken at IT = 2 nA. 

Fig. 3. Observed threshold shifts (solid circles) resulting from fits to the BEEM data of 

Fig. 2, as well as shifts deduced from classical image force theory (solid lines, corresponding to 

e =2.15 2.74, 3.90 respectively). Dotted lines are theoretical results calculated by WKB 

approximation; the three upmost lines correspond to eox= 2.15, 2.74, and 3.90; the bottom line 

was obtained without considering image force effects. 

Fig. 4. Field induced barrier lowering obtained by the dielectric response model (eq. 6). 

The slope of the fit through the numerical results (•) for the case m = m0, corresponds to an 

effective dielectric constant eox = 2.69. The two dotted lines represent the optic (2.15) and the 

static (3.9) limits respectively. 

Fig. 5. The total work and retarded work (electron-phonon interaction) obtained by 

solving eq. 6 for an electron in a model BEEM experiment. Results for a high field (12.7 

MV/cm, solid line) and a low field (1.27 MV/cm, dashed line) are presented. Note the retarded 

work is multiplied by factor -200. 

Fig. 6. Transmission probabilities Tox calculated by Monte Carlo methods for Vox = 4.4 

V/0.1 V with (triangles/solid circles) and without (open circles) image force effects. Solid lines 

represent transmission probabilities deduced from experimental data. 
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