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OBJECTIVES: 

This is an AASERT award in support of a parent Air Force contract (F19628-93-K-0015) from 
Rome Laboratories at Hanscom AFB. It was used to support the research work of a graduate 
student (Byong Kim) on this project which was for us to improve the understanding of internal 
photoemission for Schottky-barrier IR detectors (SBIRDs) and to attempt to use this improve 
understanding to design either more efficient SBIRDs or SBIRDs with improved wavelength of 
operation or to increase the operating temperature. We used the newly developed technique of 
ballistic electron emission microscopy to carry out this work. 

Accomplishments/New Findings: 

This AASERT award was used to support Mr. Byong Kim. This report reviews the additional 
effort made possible on the parent grant by the AASERT award. The parent contract has 
separate reporting requirements and all the information reported here has been included in these 
reports. A copy of the final report to the Air Force covering this work is attached. In addition, 
Dr. Kim has written up his research results in a Ph.D. thesis which we can supply to AFOSR if 
desired. Dr. Kim is a US citizen, received his B.A. in Physics and Psychology from Rutgers 
University in May, 1991, and entered our graduate program in the fall of 1991. He passed the 
Qualifying Examination in September of 1992 and passed his Candidacy Examination in June of 
94. He completed all the required courses and maintained a 3.925 QPA (out of 4.0). He 
defended his Ph.D. thesis in July of 1996. 

His thesis project involved the epitaxial growth of insulator (CaF2) on Si as well as of metals (Pt, 
PtSi, Co and CoSi2) atop CaF^Si structures. He has been characterizing the electronic transport 
across the CaF2 intralayer using conventional I-V spectroscopy. He also started a collaboration 
with Dr. Carl Ventrice, Jr. and Vincent LaBella (who is currently working on his Ph.D. thesis with 
me) to characterize the properties of the very thin CaF2 layers using UHV ballistic-electron- 
emission microscopy (BEEM). This work is continuing after Dr. Kim's departure. 



Personnel Supported: 

This AASERT award was used to support Byong Kim. Mr. Kim is a US citizen and completed 
his Ph.D. thesis in July, 1996. 

Other personnel associated with this research (which were supported by the parent Air Force 
grant) included: 
Dr. Leo J. Schowalter, professor in the Physics Department and Assoc. Director of the Center for 

Integrated Electronics and Electronics Manufacturing. 
Dr. Carl Ventrice, Jr., post-doc and Visiting Assistant Professor in the Physics Department Carl 

is now an Asst Prof, at the University of New Orleans. 
Mr. Vincent LaBella, graduate student. 

Publications acknowledging AFOSR support: 

"MBE Growth of Thin CaF2 Films on Vicinal Si(lll) Surfaces," B. M. Kim, C. A. Ventrice, Jr., 
T. Mercer, R. Overney, and L. J. Schowalter, Applied Surface Science (1996). 

"The effect of substrate misorientation on the evolution of surface morphology in epitaxially 
grown CaF2/Si(lll) heterostructures," B.M. Kim, S.R. Soss, R.M. Overney, and L.J. Schowalter, 
Mat. Res. Soc. Symp. Proc. Vol. 399, p. 177 (1996). 

"Design of a scanning tunneling microscope for in-situ topographic and spectroscopic 
measurements within a commercial molecular beam epitaxy machine," C.A. Ventrice, Jr., V.P. 
LaBella, and L.J. Schowalter, submitted to J. Vac. Sei., Technology (1996). 

"Dependence of Heteroepitaxial Growth on Substrate Misorientation: Nucleation of CaF2 on 
Si(lll) Surfaces," B. M. Kim,R. M. Overney, T. G. Thundat, and L. J. Schowalter, submitted to 
Appl. Phys. Lett. (1996). 

"The Effect of Substrate Misorientation on Growth Morphology and Relaxation of Misfit Strain 
in CaF2/Si(lll) Heteroepitaxy," B. M. Kim, T. G. Thundat and L. J. Schowalter, manuscript in 
preparation. 

Ph.D. Thesis with AFOSR support: 

"The effect of substrate misorientation on molecular beam epitaxial growth of thin CaF2 film on 
Si(lll) surfaces," B.M. Kim, Ph.D. thesis (Rensselaer Polytechnic InsL, unpublished, 1996). 

Additional publications acknowledging parent AF grant: 

Measurement of Hot-Electron Scattering Processes at Au/Si(100) Schottky Interfaces by 
Temperature-Dependent Ballistic Electron Emission Microscopy," Physical Review B (1996). 



"Hot-electron Scattering at Au/Si(100) Schottky Interfaces Measured by Temperature Dependent 
Ballistic Electron Emission Microscopy," Applied Surface Science (1996). 

"Design of a scanning tunneling microscope for in-situ topographic and spectroscopic 
measurements within a commercial molecular beam epitaxy machine," C.A. Ventrice, Jr., V.P. 
LaBella, and LJ. Schowalter, submitted to J. Vac. Sei., Technology (1996). 

Interactions/Transitions: 

Byong Kim and/or Leo Schowalter have presented the research work covered by this grant at the: 
1995 March Meeting of The American Physical Society; 
Fifth International Conference on the Formation of Semiconductor Interfaces (ICFSI- 

5IJune95); 
Gordon Research Conference, July, 1995; 
the 1995 Fall Materials Research Society Meeting, Dec, 1996; 
the 1996 TMS Annual Meeting, Feb., 1996 (invited talk); 
the 1996 Spring Materials Research Society Meeting, April, 1996; 
the 1996 American Vacuum Society Meeting, Oct., 1996 (oral presentation scheduled), 
the 1996 Fall Materials Research Society Meeting, Dec, 1996 (oral presentation scheduled). 

In addition, either Prof. Leo Schowalter, Byong Kim, or both have visited Rome Laboratories at 
Hanscom AFB to describe the current status of their work eight times during the life of this 

AFOSR grant. 

New discoveries, inventions and patent disclosures 

We have filed a patent disclosure entitled "Precise control, on a molecular level, of a epitaxial 
insulator across a large area substrate." This disclosure details the technique we have developed 
for growing precisely 2 monolayers of CaF2 across almost all (except in regions where thick 
islands of CaF2 are formed) of a large area substrate in spite of local fluctuations in the deposition 
rate. We claim that this technique will be useful for the formation of tunnel-barrier devices. Of 
particular interest for the Air Force on this contract, is the use of a tunnel-barrier to tailor the 
Schottky barrier in an infrared, Schottky-barrier detector. At the present time, it does not appear 
that Rensselaer will pursue patent protection on this invention. 



This contract was for us to improve the understanding of internal photoemission for Schottky- 
barrier IR detectors (SBIRDs) and to attempt to use this improve understanding to design either 
more efficient SBIRDs or SBIRDs with improved wavelength of operation or to increase the 
operating temperature. Below, we have summarized our work in five areas on this project. The 
first area, covered in Sec. I, is the development of calcium fluoride tunnel barriers which may be 
used to increase the operating temperature of PtSi SBIRDs. In particular, we have demonstrated 
a new technique for growth of exactly two monolayers of CaF2 on Si(lll) substrates. In Sec. n, 
we describe our work with ballistic electron emission microscopy to determine electron scattering 
processes in thin metal layers and at metal/Si interfaces. During this contract, we constructed an 
in-situ STM/BEEM system which allowed us to make measurements directly on PtSi and Pt 
surfaces without having to protect these surfaces from oxidation. Our preliminary results with 
this instrument are described in Sec. HI. Sec. IV describes the theoretical model we have 
developed which explains why the Fowler-like behavior typically observed in the photoresponse 
for many Schottky-barrier metal/semiconductor interfaces does not prove that crystal momentum 
parallel to the interface is conserved. In fact, it is more likely an indicator that scattering at the 
interface dominates and crystal momentum is not a good quantum number at all. Finally, in Sec. 
V, we describe the Monte-Carlo program that we have developed to model ballistic electron 
scattering in thin metal layers and across the metal/semiconductor interface. Initial results 
demonstrate that electron (or hole) scattering at the metal/semiconductor interface may, in fact, be 
the dominant transmission mechanism for most (nonepitaxial) metal/semiconductor systems. 

Details of papers published, presentations, meeting attendance, and interactions are given at the 
end of this report. 

L Calcium fluoride tunnel barriers 

Summary of this work: 
A new technique for growth of exactly two monolayers of CaF2 on Si(lll) substrates is 
demonstrated. This technique takes advantage of the tendency of CaF2 to form thick 
islands at Si step edges on vicinal substrates once a two-monolayer thick wetting layer is 
deposited. A comparison of I-V characteristics for epitaxial CaF2 layers grown on on-axis 
versus off-axis substrates demonstrates the advantages of this technique. This techniques 
has potential application for tunnel barriers and other applications where precise control of 
the thickness of a very thin layer is crucial. In particular, we believe that these tunnel 
barriers can be used to reduce the ratio of dark current to signal at higher operating 
temperatures for Schottky-barrier IR detectors (SBIRDs). 

For these studies, thin CaF2 films were grown at 770 °C by molecular beam epitaxy on 
Si(lll)-(7x7) substrates which were miscut by either ~2°, ~0.5°, or -0.1° toward the11"2 azimuth. 
Prior to growth, the substrates were prepared by a standard RCA chemical clean followed by a 
heat cleaning to 975 °C for 35 minutes in the MBE growth chamber; further details are given in 
Refs. 6 and 7. The surface of the epitaxial CaF2 films was characterized in-situ with reflection 
high energy electron diffraction (RHEED), using 14 keV electrons, and ex-situ with atomic force 
microscopy (AFM). The average thickness of films was determined by Rutherford backscattering 
spectrometry (RBS) using 2 MeV He+2 ion beam Metal-insulator-semiconductor structures were 



prepared for I-V measurements by evaporating Au dots (7xl0"2 cm2 in area and -100 nm in 
thickness) through a shadow mask onto the epitaxial CaF2 layers, by using a resistively heated 
Tungsten boat placed in a conventional, high vacuum chamber. 

A typical RHEED intensity temporal profile, monitored during CaF2 growth at 770 °C, is 
shown in Fig. la. After CaF2 deposition is initiated, the specular diffraction spot RHEED 
intensity shows almost two complete oscillations which indicates that the single step density 
oscillates as monolayer-high islands nucleate and then coalesce3. After the second peak, the 
RHEED intensity decays gradually to a constant level indicating that the step density approaches a 
constant value as further CaF2 growth proceeds. The CaF2 flux was determined in-situ by 
associating the second peak in the RHEED intensity profile with 2 monolayers (MLs)- of CaF2 

deposition. This assumption was verified by demonstrating that the average CaF2 film thickness 
determined by RHEED dimEED corresponded very well to' the average CaF2 film thickness 
determined by Rutherford backscattering spectrometry (RBS) d^s as shown in Fig. lb. 

The surface morphology (Fig. 2a) of a 0.5±0.2-nm-thick CaF2 film grown at 770 °C on the 
2° miscut Si substrate exhibits random corrugations, which have an average height of 0.45±0.1 
nm and a diameter of 30+15 nm, over the entire Si surface. This result is consistent with the 
oscillations in the RHEED intensity observed at the initiation of epitaxy and indicates that the 
wetting layer grows by formation and coalescence of isolated islands of atomic height on the Si 
terraces. Under these growth conditions, similar findings have been reported by Tromp et al.4 

using in-situ low energy electron microscopy (LEEM) and also by Avouris et al.5 using ultra-high 
vacuum, scanning tunneling microscopy. CaF (layer 1) and CaF2 (layer 2) 

The evolution of CaF2 surface morphology observed beyond 2 MLs (for the CaF2 films 
grown at 770 °C on 2° miscut substrates) as characterized by AFM is illustrated in Figs. 2b to 2d. 
It shows that thick islands (in triangular shapes with an average height of ~5 nm) are nucleated at 
the Si step edges which are bunched into step bands with an average height of ~3 nm (Fig. 2b). 
These islands grow laterally (in trapezoidal shapes) along the step bands (Fig. 2c) until they 
coalesce and form a complete overlayer after ~5.2 nm of CaF2 is deposited (Fig. 2d). 

The plot shown in Fig. 3 summarizes the early stages of CaF2 epitaxy at 770 °C on both 2° 
and 0.5° miscut Si (111) substrates. By linearly fitting the data points in the plot, we have 
extracted a simple equation of the form: 

dB = dc + d, ■ f, (1) 
where dB corresponds to the average CaF2 thickness (as determined by RBS),/corresponds to the 
fraction of area covered by CaF2 islands (as determined by AFM), dc and di are fitting parameters 
corresponding to the wetting layer thickness and the average island height, respectively. For 2° 
miscut substrate, the best-fit values of di =5.19 nm and dc =0.54 nm were determined while 
corresponding fit values on the 0.5° miscut substrate were: dt =1.91 nm and dc =0.21 nm. This 
linear relationship between / and dB demonstrates an unusual growth behavior after the CaF2 

wetting layer (dc) is formed. Thick island nucleation occurs in triangular shapes at the step bands 
only after this wetting layer is formed. Remarkably, once nucleated, the thick islands grow 
laterally along the step bands with a constant island height (di) to eventually form a flat overlayer 
(i.e., dB = dc + di at/=l). In agreement with this simple picture, we find that the CaF2 uniformly 
covers the entire surface when the total layer thickness exceeds 5.73 nm or 2.12 nm on vicinal 
substrates miscut by 2° or 0.5°, respectively. 

The specular diffraction spot RHEED intensity profile, monitored during CaF2 epitaxy on 
well oriented (< 0.1° miscut) substrates, indicates that the growth proceeds in a layer-by-layer 



mode up to 2 MLs in the same fashion as nucleation observed on both 0.5° and 2° miscut 
substrates. However, unlike the vicinal substrates, growth beyond the first 2-MLs proceeds in a 
step flow fashion without the formation of thick islands. Furthermore, we observe the onset of 
line-defect formations, characteristic of misfit dislocations, for films thicker than 3 nm On the 
somewhat thicker layer for a total thickness of a 5.2±0.7 nm, evidence for a regular array of misfit 
dislocations, which densified with film thickening, is observed (Fig. 4). Almost identical misfit- 
dislocation configurations have also been reported by Tromp et al.4 who studied the strain 
relaxation mechanism by following the growth of CaF2 at 770 °C on well-oriented Si(lll) 
substrates with in-situ LEEM. 

Figs. 5a and 5b Show a series of current density-voltage (J-V) curves taken on the CaF2 

layers of various film thickness grown on 2° miscut and 0.1° miscut Si(lll) substrates, 
respectively. Looking at the shape of the J-V curves., one can see that, on 2° miscut substrates,' 
the current density progressively shifts downward in correspondence with increasing film 
thickness. This point is highlighted in the inset (marked as open circles) of Fig. 5b, a plot of J at 
1 V for different values of film thickness, which illustrates the current reduction of an 
approximately two orders of magnitude between the thinnest (0.5 nm) and thickest (5.2 nm) films 
grown on 2° miscut substrates. On the other hand, as shown in Fig. 5b, a completely different 
conduction behavior is observed for films grown on 0.1° miscut substrates in which the J-V curve 
of a 2.7 nm thick film lies below that of the thinnest film (0.8 nm), while for thicker films (3.4 nm 
and 5.2 nm) the curves are positioned above that of the thinnest film This point is also 
highlighted in the inset (marked as closed circles) of Fig. 5b which shows the initial decrease 
followed by subsequent increase in the current density with film thickening. 

The electrical results in Figs. 5 have a strong correspondence with our AFM data which 
demonstrated the onset of dislocation nucleation at critical thickness of ~3 nm for films grown on 
0.1° miscut substrates, while line-defect free terraces were observed up to 9 nm for films grown 
on 2° miscut substrates. Under an assumption that the 2.7 nm thick film in Fig. 5b is coherently 
strained, the current conduction in the film is expected to be smaller than that of the 0.8 nm thick 
film However, upon crossing the critical thickness at ~3 nm, misfit dislocations are nucleated at 
the interface, which may provide a pathway for the larger current flow in films thicker than 3 nm 
It should be also noted that the current flow in films thicker than 3 nm grown on 2° miscut 
substrates is approximately two orders of magnitude smaller than for films grown on 0.1° miscut 
substrates. The J-V trend on 2° miscut substrates may represent epitaxial films which are largely 
made up of coherent structures, and the misfit dislocations and increased defect concentration in 
the relaxed films of 0.1° miscut substrates may allow for the larger current conduction than in the 
apparent, pseudomorphic films of 2° miscut substrates, as observed in Figs. 5. 

In conclusion, we have shown that at 770 °C on clean Si(l 11) 7x7 surfaces, CaF2 first forms 
a 2-MLs-thick wetting layer, which exhibit a rough surface, in a layer-by-layer mode. However, 
subsequent growth beyond 2 MLs depends strongly on substrate misorientation. On vicinal 
substrates, CaF2 growth proceeds by the nucleation and coalescence of apparent, pseudomorphic 
islands at Si step bunches. While on well oriented substrates, CaF2 grows rather uniformly 
without forming thick islands. In this case, misfit strain is apparently relieved by nucleating 
dislocations with critical thickness at ~3 nm 

References for Section I 
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Fig. 1. (a) The specular diffraction spot RHEED intensity proffle monitored during a 5.2±0.7-nm-thick 
CaF2 epitaxy on the 0J° miscut Si(lll) substrate at 770 °C The RHEED intensity proffle 
initially shows almost two osculations which correspond to 2 MLs of layer-by-layer CaF2 

growth, (b) The average CaF2 film thickness determined by RHEED (d^m)) is plotted as a 
funcuon of the average CaF2 film thickness determined by RBS (dMS). The CaF2 thickness, 
dKHBED, was measured by associating the second peak of oscillations in the RHEED intensity 
profile with 2 MLs for the CaF2 films grown at 770 °C. 
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Rg' 3* ^ TS!fe,CaF2 thiCkneSS d'(3S measuredby *BS) is plotted versus the rraction/(as measured 
by AFM) of the wetting layer covered by thick CaF2 islands for 2° (open circle) and 0 5° (solid 
circle) miscutSid 11) substrates. 



M o 

S3 

00 



>   T-   T—  t-   T- 

CN CO CN CN 
'III 

to co a) a 
~J oj oo r^ in 

*■; N; •>T OJ 
t™ OO i~' r^ 

,EEEE 
= c c c c 

£  Ö CN CO lO 

•   <l 

CN 
> 
CO 
O) 

ö 
> 

(2UJO/V) r 'Xjjsuap jusxino 

CO 
i 

(gra/V) r 'Xjisuap juajjno 

2.  'S" "O 

r- .g  o 
03   S   ^-^ 

B8°' 00 So "? 
S3 «   § u «-. _ 
SI« 
•a -a   w 
'S  S  3 

||t 
*slt! 
I    *   « IS   <o   eo 

M  u   u 

SSI 
s = O    co   — 
H  -  | 

«-J    «■* w 
«      9 I4H So s 

CO w 

• <-4 art 

3.BI g-, a 
u 

€ "9 

a 
«O 
4> 

—    ""^     CO 

-MS™ 

ss o  ce 

•C  5  « « 
a U .3 '3 

M 
E 



H. Measurement of Hot-Electron Scattering Processes at Schottky Interfaces by 
Temperature-Dependent Ballistic Electron Emission Microscopy 

Summary of this work: 

A^vfnn!eCtr°i emiSSi°n akx0KaPy measurements have been performed on n-type 
Au/Si(100) niterfaces for injection energies up to 1.2 eV over a range of Au overlayer 
thicknesses from -65 A to -340 Ä at both room temperature and 77 K.   Hot-electron 
attenuation lengths in the Au overlayer have been determined to be 133 ±2 Ä at room 
temperature and 147 ±6 Ä at 77 K over the energy range of 0.92 eV to 1.20 eV above the 
Fermi level  The lack of energy dependence and the relatively small temperature-dependent 
change m the attenuation lengths that have been measured indicate that electron scattering 
with defects is the dominant mechanism affecting hot-electron transport in these Au 
overlayers.   The ratio of the zero thickness collection current at 77 K to that at room 
temperature has been measured to be 1.79 ±0.09.   This large increase in the collection 
efficiency at 77 K is attributed primarily to the large temperature dependence of the 
transverse acoustic phonon population in Si.   Images with significant reductions in the 
collection current at topographic locations which have a large surface gradient have been 
obtained at room temperature.    Calculations, which assume that the probability of 
transmission across the interface is independent of the transverse momentum of the 
electron, correlate well with the experimentally observed reductions. This result indicates 
that the injected electrons remain forward focused with little broadening as they pass 
through the Au overlayer which implies that elastic scattering at the Au/Si interface 
accounts for the observation from previous Au/Si ballistic electron emission microscopy 
studies that transverse momentum is not conserved. 

IIA.     Introduction 

A fundamental understanding of the various hot-electron scattering processes at metal- 
semiconductor (M-S) interfaces is important for the optimization of the transport properties of 
many electronic devices such as metal-base transistors and infrared Schottky photodiodes. During 
the initial stages of the development of solid-state technology in the 1960's, there was a 
considerable research effort in this field.  The primary experimental method which was used to 
measure the scattering lengths of hot-electrons in metals during that time was internal 
pnotoemission . This technique measures the photoresponse of a M-S interface over a series of 
metal film thicknesses to determine the attenuation length, A,, of the photoexcited electrons 
However extracting the path length for inelastic scattering from this data is complicated by the 
fact that the penetration depth of the photons in the metal as well as the energy distribution of the 
photoexcited electrons is dependent on the photon energy. In addition, the kinetic energy range 
over which X& can be measured is limited to the band gap, Eg, of the semiconductor.   The 
uncertainty in these early internal pnotoemission measurements is exemplified by the fact that 
values of ?ia ranging from 740 Ä to 330 Ä at a photon energy of ~1 eV have been reported for 
Au/Si samples by different research groups2"4. 

The development of ballistic electron emission microscopy (BEEM) by Bell and Kaiser5 has 
provided the scientific community with a powerful new tool for determining hot-electron 
scattering lengths at M-S interfaces.  BEEM is a scanning tunneling microscopy (STM) based 



technique where the STM tip is used as a very narrow, energy-tunable, forward-focused source 
for electron injection into a metal overlayer. By collecting the current which passes through the 
metal into the semiconductor as a function of tip position and tip bias, information about the local 
Schottky barrier height and the hot-electron transport properties can be obtained on a nanometer 
Su    IT't0 PfPerly intelPret ±e sPectroscopy data and interfacial images obtained with 
BEEM, a fundamental understanding of the scattering process within the metal overlayer at the 
metallurgical interface, and within the Si substrate is essential.  In this paper, we report BEEM 
measurements which were performed to determine the relative importance of temperature- 
dependent scattering mechanisms on hot-electron transport across Au/Si(100) interfaces    The 
Au/Si system was chosen as a model M-S interface primarily because of the relatively 'simple 
electronic structure of Au, a lone 6s electron in its outer shell and a filled inner 5d shellI   In 
addition, Au is a noble metal which provides an advantage over most metals in that it can be 
characterized under ambient conditions. 

Although Au/Si has been the most thoroughly studied interface with the BEEM technique it 

A^n°nm0KV «'u *'„T °f ?' m°St controversial ***&**•  * the first BEEM studies'of 
Au/Si(100) by Bell and Kaiser5, excellent agreement was obtained between their spectroscopy 
data and calculated curves which were derived assuming ballistic transport through the metal 
overlayer and transverse momentum conservation at the interface. However, Schowalter and Lee 

made the observation that the BEEM spectra for both the Si(100) and Si(lll) substrates have 
similar line shapes and current onsets which is unexpected since transport into the Si(l 11) surface 
requires a large transverse crystal momentum component while transport into the Si(100) surface 
does not.   Monte Carlo simulations of the BEEM spectra using a model which conserves 
transverse momentum at the M-S interface were performed and indicated that elastic scattering in 
the Au overlayers, accompanied by multiple reflections off the surface and interface, resulted in a 
near isotropic momentum distribution and an inherent loss of spatial resolution at the M-S 
interface. A^subsequent BEEM study by Lee et al.7 which found no correlation between surface 
gradients and the measured BEEM current gave support to these Monte Carlo calculations   In 
contrast to these results, a BEEM study by Palm, Arbes and Schulz8 which directly imaged 
fluctuations in the Schottky barrier height of Au/Si(100) interfaces over spatial distances of -15 Ä 
provides evidence that transport through the metal overlayer is essentially ballistic 

To complicate matters further, a microscopy study by Fernandez et al.9 found that for Au/Si 
mterfaces grown under ultra-high vacuum (UHV) conditions on bare Si and imaged in air, no 
BEEM current could be detected. They interpreted the lack of BEEM current to the formation of 
a disordered Au-Si alloy at the interface which resulted in strong scattering of the BEEM 
electrons. In addition, they found that by controllably dosing the clean Si surface with various gas 
molecules before Au deposition they could obtain homogeneous BEEM currents that could be 
ureversibly changed by performing BEEM at tip biases higher than ~3 V.   However, a recent 
BEEM study by Cuberes et al.10 of Au/Si(lll) samples prepared and imaged under UHV 
conditions found that BEEM currents could be obtained at tip biases as large as 8 eV with no 
apparent modification of the interface.   Their synchrotron based photoelectron spectroscopy 
(PES) results also indicated that the Au/Si interface formed at room temperature (RT) is an 
d^T^f a sak?de-likB surface segregation layer. Trying to reconcile these results is 
dirticult due to differences in sample preparation conditions and in the methods of detection used 
by many of the groups performing BEEM research. 



«J^T? £e eTXental evidence for non-conservation of transverse momentum is quite 
strong for Au/Si and Pd/Si interfaces, the precise nature of the scattering mechanisms is not well 
understood It would seem that symmetry breaking parallel to the interface would be a sufficient 
condition for violation of transverse momentum conservation since these are non-epitaxial 
STtifS    l°l ' adaoK°Py ™d spectroscopy studies12'13 of Au/GaP(110) and 
Mg/GaP(110) which are non-epitaxial and also non-abrupt interfaces have obtained good 
agreement between curves fitted with a transverse momentum conserving model and their 
experimental data. Presently, it is not clear whether these discrepancies result from an additional 
source of scattering that may be present at Au/Si and Pd/Si interfaces or from the method which 
was used to model the data for the Au/GaP(110) and Mg/GaP(110) studies 

To better understand the scattering mechanisms at Au/Si interfaces, we have performed a 
temperature-dependent BEEM spectroscopy and RT BEEM microscopy study on the Au/Si(100) 

r^freH R™^Ctr0SC0Py ^ kdiCate *" *"* is a larSe temperature dependence to the 
Wh n*eT rSnUT7et 0IÜy ' SmaU temPe^e-dependent change in the attenuation 
length of the electrons in the Au overlayers.  From these result,, we have determined that the 
primary temperature-dependent scattering mechanism affecting BEEM electron transport is 
acoustic phonon absorption in the Si substrate. Within the uncertainty of the measurements of K 
no energy dependence was observed at RT or 77 K. This result and the aforementioned relative^ 
smaU temperature dependence of Xa indicate that the mean free path for scattering from defects in 
tihe Au overlayer is significantly smaller than that for inelastic electron-electron scattering or for 
electron-phonon scattering.   Evidence for reductions in the BEEM current for large surface 
t?fc^ >!aS ?btTd f°r aiaoKOPy *»** taken with sufficiently sharp STM tips, and 
rtLhT^L ted ™* ±e inCreaSe k Path ^ t0 to *""*<*. fuming tL  the 
Probability^of transmission is independent of the angle of incidence. This result provides strong 
evidence that electron transport through the Au overlayer is essentially ballistic and that the 
observed violation of transverse momentum conservation occurs at the interfacial region. 

IIB.     Hot-Electron Scattering Processes 

A schematic of BEEM electron transport across a M-S Schottky interface is shown in Fig 6 
Elections injected into the metal overlayer from the STM tip will have an energy distribution 
which decays exponentially from a maximum value of eVT. AU electrons which approach the 
semiconductor region with an energy which is less than the Schottky barrier height, d>s, will be 
scattered back into the metal. A fraction of the electrons which approach the semiconducting 
region with an energy greater than 3>s will travel across the barrier and be detected as a BEEM 

ZTn' ^ rgnitUde °f ±C C0UeCted BEEM current * ***& intomd by scattering 
sTbsti™ m ^ ^ ±e aeaäbtt^ "««to. ** within the semiconducting 

A determination of the relative length scales of elastic and inelastic scattering processes in the 
metal overlayer is especially important since these scattering events have a direct effect on the 

TCZÜ^? ** M_S kterfaCe md ** ** range °f ™* °veria^ tMcknesses whit can be probed. Electrons can scatter elastically off defect sites or quasi-elastically by emission or 
absorption of acoustic phonons.   For metals with more than one atom per tdKaTS 

STiSf l°Tonofopticalphononsk*°possible<Auhas°*yone2°*»Ä basis). Although the energy quanta of acoustic phonons are typically on the order of a few meV 



tiie energy quanta of optical phonons can exceed 50 meV for compound metals. Therefore the 
determination of whether electron scattering with optical phonons is considered to be a quasi- 
elastic process depends on the particular modes available for that system Hot-electrons can also 
undergo inelastic electron-electron collisions with electrons near the Fermi level resulting in an 
average energy loss of half of their original kinetic energy. When the inelastic mean free path for 
scattering, A* is of the same order as the elastic mean free path, X^, the transport process is 
essentially ballistic since electrons which have undergone multiple scattering events will  on 
average, not have enough kinetic energy to cross the Schottky barrier.  In this limit, the BEEM 
current, Ib, should show a clear exponential dependence on metal film thickness with Xa measured 
in a BEEM experiment given by lAa = lAi + lfo In the limit where ^ « Ä* the transport is 
expected to be diffusive in nature since the probability of undergoing multiple elastic scattering 

7!f SA^°re STermlm'hsÜc^is ***• ™s *® ™»lt ^ an electron momentum distribution 
at the M-S interface which is completely independent of the momentum distribution at the point of 

At the M-S interface, a fraction of the incident electrons will backscatter into the metal 
overlayer due to quantum mechanical reflection. For non-epitaxial systems and non-abrupt 
interfaces, there will be a break in symmetry parallel to the interface which will result in additional 
scattering at the interface. For epitaxial systems, the transverse momentum of the electron is 
expected to be conserved as it travels from the metal to the semiconductor. This condition will 
result in a critical angle for transport into the semiconductor substrate which increases as a 
function of the energy of the incident electron5. As a direct consequence of transverse momentum 
conservation, either a delayed or soft threshold for Ib is expected for electron transport into 
semiconductor surfaces where the projection of the conduction band rninimum is not on the 
surface Bnlloum zone center. 

Within the semiconductor substrate, electrons can scatter by emission or absorption of either 
acoustic or optical phonons^ As shown in Fig. 6, the position of the Schottky barrier maximum is 
not.at the metallurgical M-S interface but is shifted by a few nanometers into the semiconductor 
due to the image potential. Electrons with energies just over the threshold for transmission that 
excite phonons in the region before the Schottky barrier maximum are expected to have a high 
probabihty of re-entermg the metal. Beyond the Schottky barrier maximum the internal electric 
tield  in  the  depletion region  accelerates   the  electrons   toward   the  interior  of n-type 
semiconductors. Therefore, the effect of phonon scattering on the magnitude of Ib in the region 
beyond the Schottky barrier maximum depends on the doping density of the semiconductor since 
this defines the length of the depletion region, and thus the acceleration rate.  For the 2-4 Q-cm 
samples used in this experiment, the distance to the Schottky barrier maximum, dSBM, and the 
depletion depth, d^, are calculated to be -50 Ä and ~1 urn, respectively14.   Since this is a 
relatively low doping density, electrons which scatter in the region just beyond the Schottky 
barrier maximum are expected to have an equal probability of either re-entering the metal or 
passing through the semiconductor depletion region. Once the kinetic energy of the electrons in 
the semiconductor exceeds Eg, electron-hole pair generation, or impact ionization, becomes 
ZZ      f r6 the.int™1 electric field * *e semiconductor will sweep the electrons toward the 
W5 senuconductor a** the hole towards the metal, an electron multiplication process 



10 

co JT^ °V"la57S
4

morc "^ a few ™»°^^ thick, <*, d*,, and dSBM arc expected to be 
coverage independent. Assuming that quantum interference ef&cK can be neglected the BEFM 
current can then be expressed as a product of the transmissiviues ZughtiSZt ovS 
acrossi the metallurgical interface, and through the semiconductor depleTon reliön S 
propomon of electrons which traverse the metal region with energy, E, tffl decayZonendauv 

from dt?! rfta8* t0 ? T°*** taKrfaCe' <»>• wh- 6 ifees S~e from fte surface normal.   This results in the following expression for the measured BEEM 

IB(E,T,(U = IapA(E)B(E,T)exp[-dm/X.(E,T)cos(e)], m) 

^Z^S^S 'B^TT^
01

 *"• elSCa°n aW^m fom te »■> °^yer **> me semiconductor lattice, B(E,T) is the transmission factor for electron transDort throm-h th, 

factor A(E) is assumed to be independent of the angle of incidence which m„,lt/fiL ,7 

s^nriv »Ihe nt ^""^l** *» to pad. length for phonon absorption Jk depend 
strongly on the phonon populations in the metal and semiconductor regions. 

f/C.    Experimental 

lie BEEM measurements were performed with a modified Kaiser-Jakfevic STM desien" 
which has toe. separate, orthogonal, planar piezo drives for tip «»JnSw. sreppermomr 
for the fine approach of d>e sample. The STM is housed in a nquid nitrogen (LNj) dS wS 
■ incorporated into a glove box. To perform low temperature BEEM, die dewar * pml wni 
high-punty N2 tea» backfiffing ^ ^   ^ ^ design of teSmX to 
^current amplifier and BEEM current amplifier in the dewar near L STM head ^reduce 

rtfe££ f"-*" ChangM fa "" P"*™» characteristics of die operaS 1SL 

gam which a independent of the temperature of the sample is crucial to measurina the 
hanperature dependence of die BEEM transmissivity, the ampnfiers ware moved oSTof Z 

sSr^BNC cote«'CaSt,alUminUm b0XeS WhiCh W " » te S™ suppTtageS 
Suf to L ZXT -*°I ttmPeratoe COmpa,ibIC dtta-thin coax" fc «5 to c4 the 
1^7 . . T HS W"h "* outer c°»taor biased at the same potential as the hmer 
conductor to reduce capacitive couphng.   The outer insulating sheath of 7e coax wasT 
removedtoimprovetheflexibilityofthecoaxatlowtemperatures 

The Au/Si(100) Schottky diodes were prepared from n-tvne 2-4 n-cm Si   j,™,™,.   .   . 
was applied to the back of each sample by^ting indium omo anaitf me ^S^SSS 

were checked by measuring the resistance across Si samples with indium applied to boTthTfront 
and back of the sample. Resistance values across these fri-Si-In junctions of -40 ß aT RT were 

^ranol^soTtion^rf f ?"" *Z " * *** * ^^^ 
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evaporated from a tungsten thermal boat source through a shadow mask to form a rectangular 
2.5 mm x 10 mm diode.  The nominal deposition rate was -0.5 A/s and was monitored with a 
quartz crystal microbalance.   The base pressure of the evaporation unit is ~10"8 Torr with a 
typical evaporation pressure of -5 x 10-7 Torr.    Calibration of the Au overlayer coverages 
measured with the quartz crystal microbalance was performed periodically using Rutherford 
backscattenng at a separate facility.   The uncertainty in the measurement of the Au overlaver 
thickness is estimated to be within ±5%.  It is also noted that in the early stages of this study 
samples were prepared by applying the indium contact after the deposition of the Au to prevent 
any effect that solvation of indium in the etching solution might have on the etching procedure 
However, this technique often resulted in images with large changes in the BEEM current which 
could not be correlated to any topographic features.  It is assumed that this effect results from 
interdifussion of Au and Si during the application of the indium since a previous Auger electron 
spectroscopy (AES)/low energy electron diffraction (LEED) study18 and a transmission electron 
microscopy (TEM) study19 have provided evidence for gold suicide formation at the M-S 
interface at temperatures well below the eutectic of 363 °C. 

Both Au and Pt-Ir (90:10) STM tips were chosen for the BEEM measurements since they do 
not form a native oxide under ambient conditions.   The Au tips were prepared from 0 25 mm 
diameter wire either by DC electrochemical etching in a 50:50 HCl:ethanol solution or by cleaving 
at a very sharp angle with a razor blade.   Etching produced very sharp whisker-like tips, as 
examined under an optical microscope. However, instabilities in the tunnel current during the fine 
sample approach were often observed for etched tips which was correlated to the poor mechanical 
ngidity of the whisker-like tip structures. Since cleaved tips did not exhibit instabilities during the 
fine approach, this was the primary method used for making Au tips. The STM images from both 
etched and cleaved Au tips showed similar topographies.   The Pt-Ir tips were prepared from 
0.50 mm diameter wire by cutting the wire at a very sharp angle with ordinary wire snippers 
Since previous STM studies with Au tips have shown that Au atoms field desorb at a relatively 
low tip bias of -3.2 V , the energy range for our spectroscopic data was limited to 1.2 eV to stay 
well below the field desorption limit 

IID.    RESULTS 

UP. 1   Temperature-dppendent BF.F.M spectmscnpy 

BEEM spectroscopy spectra were obtained at both RT and 77 K over a range of Au overlayer 
thicknesses from -65 Ä to -340 Ä. A semilog plot of the percent transmittance (I^T x 100) as a 
function of Au overlayer thickness at a tip bias of -1.2 V is shown in Fig. 7. A minimum 0f 80 
spectra were collected over a surface area of -2000 Ä x -2000 Ä for each coverage and 
temperature. A histogram of the transmittances was plotted for each data set, and the value of the 
average transmittance was derived by fitting a Gaussian curve to each histogram with the error 
bars representing the full-width at half-maximum of the curve. For coverages with both a 77 K 
* RJu

fr^!mi
J
ttance' both data set* were collected from the same sample within 6 hours of each 

other (the RT data was collected first). The linear curves through the data sets represent least- 
squares fits applied to the data. Since averaging over such large data sets should eliminate any 
effects of surface gradient on the transmissivity, K can be obtained from the inverse of the slope 
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&etJrceptSqUareS *  ^ *" ^ ^^^^ ^^ = A(E)B(E,T), is obtained from 

The absolute value of A(E) and B(E,T) can not be determined independently from our 

SXTe ratitofT ±C fT"™ dePCndenCe °f B(E'T) ™ * *« £ 
JÄ-? °f th:^r° leDgth «nmrnriflance. at 77 K and RT, I0(E,77K)/I0(E,RT) = 
B(E,77K)/B(E,RT), smce A(E) is expected to be independent of temperature. A 50 meV increase 

UE imUERV l 'r H f " ^ Eg °f S1"l0W te~S; therefore ^eTtio 
rTlnn'L ^ « \ ^ ted f0r C°nStant ^^ ener^ » ^ Si conduction band and is 
nhf   Hm ^8a'/ ValUe °f U9 ±0-09 0ver a **** enerSy nmge of 140 meV to 380 meV £ 
rtnTat StfT •** r0XJmately h3lf °f * " ^ch c™ -to Äti0: region at RT back scatter into the metal overlayer after phonon absorption 

A plot of A. as a function of tip bias at both RT and 77 K is shown in Fig. 8b.  With our 
instrumentaüon, X could be measured accurately down to energies of -100 meV above *s over 
the range of Au thicfaiesses measured in this study.  A value of 133 ±2 Ä and 147 ±6 A were 

271 •* ; ^ "* 7? K'reSPeCtiVely- M Can bC - * «* 8b' no «** depend^: for A at: after temperature is observed within the uncertainty of the measurements. The value of 

nf m A *Z TT? ^ Xa St RT deViateS sHghtly fr0m ±e Previously ^asured values 21'22 

Its— °r TS1BEEM »»"«■««*■ ™s aviation most hkely results from our 
measurement oUa over a larger range of sample thicknesses than in the earlier studies. However 
drift»» in the sample preparation procedure and in the uncertainties of the metal oveTw 
thicknesses may also account for these slight discrepancies. In contrast to mese resulT a^ 
attenuation length of Xa = 30 Ä for the system Au/6aP(110) was derived from Mon*f Car" 
simulations of BEEM data12. Tnis low value for K is probably an effect of the afferent growtii 
morphology of Au on GaP(l 10) over the range of thicknesses measured in their study 

HD.2 Room tempgramm RF.P.M na^p 

Although our spectroscopy data, which measured only an 11% increase in X, at 77 K indicate 
that quasi-elastic scattering from acoustic phonons in the Au overlayer has a negligibk; Seton 
££££.«^den« fransmission probability, this does no, preclude ^^ 
ZT/SS8 ^ tbe traject0I>' of electrons fa *= metal overlayer    Therefore  a 

KEM ^ *al^T*- ,0 COmlatC "** t0p0graphic features «a* cta8=s in the BttM current.   Smce electron injection over a surface topographic feature with a non-zero 

BÄ£Ln~MW
ta? t0 "" M"S taerfare' " * 4cted ma« ,SdT 

S S££? A    ,   fT" f J"» "*" gradien,S'   ™s effect * °to called me search-tight effect.   A calculanon of the expected reduction in the BEEM current as a function 

across me hchottky barner is independent of the angle of incidence, t e transverse momentum k 
no. conserved a. fcemterface. For min Au overlayfrs, a very large su^a^™"« to 

a 50% ST      r?T flB (&r 3 5° Ä 0VCTlayer'a 8radieM of ~70° * -ded "ob^" 
J^Z Tnr,I B)- , SCT AU °Verlayer tUckneSSeS- * h ™re s™*- to surface gradient (for a 300 A overlayer, a gradient of-40°. is needed to observe a 50% reduction in I , 
but the magnitude of IB is near the limit of detection. reduction in IB), 
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From analysis of our BEEM data measured with Au tips and Pt-Ir tips, it was determined that 

SÄS^n? T prim7factor ±at m™™ ** *«* "* «E S paging with Au tips, changes in the tip geometry were often observed during STM scans and 

^TS »TTss rges which we correlate to - extreme*«■* Ä a™, ZZt w«h Pt-Ir tips produced much more consistent STM topographies. A schematic of tie effectS 

electrons is shown in Fig. 10 where the dashed lines represent the resolved topographies for each 
tip condition. For the range of Au overlayer thickness in this study, rounded suXeSires Sth 
a spatial extent of -50 Ä to -200 Ä and heights from -30Ä ^^k^^T^ 

ÄSToS en°Ugh H° °bSerV,e aPPredable ChangeS * ** BEEM cutenTeit^y near the bottom of the crevices between these rounded structures, a sharp tip protrusion which I 
longer than tie average height of the rounded surface structures is needS to S^ «^ 
asshowninFig. 10b. A BEEM image of a -500 Äx -500 Ä area of a 103ÄA«Zk 
imaged with a Pt-Ir tip is shown in Fig. 11. Asymmetric surface features are ÄS 
topography shown in Fig. 11a with surface gradients as large as -75° being measld The 
corresponding BEEM image shown in Fig. lib shows regions of reduced BEEM "of up^o 
-85% which correlate with the regions of the STM topography where high surface Taints we ° 
measured. During collection of the data, the reductions in the BEEM current wL ^^0 

fellT     IT' WhiCh ***" ** ** effeCt does not result *» the tiacl^g of tie feedback control system    Images performed below tie Schottky barrier height wL also 
fearless which precludes tie possibility that tie features observeTare due to a cfuplu of tie 
BEEM current with tie signals from the piezoelectric drives. S 

HE.     Discussion 

«rJ?* 'T0""^ T* °f ** Bmsmissi''ity Plots at both 77 K and RT shown in Hg 7 rives 

Ze8o7^1f„at tnT™ °\length m0<H ^ nX k *m *» A» overlay™^ range of -65 A to -340 A. The observation that the attenuation length in the metal and the 
transtmssmty through the semiconductor depletion region are temperatuSdependenT^c^d 

Za^PeTdP0^ati0nS *,,b<* regl0nS Sh0Uld decrease - » *"*» ÄSSTK estimate the relative interaction lengths of both elastic and inelastic scattering events fa the metiS 

ISS T*   T?" ""' "" T *»-*»» °f »• ™* >* «"- ra" account Assuming that the conmbution of multiply scattered electrons to the BEEM current can be 
neri,cfad^ action fangti, of the BEEM elections fa the metal overlayer canTe^seo 
as w. - irk + A* + lAa where X, is the path length for inelastic electron-electron scattering 
V is the path length for acoustic phonon scattering, and X* is the path length for defect 
scattering.   Since sharply reduced BEEM currents at regions of large gLients tta s^ace 
topography have been observed, tins strongly suggests Lt «his appro£nan"n " v"m 
probability for inelastic electron-electron scattering is theoretically predicted to have a (E + EF)/E2 

dependence where EF is the Fermi energy of the metal*   This should result fa a de crease irT°C 
-40% over the energy range 0.9 eV to 1.2 eV. Therefore, the lack of energy dependence for X 
radicates that the path length for elastic scattering events is considerably ZJr thTma. t 
electron-efceuon scattenng.   The value of X* is expected* to be approximately Zl ,o the 
conductivity mean free path of pure bulk An which is 417 A at 273 K and 1668 A at 77 K   Sfat 
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the measured value of X> is only 133 Ä at RT and a relatively small 11% increase in this value is 
measured at 77 K, this indicates that the scattering in the metal overlayer is primarily dominated 
by elastic scattering from defect sites. 

One might be tempted to conclude that the measurement of a smaller value for A, than JL 
should result in diffuse transport through the metal overlayer. However, the actual magnitude of 
K which is required for transition to the diffuse transport regime is difficult to determine from 
first principles . Our experimental observation of the "search-light effect," as well as previously 
published BEEM results for Au/Si interfaces8'21 which have measured nanometer resolution at the 
M-S interface for similar Au overlayer thicknesses, indicate that the electron transport is ballistic 
In other words, once an electron is deflected from its original trajectory by an elastic scattering 
event, the probability of it eventually crossing the M-S interface without undergoing an inelastic 
scatter is still quite low for the defect density of these films. 

/ oc^w RT gr°Wn Au/Si(100> * a non-epitaxial system with a very large lattice mismatch 
(-25%), it is expected that the metal overlayer will have a very large defect density during the first 
several layers of growth. In fact, a previous AES/LEED study18 of Au/Si interface growth at RT 
has indicated that gold suicide is present in the overlayer and that no long range order is observed 
with LEED for coverages up to -100 Ä. Beyond this coverage, no gold suicide was detected and 
diffuse nng structures which transformed to distinct multi-domain (111) LEED spots by a 
coverage of -300 Ä were observed. This growth morphology may also partially explain the large 
discrepancy of the value of X. measured by BEEM and by internal photoemission since the Au 
fflm thicknesses measured in the internal photoemission studies were considerably larger than 
those measured in this study. In fact, Ludeke and Bauer11 have come to a similar conclusion for 
the large discrepancy between the value of A, that they measure for Pd/Si with BEEM (31 Ä at 
1 eV) and the value measured2 by internal photoemission (170 Ä at 0.85 eV).   For epitaxial 
systems where the metal overlayer defect density can be more carefully controlled, there should be 
better agreement between the attenuation lengths measured by BEEM and internal photoemission 
Attenuation length measurements at 77 K for the epitaxial CoSia/Si(lll) interface have resulted 
in values of \a = 70 Ä by BEEM spectroscopy25 and \a = 90 Ä by internal photoemission26 at an 
energy of 0.8 eV which gives credence to this model. 

-- J1*5 me
j
asurement of a1*1081 twice the transmissivity through the depletion region of the Si at 

77 K is in direct contradiction with previous analytical calculations27'28 which predicted only an 
-15% increase in the transmissivity for Au/Si at 77 K.  Both studies modeled the temperature- 
dependent collection efficiency in the depletion region as due to electron interactions with the 
63meV transverse optical phonons in Si.    However, all semiconductors with the diamond 
structure have a low frequency transverse acoustic phonon branch which has an anomalously flat 
dispersion away from the zone center that results from the strong coupling of the lattice ions with 
the electronic states in the semiconductor29. It is expected that electrons over the energy range 
measured in this study should have a significant probability for interaction with these thermally 
excited transverse acoustic phonons30.   In addition, the transverse acoustic phonon energy31 of 
-20 meV for Si is small enough to expect a significant population of this mode at RT. Since the 
models used in the previously mentioned analytical calculations only considered electron 
scattering with optical phonons, the neglecting of acoustic phonon scattering modes is the most 
probable origin of the large discrepancy.   This large coupling of the electrons to the acoustic 
phonon modes may-also partially account for the similarities of BEEM spectroscopy data for both 
tne M(100) and Si(lll) surfaces since phonon scattering events before the Schottky barrier 
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Z^r W°f^.Pr0Zide aa
fc
adcfiti0Ml source of transverse momentum.  However, the relative 

importance of this effect, when compared to scattering at the interface which resuks from Z 

ZZ^T °f * AU/S1 ^ Can n0t te <"* at *» time"mp" dependent BEEM measurements on the Au/Si(l 11) have not been performed 

certa^vt^°nf°Hnearly ^^ BEEM ***** °f Au/Si(100> * several «"«P* * most certainly an effect of üp apex geometry. Although we have obtained images whEh show clear 
evidence for me search-light effect, the great majority of images taken with both AuLd £?frZ 

oftiif« WhT^f6?- * additi0n'±C mt*™ °f Ae tips ** - aPex *« allows hmgSg 
scan^Lc s   15 1 S      " ^ ^ * * &aCti0n °f a BEEM scan <a *Pical B^ scan takes -15 mm. for our microscope). This is presumably due to the delicate nature of such a 
sharp protrusion   Since the yield strength of ft.fr is approximately twice that of Au^e superio 
mechanical stability of ft.fr tips during imaging is not unexpected. Although, the quaSty of Au 

ctlVnmrg "".I 0Und t0 ^ **** to ** tipS' ** COntrary was ** for spectr'oscopy   Tip contamination problems were not encountered very often for either Au or Pt-fr tips at RT 
howeve^large ir*tabihties in the tunneling current were often observed when using ft-fr tips « 
77 K. Therefore, all of the spectroscopy data reported in this paper were taken using Au STM 

tonn^!Tgh the,tiP aPCX •ge0metry * f0Und t0 play a "*** role * the observed BEEM 
for dÄ P PreHParaT ?e0CedUre **** ^° exPlain some of *« discrepancies observed 
shou^fTTT dmg Af[ iDterfaCeS- IdeaUy' preparinS samPles under UHV conditions 
££ to" enst^LTt T°Ued' COntamÜiation free -terfaces. However, great care must be 
token to ensure that the Au source is properly outgased before deposition since Si is a very 
reactive surface. For Si samples prepared by a wet chemical etch before Au deposition^ 
contamination problems during deposition are reduced since the Si surface is left with a hyZ£ 
passivation layer32. On the other hand, contamination problems can occur during the S 
process itself if the composition of the etching solution is not carefully controlled Smc re! 

ft" W13 £?.:a. g°ld ^ ««** -nation layer exis* during the Jtialsta^ 
BEEM Sir  ^f    ' A * eXPe?d ** *** Smdde layer WOuld have ™ adve™ effect on BEEM imaging performed in air due to the formation of an insulating Si02 overlayer.   No 
indication of this effect has been observed for the samples prepared in this study which either 

££££?£VHade 1S effeCtiVely bUried f0r Ae range °f ^ ***— ~d into study or that the hydrogen passivation layer prevents the formation of the suicide layer. 

IIF.     Conclusions 

* ♦?* iaCk °f energy dependence md Ae relatively srnaU temperature-dependent change in Xa 

SIKO TeaSUred T? BEEM ** COnsiStent "** ** dominance of dectmn scattering from 
hetf T i rang! f AU °VerlayerS mBMI,red " ** Study- * additi^ the large discrepancy 
berween the values of X measured by BEEM and internal photoemission for Au/Si samples ha. 
been primarily attnbuted to the different growth morphology of Au at the higher coverages 

t^X^Zo^t^^ StUdi6S-    ^ *■"*« —mentf wMch S determined that almost half of the electrons which pass into the Si depletion region are scattered 

SS c^tiW^hf RT,dUe t0 PhT°n abSOrpti°n' ***» ** ^5S 
£Ä5^^ *■importance of hot-electron kteractions * 
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The measurement of the "search-lieht effect" fnr Anrannm «• 

me injected electrons through the Au overlayer remains unchanged, at enerÄUD toT rt^nrf 
for overlayer thicknesses up to a few hundred Angstroms. Tta obsem3f ZS£L BETM 
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Figure 8: (a) Plot of the ratio of the zero thickness transmittance at 77 K to that at RT, IjnKffloQU) as 
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Figure 11: fa) STM topographic image of a -500 Ä x -500 Ä area of a 103 A Au/Si(100) sample (VT = - 
1.2 V and IT = 5 nA). (b) BEEM image taken simultaneously with the topographic image shown in (a). 
The grey scale range for the BEEM image is 0-120 pA with dark areas representing low BEEM current 
The grey scale range for the STM image is 120 A with light areas representing high surface features' 
Surface gradients as high as -75° are observed in the STM image and correlate to regions of the BEEM 
image with an -85% reduction in the BEEM current 
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HL Design and installation of a scanning tunneling microscope for in-situ topographic and 
spectroscopic/BEEM measurements within our molecular beam epitaxy machine 

A scanning tunneling microscope that performs  scanning tunneling microscopy,  scanning 
tunneling spectroscopy, and ballistic electron emission microscopy measurements on 2-inch 
wafers has been designed and constructed.   This instrument was constructed so that we could 
make BEEM measurements on reactive metal surfaces such a Pt or PtSi.  Prior to constructing 
this instrument, we had tried passivating the PtSi surface by putting down a protective Au layer 
However,  the  Au layer  (particularly,  the  Au/PtSi interface)  sufficiently complicated  the 
interpretation of the BEEM measurements that we found this scheme unattractive. The in-situ 
mstrument is incorporated into the Si preparation chamber of our cryo-pumped Fisons V90H 
Si/m-V molecular beam epitaxy machine. Its design uses two commercial1 Burleigh inchworms- 
one for performing scanning tunneling microscopy measurements and a second for making a front 
contact which is necessary for the ballistic electron emission microscopy measurements    A 
schematic view of the microscope is shown in Fig. 12. The substrate holder for the V90H system 
is designed to handle wafers up to 6 inches in diameter.   Therefore, a custom 6 inch diameter 
holder has been constructed which supports two 2-inch holders: one for performing reflection 
high energy electron diffraction measurements and a second which allows transfer of the wafer to 
the scanning tunneling microscope and also incorporates a removable shadow mask for growing 
metal/semiconductor Schottky diodes.    Although the chamber vibrations generated by the 
cryopump and its compressor are quite severe, atomic-resolution images have been obtained with 
all of the system's pumps in operation as shown in Fig. 13. The enhanced stability of our design is 
attributed to our unique support system of the inchworm and wafer which are both manufactured 
from machinable ceramic, the use of Be-Cu springs with an extension length of 16 inches for 
vibration isolation, and the use of silicone O-rings for vibration damping. 

Tins instrument was designed and constructed using ONR support. However, we initiated work 
on PtSi/Si and on Pt/ CaF2 /Si. In Fig. 14, a BEEM spectrum obtained for PtSi/Si(l 11) is shown. 
A current onset at -0.9 V is observed in the specturm which corresponds to the previously 
published Schottky barrier heights measured for this system2 As mentioned in Section I we are 
interested in using very thin layers of CaF2 as resonant tunnel barriers. The in-situ STM/BEEM 
has allowed us to start exploring the local electrical and morphological aspects of this system.3 In 
Fig_ 15, an averaged BEEM spectrum is shown of a 10 nm Pt layer deposited on a 0.6 nm layer of 
CaF2 on Si(lll) n-type substrate. The most interesting aspect of this spectrum is the apparent 
resonant tunneling observed through the Pt/ CaF2 layers at -1.8 V. The current maximum at 
about -4 V is due to direct injection into the CaF2 conduction band. 
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Figure 12: Schematic of the side view of the preparation chamber of the V90H MBE machine 
with the wafer-STM installed. The STM design uses two Burleigh inchwoims: one which has a 
scanner tube for STM measurements and a second with an electrode which is used to make a 
front contact for BEEM measurements. The STM incorporates a push-pull device to allow the 
transfer of wafers through the preparation chamber to the deposition chamber. The diameter of 
the preparation chamber is 15 inches and the distance from the STM support flange to the 
preparation chamber center line is 25 inches. 
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Figure 13: Constant current topographic image of the 7x7 Si(lll) surface taken with all of the 
system's pumps in operation (Itip = 1 nA, Vtip = -2 V). 
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Figure 14: Averaged BEEM spectrum for a 2 nm PtSi/Si(l 11) n-type interface fop = 1 nA). 
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Fi#ure 75: Averaged BEEM spectrum for a '2 nm Pt/ 0.6 nm CaF2 / Si(l 11) n-type interface (Itip 
= 1 nA). Note that the spectrum appears to show resonant tunneling at a tip bias of -1.8 V which 
is below the CaF2 conduction band at -3.5 V (i.e. 3.5 eV above the Pt Fermi energy). 
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Figure 16: STM image of the £ nm Pt/ 0.6 nm CaF2 / Si(l 11) surface showing the nodules of Pt 
that appear on the as-deposited surface. In addition, the atomic steps in the underlying CaF2 are 
clearly visible. 
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IV. Conservation of momentum parallel of the interface 

We have demonstrated the fact that the quadratic threshold observed in BEEM spectroscopy 
and in internal photoemission spectroscopy may nothing to do with transverse momentum 
conservation at the M-S interface but can result simply as a consequence of the density of states 
of the semiconductor increasing as the square root of energy near a threshold. For the sake of 
clarity, we assume that the density of states in the metal is constant in the energy range near the 
threshold for BEEM current h, and we also neglect temperature effects (i.e., this is equivalent to 
assuming that the Fermi energy EF is much bigger than kT). An electron, which reaches the M-S 
interface with an energy E, is assumed to elastically scatter. The probability that it will scatter 
into a semiconductor state (and, thus, be detected as part of the BEEM current 7B) is determined 
simply by the ratio of the number of accessible states in the semiconductor to the total number of 
accessible states in both the metal and the semiconductor. Thus, 

VT Z (E)v (E) 

where E is measured from the threshold in the conduction band (or valence band for holes), n(E) 
is the number density of electrons with energy E which reach the m/s interface, and gi and Vj are 
the respective density of states and group velocities (perpendicular to the interface) of electrons in 
the semiconductor (s) or metal (m). Note that this expression neglects any dependence on the 
direction an electron is traveling when it reaches the interface since the scattering into final states 
is assumed to depend only on the initial energy of the electrons. Near threshold, when V - <&<, is 

small, this integral can be simplified by neglecting the energy dependence of n, gm, and vm in favor 
of the much larger energy dependence of g„ and v, which both vary as JE, where E is measured 
from the minimum energy required to cross the Schottky barrier. Likewise, gmvm » gsvs. 

Thus, /B (K) oc (V - Os )
2 very near threshold. As the tip voltage is increased, the energy 

dependence of the number density of electrons will have to be taken into account since this 
function should be peaked near the Fermi energy of electrons in the STM tip. This explains why 
the quadratic increase in the BEEM current observed near threshold rolls over into a linear 
increase in BEEM current at higher STM-tip biases. 

It should be noted that this argument neglects quantum interference or quantum mechanical 
reflection (QMR) effects at the interface. While it is difficult to know exactly how to introduce 
these effects, Stiles1 has indicated that QMR probably will contribute an additional 1/2 power 
dependence to the observed threshold behavior in analogy to the situation when scattering at the 
metallurgical interface is neglected2,3. It should also be noted that while neglecting the angular 
dependence of scattering is surely not physical, the fact that both no scattering at the M-S 
interface and complete scattering at this interface both give rise to quadratic thresholds in BEEM 
(and photoresponse) suggests that any more sophisticated model of scattering which takes into 
account some degree of transverse momentum conservation, is likely to result in the same 
threshold behavior. 
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V. Monte-Carlo calculations of ballistic electron scattering 

Ballistic-electron-emission microscopy (BEEM) is used to study the interfaces between metals 
and semiconductors. BEEM uses an STM tip to inject electrons (or holes, but here we will only 
use the word electron to refer to both types of singe-particle charge excitations) into a thin metal 
sample. These electrons travel ballistically across the metal layer until they either: (i) lose enough 
energy to no longer be able to cross the Schottky-barrier into the semiconductor, or (ii) reach the 
interface and cross the Schottky barrier into the semiconductor. While traveling through the 
metal layer, the electrons can scatter elastically off phonons, defects, the interface, or the surface. 
Similarly, the electrons can lose energy through inelastic scattering events with other electrons or 
with appropriate defects, or with more energetic phonons. There are several interesting 
parameters which we wanted to model about this behavior. As is typical of Monte-Carlo (MC) 
modeling of ballistic transport in metal layers, we have chosen to model scattering in the metal 
layer as determined solely by an elastic scattering length and an inelastic scattering length. 
However, we were interested in how different initial momentum distributions (which is 
determined by the STM tip separation), and interface and surface scattering affected the electron 
transmission across the interface. 

The program is written in C++ and can run either on a pc desktop computer or on the RS-6000 
networked computers that we have at Rensselaer. The initial momentum distribution of electrons 
is computed analytically after which approximately 106 electrons are tracked in a MC calculation. 
For the more complex calculations (using actual Si band structure and assuming momentum 
conservation across the interface) the program will take up to 8 hours to complete a complete 
BEEM scan where the tip voltage is incremented from 0.8 V up to 1.5 V in 0.1V increments. We 
have modeled the probability that an electron incident on the interface will cross into the 
semiconductor in several different ways. In the nearly free electron model, the electron 
momentum and velocity are simply related to each other (through the effective mass of the 
electron) and it is assumed that the electron momentum parallel to the interface is conserved. We 
consider two other models which again both conserve crystal momentum parallel to the interface 
and again assume that the electrons in the metal are free-electron like. However, the actual band 
structure of the Si semiconductor is used. Since the projected electron rranima are different for 
the (100) and (111) cases, quite different results are expected. Finally, we consider a model 
(referred to as the density of states model) where the momentum is not conserved across the 
interface. Instead, the probability that the electron crosses the interface is taken to be 
proportional to the number of accessible states in the semiconductor (as explained in Sec. IV 
above) divided by the total number of accessible states in both the metal and the semiconductor. 
We have also modeled the effects of electron reflection off the interface and surface (either 
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specular or diffusive) and the effects of strong inelastic scattering at one or the other of these 
surfaces. 

This program was completed near the end of this project and while we have generated lots of data 
over the course of debugging it, there has not been much opportunity to explore different 
parameters with the final version of the program (earlier data suffered from an error in the band 
structure calculations of momentum conservation at the interface). In Fig. 17, a comparison of 
the (100), (111) and density of states model are compared when the tip is 0.5 nm for the sample, 
the elastic mean free path (mfp) is taken to be 13 nm, and the inelastic mfp is varied from 30 to 
120 nm The key thing to note is that the density of states calculation produces a quadratic 
threshold while the (111) orientation produces a much flatter curve which is not seen 
experimentally. We hope to use this data to demonstrate convincing evidence for strong elastic 
scattering at the metal/semiconductor interface. 

Figure 18 shows typical MC calculations of BEEM currents at fixed voltage as a function of metal 
thickness. By varying the elastic and inelastic mfps, we can fit experimental data generated by our 
group and others. An important feature to note is that the apparent attenuation length changes as 
a function of metal thickness. This effect is due to the electron rattling off the front and back 
surfaces  and  is  very  sensitive  to   the  type   of  scattering   assumed  at  these  interfaces. 
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