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Measurement of hot-electron scattering processes at Au/@i00) Schottky interfaces
by temperature-dependent ballistic-electron-emission microscopy
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Ballistic-electron-emission microscopy measurements have been perfornmetypa Au/S{100) interfaces
for injection energies up to 1.2 eV over a range of Au overlayer thicknesses-@8rio ~340 A at both room
temperature and 77 K. Hot-electron attenuation lengths in the Au overlayer have been determined tobe 133
A at room temperature and 14B A at 77 K over the energy range of 0.92—1.20 eV above the Fermi level.
The lack of energy dependence and the relatively small temperature-dependent change in 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 bet0.09. 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 that have
a large surface gradient have been obtained at room temperature. Calculations, which assume that the prob-
ability 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.

I. INTRODUCTION By collecting the current which passes through the metal into
the semiconductor as a function of tip position and tip bias,
A fundamental understanding of the various hot-electrorinformation about the local Schottky-barrier height and the
scattering processes at metal-semiconductdrS) inter-  hot-electron transport properties can be obtained on a na-
faces is important for the optimization of the transport prop-nometer scale. However, to properly interpret the spectros-
erties of many electronic devices such as metal-base transisepy data and interfacial images obtained with BEEM, a
tors and infrared Schottky photodiodes. During the initialfundamental understanding of the scattering process within
stages of the development of solid-state technology in théhe metal overlayer, at the metallurgical interface, and within
1960s, there was considerable research effort in this fieldhe Si substrate, is essential. In this paper, we report BEEM
The primary experimental method which was used to meameasurements which were performed to determine the rela-
sure the scattering lengths of hot electrons in metals duringve importance of temperature-dependent scattering mecha-
that time was internal photoemissibfhis technique mea- nisms on hot-electron transport across A(80) interfaces.
sures the photoresponse ofVe S interface over a series of The Au/Si system was chosen as a mobielS interface
metal film thicknesses to determine the attenuation lehgth primarily because of the relatively simple electronic structure
of the photoexcited electrons. However, extracting the pattof Au, a lone & electron in its outer shell and a filled inner
length for inelastic scattering from these data is complicatedd shell. In addition, Au is a noble metal which provides an
by the fact that the penetration depth of the photons in theadvantage over most metals in that it can be characterized
metal as well as the energy distribution of the photoexcitedunder ambient conditions.
electrons is dependent on the photon energy. In addition, the Although Au/Si has been the most thoroughly studied in-
kinetic-energy range over whicky can be measured is lim- terface with the BEEM technique, it has also proved to be
ited to the band gafE, of the semiconductor. The uncer- one of the most controversial interfaces. In the first BEEM
tainty in these early internal photoemission measurements studies of Au/Sil00) by Bell and Kaiser, excellent agree-
exemplified by the fact that values af ranging from 740 ment was obtained between their spectroscopy data and cal-
to 330 A at a photon energy of1 eV have been reported for culated curves which were derived assuming ballistic trans-
Au/Si samples by different research grodps. port through the metal overlayer and transverse momentum
The development of ballistic-electron-emission micros-conservation at the interface. However, Schowalter and Lee
copy (BEEM) by Bell and Kaiset has provided the scientific made the observation that the BEEM spectra for both the
community with a powerful tool for determining hot-electron Si(100) and S{111) substrates have similar line shapes and
scattering lengths at1-S interfaces. BEEM is a scanning- current onsets, which is unexpected since transport into the
tunneling-microscopy(STM)—based technique where the Si(111) surface requires a large transverse crystal momentum
STM tip is used as a very narrow, energy-tunable, forwardcomponent while transport into the($00 surface does not.
focused source for electron injection into a metal overlayerMonte Carlo simulations of the BEEM spectra using a model
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which conserves transverse momentum atNh< 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 Leeal,’
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 Schiflavhich directly imaged fluctua-
tions in the Schottky-barrier height of Au(D0) interfaces
over spatial distances ef15 A provides evidence that trans-
port through the metal overlayer is essentially ballistic.

To complicate matters further, a microscopy study by
Fernandezt al® found that for Au/Si interfaces grown under
ultrahigh-vacuumUHV) 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 Tip Metal Semiconductor
Au-Si alloy at the interface, which resulted in strong scatter-
ing of the BEEM electrons. In addition, they found that by F.IG. 1. Schematic of BEEM electron transport across a metal-
controllably dosing the clean Si surface with various gasSemiconductor Schottky interfadeot drawn to scale For elec-
molecules before Au deposition, they could obtain homogelrons injected mtq the metal ov_erlayer W|th _a tip bias greater t_han
neous BEEM currents that could be irreversibly changed b e Schottky barrlergb_s, a fraction of the injected electrons will
performing BEEM at tip biases higher thar8 V. However, ravel.across the barrier and be .detected as a BEEM electron. The
a recent BEEM study by Cuberest all of Au/Si(111) ma_gmtude of the BEEM current is strongly influenced by _the §cat-
samples prepared and imaged under UHV conditions foun%fnng pr(;)cgtsﬁesﬂ']n the r.neta(; O\;.erlaye[)’ ?t :he metallurgical inter-
that BEEM currents could be obtained at tip biases as Iargeace’ and within fhe semiconcucting substrate:
as 8 eV with no apparent modification of the interface. Their . ) o _
synchrotron-based photoelectron spectroso@E9 results absorption in the Si substrate. Within the uncertainty of the
also indicated that the Au/Si interface formed at room tem measurements of;, no energy dependence was observed at
peraturg(RT) is an abrupt interface with a silicidelike surface RT O 77 K. This result and the aforementioned relatively
segregation layer. Trying to reconcile these results is difficulSMall temperature dependencegfindicate that the mean
due to differences in sample preparation conditions and iff€€ Path for scattering from defects in the Au overlayer is
the methods of detection used by many of the groups pGIs_lgnn‘lc_antly smaller than that for |nelast|_c elect_ron-electron
forming BEEM research. scattering or for electron-phonon scattering. Evidence of re-

Although the experimental evidence for nonconservatiorffluctions in the BEEM current for large surface gradients has
of transverse momentum is quite strong for Au(Bkf. § been obtalneq for microscopy images taken with s_ufﬁmen@ly
and Pd/S(Ref. 11 interfaces, the precise nature of the scat-SNaP STM tips, and this has been correlated with the in-
tering mechanisms is not well understood. It would seem that"€@Se€ in path length to the interface, assuming that the prob-
symmetry breaking parallel to the interface would be a sufability of tr_ansm|SS|on is independent o_f the angle of inci-
ficient condition for violation of transverse momentum con-dence. This result provides strong evidence that electron
servation, since these are nonepitaxial systems. On the oth§RnSport through the Au overlayer is essentially ballistic, and
hand, microscopy and spectroscopy studies of Au(GEG that the observed V|c_)Iat|0n qf transverse momentum conser-
(Ref. 12 and Mg/GaRL10),*>13 which are nonepitaxial and vation occurs at the interfacial region.
also nonabrupt interfaces, have obtained good agreement be-
tween curves ﬁtted Wit_h a transverse momentu_m.—conserving Il. HOT-ELECTRON SCATTERING PROCESSES
model and their experimental data. Presently, it is not clear
whether these discrepancies result from an additional source A schematic of BEEM electron transport acrosaS
of scattering that may be present at Au/Si and Pd/Si interSchottky interface is shown in Fig. 1. Electrons injected into
faces or from the method which was used to model the datthe metal overlayer from the STM tip will have an energy
for the Au/GaR110) and Mg/GaR110 studies. distribution which decays exponentially from a maximum

To better understand the scattering mechanisms at Au/Sialue ofeV; . All electrons which approach the semiconduc-
interfaces, we have performed a temperature-dependetdr region with an energy which is less than the Schottky
BEEM spectroscopy and RT BEEM microscopy study on thebarrier heightd®g will be scattered back into the metal. A
AuU/Si(100) interface. Our spectroscopy data indicate thatfraction of the electrons which approach the semiconducting
there is a large temperature dependence on the measureghion with an energy greater thdr, will travel across the
BEEM transmittance, yet only a small temperature-barrier and be detected as a BEEM electron. The magnitude
dependent change in the attenuation length of the electrons of the collected BEEM current is strongly influenced by scat-
the Au overlayers. From these results, we have determinet#ring mechanisms in the metal overlayer, at the metallurgi-
that the primary temperature-dependent scattering mechaal interface, and within the semiconducting substrate.
nism affecting BEEM electron transport is acoustic-phonon A determination of the relative length scales of elastic and
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inelastic scattering processes in the metal overlayer is esp#ie semiconductor, since this defines the length of the deple-
cially important since these scattering events have a diredton region, and thus the acceleration rate. For the 2-¢tn
effect on the resolution of BEEM at thd-S interface and samples used in this experiment, the distance to the
limit the range of metal overlayer thicknesses which can béchottky-barrier maximum dsgy and the depletion
probed. Electrons can scatter elastically off defect sites oflepth dge, are calculated to be~50 A and ~1 um,
quasielastically by emission or absorption of acoustidespectively:* Since this is a relatively low doping density,
phonons. For metals with more than one atom per primitiveelectrons which scatter in the region just beyond the
basis, the emission and absorption of optical phonons is alsaCchottky-barrier maximum are expected to have an equal
possible(Au has only one atom in its primitive bagisAl- probabll!ty of either reentering the metal or passing through
though the energy quanta of acoustic phonons are typicallff!€ Semiconductor depletion region. Once the kinetic energy
on the order of a few meV, the energy quanta of optical f the e_Iectrons n the s_em|con_du<_:tor_exceEqs electron-_
phonons can exceed 50 meV for compound metals. Ther%‘?le pair g(_aneratlon, or wppapt '°.”'Za“°”' bepomes possﬂ_ale.
fore, the determination of whether electron scattering with ince the intemal electric f|eId. N t_he semmondgctor will
optical phonons is considered to be a quasielastic procesc‘éNeep the electrons toward the interior of the semponduptor
depends on the particular modes available for that systenind the hole toward the metal, an electron multiplication

Hot electrons can also undergo inelastic eIectron-electroRrolfgf?ngfglufe”a o th ¢ | thick
collisions with electrons near the Fermi level, resulting in an verlayers more than a few monofayers thick,

average energy loss of half of their original kinetic energy.q)s’ dgepanddsgy are expected to be coverage independent.
When the inelastic mean free path for scattering,s of the Therefore, th? BEEM current can be expressed as a product
same order as the elastic mean free peththe transport of the transmissivities through the metal overlayer,' across the
process is essentially ballistic, since electrons which hav@etallyrglcal_ interface, and_ through the ser_nlconductor
undergone multiple-scattering events will, on average, nogepletlon region. The proportion of electrons Wh.'Ch traverse
have enough kinetic energy to cross the Schottky barrier. | he metal region with enerdy will de_cay gxponentlally with
this limit, the BEEM current,, should show a clear expo- the path Igngth to_the _metallurglcal interface,/cog ),
nential dependence on metal film thickness wiftmeasured wh.eree deflngs the Injection angle f“’?“ the surface normal.
in a BEEM experiment given by i,=1/\;+1/\,. In the This results |r? the following expression for the measured
limit where N\ .<\;, the transport is expected to be diffusive BEEM current,
in nature since the probability of undergoing multiple elastic
scattering events before scattering inelastically is high. This
will result in an electron momentum distribution at the S
interface which is completely independent of the momentunwhere A(E) is a kinematic transmission factor for electron
distribution at the point of injection. transport from the metal overlayer into the semiconductor
At the M-S interface, a fraction of the incident electrons lattice, B(E,T) is the transmission factor for electron trans-
will backscatter into the metal overlayer due to quantum-port through the semiconductor depletion region, aggdis
mechanical reflection. For nonepitaxial systems and nonthe injected current into the metal overlayer. The fag&t(E)
abrupt interfaces, there will be a break in symmetry parallels assumed to be independent of the angle of incidence,
to the interface which will result in additional scattering at which results from the assumption of nonconservation of
the interface. For epitaxial systems, the transverse momenransverse momentum at the interf4&cBoth B(E,T) and
tum of the electron is expected to be conserved as it travels,(E,T) should be temperature dependent, since the path
from the metal to the semiconductor. This condition will re- length for phonon absorption will depend strongly on the
sult in a critical angle for transport into the semiconductorphonon populations in the metal and semiconductor regions.
substrate which increases as a function of the energy of the
incident electror.As a direct consequence of transverse mo- Ill. EXPERIMENT
mentum conservation, either a delayed or soft threshold for '
I, is expected for electron transport into semiconductor sur- The BEEM measurements were performed with a modi-
faces where the projection of the conduction-band minimunfied Kaiser-Jaklevic STM desidghwhich has three, separate,
is not on the surface Brillouin-zone center. orthogonal, planar piezo drives for tip control and uses a
Within the semiconductor substrate, electrons can scattestepper motor for the fine approach of the sample. The STM
by emission or absorption of either acoustic or opticalis housed in a liquid-nitroge(LN,) Dewar which is incor-
phonons. As shown in Fig. 1, the position of the Schottky-porated into a glove box. To perform low-temperature
barrier maximum is not at the metallurgickl-S interface = BEEM, the Dewar is purged with high-purity ,;Nbefore
but is shifted by a few nanometers into the semiconductobackfilling with LN,. Although the original design of the
due to the image potential. Electrons with energies just oveSTM placed the tip current amplifier and BEEM current am-
the threshold for transmission that excite phonons in the replifier in the Dewar near the STM head to reduce pickup
gion before the Schottky-barrier maximum are expected taoise, significant changes in the performance characteristics
have a high probability of reentering the metal. Beyond theof the operational amplifiers and the feedback resistors were
Schottky-barrier maximum, the internal electric field in the observed when immersed in LNSince maintaining an am-
depletion region accelerates the electrons toward the interigalifier gain which is independent of the temperature of the
of n-type semiconductors. Therefore, the effect of phonorsample is crucial to measuring the temperature dependence
scattering on the magnitude of in the region beyond the of the BEEM transmissivity, the amplifiers were moved out-
Schottky-barrier maximum depends on the doping density oside of the Dewar into separate die-cast aluminum boxes

Ig(E,T,dm) =y A(E)B(E, T)exd —dm/N,(E, T)cog 6)],
(D
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which are attached to the STM support flange via standard
BNC connectors. Low-temperature compatible ultrathin
coax’ is used to carry the signals to the amplifiers, with the
outer conductor biased at the same potential as the inner
conductor to reduce capacitive coupling. The outer insulating
sheath of the coax was also removed to improve the flexibil-
ity of the coax at low temperatures.

The Au/S{100) Schottky diodes were prepared from
n-type 2—4£€ cm Si. An Ohmic contact was applied to the
back of each sample by melting indium onto an area of the
sample which had been roughened with a diamond scribe.
The quality of the Ohmic contacts made by this method were 01k 1.,
checked by measuring the resistance across Si samples with
indium applied to both the front and back of the sample. Au Thickness (A)

Resistance values across these In-Si-In junctions-40 ()

at RT were Co_n5|_stently measurec_]. The 0X|_de of the Si was F|G. 2. Semilog plot of BEEM transmittancég/1 <100, at a
removed by dipping the samples in a solution of 10:1 ethatip bias of—1.2 V measured on several Au(800) samples at 77 K
nol:HF solution for 1-2 min. After removal from the etching (circles and RT(squares A minimum of 80 spectra were collected
solution, the samples were dried with high-purity before  at each coverage and temperature. The linear curves through the
insertion into a cryopumped evaporation unit. The Au wasdata sets represents least-squares fits applied to the data. From the
evaporated from a tungsten thermal boat source through slope and intercept of these curves, the attenuation length of the
shadow mask to form a rectangular 80-mnt diode. The  electrons in the Au overlayek,, and the zero thickness transmit-
nominal deposition rate was0.5 A/s, and was monitored tancel, are determined.

with a quartz-crystal microbalance. The base pressure of the

evaporation unit is~108 Torr, with a typical evaporation V,%° the energy range for our spectroscopic data was limited
pressure of~5x10"’ Torr. Calibration of the Au overlayer 1o 1.2 eV to stay well below the field desorption limit.
coverages measured with the quartz-crystal microbalance

was performed periodically using Rutherford backscattering IV. RESULTS

at a separate facility. The uncertainty in the measurement of
the Au overlayer thickness is estimated to be withif%. It

is also noted that in the early stages of this study, samples BEEM spectroscopy spectra were obtained at both RT and
were prepared by applying the indium contact after the depo#7 K over a range of Au overlayer thicknesses frer@5 to
sition of the Au to prevent any effect that solvation of indium ~340 A. A semilog plot of the percent transmittance
in the etching solution might have on the etching procedure(l g/1+X100) as a function of Au overlayer thickness at a tip
However, this technique often resulted in images with largebias of —1.2 V is shown in Fig. 2. A minimum of 80 spectra
changes in the BEEM current which could not be correlatedvere collected over a surface area -©2000x~2000 A2

to any topographic features. It is assumed that this effedior each coverage and temperature. A histogram of the trans-
results from interdiffusion of Au and Si during the applica- mittances was plotted for each data set, and the value of the
tion of the indium, since a previous Auger electron spectrosaverage transmittance was derived by fitting a Gaussian
copy (AES)/low-energy electron-diffractiofLEED) study*®  curve to each histogram with the error bars representing the
and a transmission electron microscd¥M) study® have  full width at half maximum of the curve. For coverages with
provided evidence for gold silicide formation at th#-S  both 77-K and RT transmittances, both data sets were col-
interface at temperatures well below the eutectic of 363 °Clected from the sample withi6 h ofeach othefthe RT data

Both Au and Pt-Ir(90:10 STM tips were chosen for the were collected firgt The linear curves through the data sets
BEEM measurements since they do not form a native oxideepresent least-squares fits applied to the data. Since averag-
under ambient conditions. The Au tips were prepared froning over such large data sets should eliminate any effects of
0.25-mm-diameter wire either by dc electrochemical etchingurface gradient on the transmissivity, can be obtained
in a 50:50 HCl:ethanol solution or by cleaving at a veryfrom the inverse of the slope of the least-squares fit. The zero
sharp angle with a razor blade. Etching produced very sharfength transmittancel o(E,T)=A(E)B(E,T) is obtained
whiskerlike tips, as examined under an optical microscopefrom the intercept.

However, instabilities in the tunnel current during the fine The absolute value dA(E) andB(E,T) cannot be deter-
sample approach were often observed for etched tips whichined independently from our measurements. However, the
was correlated to the poor mechanical rigidity of the whis-temperature dependence BfE,T) can be determined by
kerlike tip structures. Since cleaved tips did not exhibit in-calculating the ratio of the zero length transmittances at 77 K
stabilities during the fine approach, this was the primaryand RT, |4(E,77 K)/I(E,RT)=B(E,77 K)/B(E,RT), since
method used for making Au tips. The STM images from bothA(E) is expected to be independent of temperature. A 50-
etched and cleaved Au tips showed similar topographies. ThmeV increase inbg is measured at 77 K due to the increase
Pt-Ir tips were prepared from 0.50-mm-diameter wire by cut-in Eg of Si at low temperatures; therefore, the raltyog,77

ting the wire at a very sharp angle with ordinary wire snip-K)/I ,(E,RT) is calculated for constant kinetic energy in the
pers. Since previous STM studies with Au tips have showrSi conduction band, and is plotted in FigiaB A value of
that Au atoms field desorb at a relatively low tip bias-63.2  1.79+0.09 over a kinetic-energy range of 140—380 meV is

%Transmittance
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FIG. 3. (a) Plot of the ratio of the zero thickness transmittance at B. Room-temperature BEEM imaging

77 K to that at RT) o(77 K)/I o(RT), as a function of kinetic energy, Although our spectroscopy data, which measured only an
eVr—dg, in the semiconductor. An average value of 1809  11% increase in, at 77 K, indicate that quasielastic scatter-
over the kinetic-energy range of 140—380 meV is obtainedd@7  ing from acoustic phonons in the Au overlayer has a negli-
K)/|O(RT). (b) Plot of the attenuation Iength of the BEEM electrons g|b|e effect on the temperature_dependent transmission prob_
in the Au overlayer at both 77 Kcircles and RT(squaresas a  ahijlity, this does not preclude the possibility that elastic
function of tip bias. Only a slight temperature dependence.pis  scattering will affect the trajectory of electrons in the metal
observedi\4(300 K)=133+2 A and\,(77 K)=147+6 A. Within o\ erjayer. Therefore, a detailed BEEM microscopy analysis
the experlment_al uncertainty of these measurements, no energy de several Au/SiL00) samples was performed with both Au
pendence ok, is observed. and Pt-Ir STM tips in an attempt to correlate surface topo-
graphic features with changes in the BEEM current. Since
obtained which indicates that approximately half of the elecelectron injection over a surface topographic feature with a
trons which cross into the depletion region at RT backscatteponzero gradient will increase the path length to MeS
into the metal overlayer after phonon absorption. interface, it is expected that reductions in the BEEM current
A plot of \, as a function of tip bias at both RT and 77 K should be observed at large surface gradients. This effect is
is shown in Fig. 8). With our instrumentationy, could be ~ often called the “search-light effect.” A calculation of the
measured accurately down to energies~df00 meV above €xpected reduction in the BEEM current as a function of
® over the range of Au thicknesses measured in this studyni€ction angle is shown in Fig. 4. This calculation assumes
Avalue of 1332 and 1476 A were measured for, at RT that_thg probability of transm|SS|on_ac_ross the_ Schottky bar-
and 77 K, respectively. As can be seen in Figy)3no energy rier is independent of the angle of incidence, i.e., transverse

dependence fok, at either temperature is observed within momentum is not conserved at thg mtgrface. For thin Au
the uncertainty of the measurements. The value of-IBA overlayers, a very large surface gradient is needed to observe

that we measure fox, at RT deviates slightly from the pre- appreciable decreaseslig (for a 50-A overlayer, a gradient

. of ~70° is needed to observe a 50% reductionl g At
viously measured values of 12ZRef. 21) and 140 A(Ref. . . o
22) for Au/Si BEEM measurements. This deviation mostIarger Au overlayer thicknessek; is more sensitive to the

) surface gradientfor a 300-A overlayer, a gradient ef40° is
likely results from our measurementxf over a larger range

: . g needed to observe a 50% reductior gy, but the magnitude
of sample thicknesses than in the earlier stu#fié§How- ¢ I is near the limit of detection.
ever, differences in the sample preparation procedure and in From analysis of our BEEM data measured with Au tips

the uncertainties of the metal overlayer thicknesses may alsghd pt-Ir tips, it was determined that the tip apex geometry is
account for these slight discrepancies. In contrast to thesge primary factor that influences the spatial resolution of
results, an attenuation length af=30 A for the system BEEM. For imaging with Au tips, changes in the tip geom-

Au/GaP(110 was derived from Monte Carlo simulations of etry were often observed during STM scans and often re-
BEEM data? This low value for\, is probably an effect of sulted in featureless images which we correlate to an ex-
the different growth morphology of Au on GaR10) over tremely blunt tip apex. Imaging with Pt-Ir tips produced

the range of thicknesses measured in their study. much more consistent STM topographies. A schematic of the
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Si(100) |

FIG. 5. Schematic of the effect of tip apex geometry on the
resolved topographydashed linesof the STM and the injection
angle of the electronga) Imaging with a tip apex which has a
radius of curvature larger than the actual topographic features of the
surface will result in an inability to resolve the surface regions with
large gradients, e.g., the crevices between the rounded surface stru
tures.(b) Imaging with a tip which has a sharp “minitip” which is :
longer than the average corrugation height of the surface will result ¢ .
in a measured topography which closely mimics the actual topog-
raphy.

effect that tip apex geometry has on the resolved surface
topography and on the injection angle of the electrons is
shown in Fig. 5, where the dashed lines represent the re
solved topographies for each tip condition. For the range of |
Au overlayer thickness in this study, rounded surface fea- |
tures with a spatial extent 0f50 to ~200 A and heights ‘
from ~30 to ~80 A were observed. Since surface gradients
large enough to observe appreciable changes in the BEEN
current exist only near the bottom of the crevices between
these rounded structures, a sharp tip protrusion which is
longer than the average height of the rounded surface struc
tures is needed to probe these regions, as shown in @g. 5
A BEEM image of a~500x ~500-A? area of a 103-A Au/
Si(100) sample imaged with a Pt-Ir tip is shown in Fig. 6.
Asymmetric surface features are observed in the STM topog-

raphy shown in Fig. @), with surface gradients as large as  FIG. 6. (&) STM topographic image of a500x~500-A? area
~75° being measured. The corresponding BEEM imagéf @ 103-A Au/S{100 sample(Vr=-1.2 V andl=5 nA). (b)
shown in Fig. 6b) shows regions of reduced BEEM current BEEM image taken simultaneously with the top_ograph_|c image
of up to ~85%, which correlate with the regions of the STM Shown in(a). The gray-scale range for the BEEM image is 0-120
topography where high surface gradients were measure§A With dark areas rgpreseptlng low BE.EM.current. The gray-sgale
During collection of the data, reductions in the BEEM cur-'ange for the STM image is 120 A, with light areas representing
rent were observed for both scan directions, which indicateLJlgh fj“ffa‘tf fes"’}FLl\';?S' Surfacz grad'fntts tas high-aS fa;Le O;I'EEM
that this effect does not result from the tracking of the feed=o Vo ”'1th e~85(y'm%ge t.an .C(t);resEeEla reg'onf orthe
back control system. Images performed below the Schottk nage with an o reduction in the current.
barrier height were also featureless, which precludes the pos- ) ) o

sibility that the features observed are due to a coupling of th@ttenuation length in the metal and the transmissivity through

BEEM current with the signals from the piezoelectric drives.the semiconductor depletion region are temperature depen-
dent is expected since the phonon populations in both re-

gions should decrease as a function of temperature. To esti-
mate the relative interaction lengths of both elastic and
The exponential nature of the transmissivity plots at bothinelastic scattering events in the metal overlayer, both the
77 K and RT shown in Fig. 2 gives strong evidence that thdemperature and the energy dependenck,ahust be taken
attenuation length model, El), is valid for Au overlayers into account. Assuming that the contribution of multiply
over the range of-65 to ~340 A. The observation that the scattered electrons to the BEEM current can be neglected,

V. DISCUSSION
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the attenuation length of the BEEM electrons in the metaface have resulted in values of,=70 A by BEEM
overlayer can be expressed as\;B1/\j+1M;+1/g, spectroscop¥ and\,=90 A by internal photoemissiéhat
where \; is the path length for inelastic electron-electronan energy of 0.8 eV, which gives credence to this model.
scattering A, is the path length for acoustic-phonon scatter- The measurement of almost twice the transmissivity
ing, and\y is the path length for defect scattering. Sincethrough the depletion region of the Si at 77 K is in direct
sharply reduced BEEM currents at regions of large gradientsontradiction with previous analytical calculations which
in the surface topography have been observed, this stronglyredicted only an~15% increase in the transmissivity for
suggests that this approximation is valid. The probability forAu/Si at 77 K278 Both studies modeled the temperature-
inelastic electron-electron scattering is theoretically pre-dependent collection efficiency in the depletion region as due
dicted to have al+Eg)/E? dependence, whetg; is the  to electron interactions with the 63-meV transverse optical
Fermi energy of the met&F. This should result in a decrease phonons in Si. However, all semiconductors with the dia-
in \; of ~40% over the energy range 0.9—-1.2 eV. Thereforemond structure have a low-frequency transverse acoustic-
the lack of energy dependence foy indicates that the path phonon branch which has an anomalously flat dispersion
length for elastic scattering events is considerably smalleaway from the zone center that results from the strong cou-
than that for electron-electron scattering. The valuagfis  pling of the lattice ions with the electronic states in the
expected to be approximately equal to the conductivity measemiconductof® It is expected that electrons over the energy
free path of pure bulk Au, which is 417 A at 273 K and 1668 range measured in this study should have a significant prob-
A at 77 K2* Since the measured valuexfis only 133 A at  ability for interaction with these thermally excited transverse
RT, and a relatively small 11% increase in this value is meaacoustic phonon® In addition, the transverse acoustic-
sured at 77 K, this indicates that the scattering in the metgbhonon energy of-20 meV for Si(Ref. 3] is small enough
overlayer is primarily dominated by elastic scattering fromto expect a significant population of this mode at RT. Since
defect sites. the models used in the previously mentioned analytical cal-
One might be tempted to conclude that the measurememulations only considered electron scattering with optical
of a smaller value fon\, than \; should result in diffuse phonons, the neglecting of acoustic-phonon scattering modes
transport through the metal overlayer. However, the actuak the most probable origin of the large discrepancy. This
magnitude of\., which is required for transition to the dif- large coupling of the electrons to the acoustic phonon modes
fuse transport regime, is difficult to determine from first may also partially account for the similarities of BEEM spec-
principles* Our experimental observation of the search-troscopy data for both the @00) and S{111) surfaces, since
light effect, as well as previously published BEEM resultsphonon scattering events before the Schottky-barrier maxi-
for Au/Si interface&?! which have measured nanometer mum would provide an additional source of transverse mo-
resolution at theM-S interface for similar Au overlayer mentum. However, the relative importance of this effect,
thicknesses, indicate that the electron transport is ballistic. Iwhen compared to scattering at the interface which results
other words, once an electron is deflected from its originafrom the nonepitaxial nature of the Au/Si system, cannot be
trajectory by an elastic scattering event, the probability of itdetermined at this time since temperature-dependent BEEM
eventually crossing thil-S interface without undergoing an measurements on the Au(§11) have not been performed.
inelastic scatter is still quite low for the defect density of The observation of nearly featureless BEEM images of
these films. Au/Si(100) by several groups is most certainly an effect of
Since RT-grown Au/S1L00) is a nonepitaxial system with tip apex geometry. Although we have obtained images which
a very large lattice mismatdh-25%y), it is expected that the show clear evidence for the search-light effect, the great ma-
metal overlayer will have a very large defect density duringjority of images taken with both Au and Pt-Ir tips also do not
the first several layers of growth. In fact, a previous AES/show this effect. In addition, the lifetime of the tips with an
LEED study® of Au/Si interface growth at RT has indicated apex that allows imaging of the search-light effect are typi-
that gold silicide is present in the overlayer, and that nocally limited to a fraction of a BEEM scafa typical BEEM
long-range order is observed with LEED for coverages up tescan takes-15 min for our microscope This is presumably
~100 A. Beyond this coverage, no gold silicide was de-due to the delicate nature of such a sharp protrusion. Since
tected, and diffuse ring structures which transformed to disthe yield strength of Pt-Ir is approximately twice that of Au,
tinct multidomain(111) LEED spots by a coverage ef300  the superior mechanical stability of Pt-Ir tips during imaging
A were observed. This growth morphology may also par-is not unexpected. Although the quality of Au tips for imag-
tially explain the large discrepancy of the valuexgfmea- ing was found to be inferior to Pt-Ir tips, the contrary was
sured by BEEM and by internal photoemission since the Aurue for spectroscopy. Tip contamination problems were not
film thicknesses measured in the internal photoemissioencountered very often for either Au or Pt-Ir tips at RT; how-
studies were considerably larger than those measured in théver, large instabilities in the tunneling current were often
study. In fact, Ludeke and Bauéthave come to a similar observed when using Pt-Ir tips at 77 K. Therefore, all of the
conclusion for the large discrepancy between the value,of spectroscopy data reported in this paper were taken using Au
that they measure for Pd/Si with BEEW81 A at 1 eV and  STM tips.
the value measured by internal photoemissibr0 A at 0.85 Although the tip apex geometry is found to play a major
eV).? For epitaxial systems where the metal overlayer defectole in the observed BEEM topography, sample preparation
density can be more carefully controlled, there should bgrocedure might also explain some of the discrepancies ob-
better agreement between the attenuation lengths measurserved for different groups studying Au/Si interfaces. Ideally,
by BEEM and internal photoemission. Attenuation lengthpreparing samples under UHV conditions should provide the
measurements at 77 K for thepitaxial CoSi/Si(111) inter-  most controlled, contamination-free interfaces. However,
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great care must be taken to ensure that the Au source @hsorption, indicate that previously published analytical
properly outgassed before deposition, since Si is a very rezalculationé’-? have underestimated the importance of hot-
active surface. For Si samples prepared by a wet chemicalectron interactions with the acoustic phonon modes in the
etch before Au deposition, contamination problems duringSi.

deposition are reduced since the Si surface is left with a The measurement of the search-light effect for A(LS0)
hydrogen passivation lay&.0n the other hand, contamina- gives strong evidence that BEEM electron transport through
tion problems can occur during the etching process itself ithe metal overlayer is essentially ballistic, i.e., the trajectory
the composition of the etching solution is not carefully con-of the injected electrons through the Au overlayer remains
trolled. Since PES studies have indicated that a gold silicideinchanged, at energies up to 1.2 eV and for overlayer thick-
surface segregation layer exists during the initial stages afiesses up to a few hundred A. The observation of featureless
overlayer growth?3 it is expected that this silicide layer BEEM images by previous groups has been attributed to the
would have an adverse effect on BEEM imaging performecheed of an extremely sharp tip apex to see this effect. The
in air due to the formation of an insulating Si©verlayer. good agreement between the experimentally observed and
No indication of this effect has been observed for thecalculated reductions in the BEEM current using a model
samples prepared in this study, which either indicates that the&hich assumes that the transmission is independent of the
silicide is effectively buried for the range of sample thick- incident angle indicates that a violation of transverse mo-
nesses measured in this study or that the hydrogen passiviaentum conservation results from scattering at the metallur-
tion layer prevents the formation of the silicide layer. gical interface.

VI. CONCLUSIONS
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