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Electron energy relaxation times from ballistic-electron-emission spectroscopy
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Using a Green's-function approach that incorporates band-structure effects, and a complekaspéasy
Monte-Carlo analysis, we show how to get a theoretically consistent determination of the inelastic mean free
path N ¢o(E) due to electron-electron interaction from ballistic electron emission spectroscopy. Exploiting
experimental data taken @t=77 K on a thin-Au film (<100 A) deposited on a Si substrate, we find that the
energy dependence of,((E) predicted by the standard Fermi-liquid theory provides excellent agreement
between theoretical and experimentdl) spectra. In agreement with theories for real metals, an enhancement
of \eo(E) by a factor of two with respect to its electron-gas value is found.

Despite their manifest importance for the optimization ofent levels of sophistication in the model. The contribution to
future nanometer scale electronic devices, hot carrier lifethe dielectric function ofi electron$ and electron exchange
times in metals at energies close to the Fermi enefy ( corrections, as well as the effect of flattened Fermi surfaces
<E<Eg+5 eV) are far from being completely understood and k-space anisotrofiyhave been estimated to increase its
from a fundamental point of view. Surprisingly, a particu- value by up to a factor of two to three as compared to the
larly large uncertainty concerning even the quoted absolutRpA result for free electror’s.Indeed, a recent GW
order of magnitude has to be admitted for the mean free patfs|culatiorf confirms an enhancement b for Cu of about

(MFP) Acf(E) due to inelastic electron-electroife-6 4 factor two; a similar value is to be expected for Au on

scattering: This is the more surprising as e-e scattering con-yccount of its analogous electronic structure.

stitutes the predominant contribution to the electron energy  gqon after the invention of ballistic electron emission mi-

relaxation for apprOX|matte;E}EF+1 ev. The commo.nly croscopy(BEEM), its inherent potential to deliver informa-
accepted theoretical description for these processes is bas%i:] about electronic transport properties was recognized, es-
on general considerations for a Fermi IlcllflzlﬂreQ|cfclng N pecially because of its spectroscopic capabilitiballistic
the neighborhood oEg :\edE)<(E—Eg) °. Within the  giactron emission spectroscopy, BEES® BEEM consti-
random phase approximatidRPA) Quinn’ has derived the o5 an extension of scanning tunneling microscopy, where
following expression: the tip is employed to inject hot electrons into a heterostruc-
E ture composed of a metal filiftypically 50—300 A) on top
— of a semiconductor substrate. Electrons traveling through the

Ned E)=ARPATY) F 1) metallic base layer and able to surmount the Schottky barrier
ee o V¥IE z at the interface are detected at a back contact as the BEEM
E_F_ 1 current, rendering the technique similar to the standard pro-

. . cedure of using internal photoemission data for extracting
For a homogeneous electron gas, the proportionality constagiectronic attenuation lengtfisNevertheless, the clear-cut
can be computed by a simple interpolating polynomial deenergetic and spatial distribution of the locally injected hot
pending only on the metal densitwg”Ar))~4(1+rs);  carriers in BEES entails significant advantages over the in-
with A§"* obtained in a.u. and<r <6. Yet, it has been tricate excitation by means of light radiation, and a better

recognized thak X can be substantially affected by differ- determination of MFP’s should in principle be possible. Un-
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fortunately, the basic theory underlying BEES in its first 10transmission coefficiertf keeping in mind the possibility of
years has been rudimentary, and may still be roughly denonk;-conserving scatterings at nonepitactic interfaCed;
scribed as a free-electron phase-space model, as originalfinally, for step(4) phonon-induced backscattering of elec-
proposed by Bell and KaisérThe ensuing oversimplifica- trons having already overcome the barfiewhile neglecting
tion of the data analysis has caused a puzzle, as indepetipact ionization processesat the low energies of interest.
dently determined MFP’s were found to differ by an order of ~ Taking into account all aforementioned processes, the
magnitude for the same metaf?%or a functional form for BEES current can be written as a function of the tip voltage
e E) had to be proposed, which was in disagreement wittfft T=0 K as
the standard Fermi-liquid theof. v

A se(;ond difficulty_ appearing in previous attempts has I(VT)ZJ TdEj dkjJn-1n(kj,E)T(k) ,E)P(E), (2)
been to infer error estimates exclusively from the quality of a Vo BZ
fit to the experimental(V)-spectra, without scrutinizing the
influence of physical processes that had been disregarded
the theoretical modeling. Possible cross correlations in th
multiparameter fit of BEES data could induce a large uncer
tainty among the various MFP’s for electron-electi@re),

Wpere thek, integration is performed inside the first Bril-
uin zone of the metét and the energy integration covers

the interval between the Schottky barriés and the applied

external biasV; (both measured in energy unitsThis ex-

electron-phonor(e-p), and electron-defedie-d) scatterings, Pression includes the four steps listed abo{e:and 2,
which all contribute to the total measurable attenuatior?n-1n(K|,E) is the current arriving at the metal-
length. Obviously, it would be difficult to get from a single S€miconductor interfacéatomic planen), after being in-
magnitude(e.g., the measured attenuation lengtiividual  18cted by the STM tip at the surface and having propagated
MFP values for the different scattering mechaniggch as ~ through the metal filmt/ in particular, in our calculations
e-e, e-p, and eydnfluencing the BEEM current. Moreover, (V1) is calculated for a tunneling current of 1 nA3),

we notice that it would be unjustified to use Matthiessen's! (K|,E) is @ quantum-mechanical transmission coefficient,
rule to combine thert® as these processes can strongly in-COMputed by matching wave functions at the two-
terplay with each othefsee, e.g., the e-p—backscattering-d'me”S'O”a| metal-semiconductor interfaée &ndE conser-
induced enlargement of the effective dwell time of the elec-vation is assumed at the interface, where the semiconductor
tron in the metal laygr Therefore, we propose to study the IS described within the first-Jones-zone _apprOX|m&ﬁpn
e-e interaction in BEES experiments by focusing on experi&nd(4), P(E) is a dynamical factor taking into account the
mental conditions where other contributions can be considPack scattering of electrons from the semiconductor into the
ered negligible, i.e., low temperature and low voltages. Sinc&'etal due to interactions with phonons inside the depletion
there is some experimental and theoretical evidence that tHayer near the interface. _ _ _

e-d interaction significantly affects Au BEES data for thick All these factors have been considered in the literature
films (~200-300 A)M-®we suggest to further avoid this with different degrees of sophistication. Let us remark on
influence by concentrating our discussion on overlayerdWO points central to this work: First, the importance of in-
around ~100 A. For the model case of Aul3ill), we cluding band structure effects in the propagation through the
show how the, then dominant, inelastig,(E) can be ex- metallic overlayer(steps 1 and 2 Within our GF approach

tracted forE>E from the experimental data, thereby find- Jn-1a(K|,E) is given by®

ing perfect accordance with the expected Fermi-liquid theory

energy dependencg. Effects of elastic scatterin_gs that arcya not Jij (k| E) :4_63 Tf[?ij(ku,E)@le(kH,E)

fully accounted for in our full quantum-mechanical Green'’s- h

function (GF) description of BEES are quantitatively inves- A - Ao

tigated with semiclassicak-space ensemble Monte-Carlo X T10p0o E) To197i (K|, E) ], ©)

g\g;) fS'r”t'#éa:g?i:VL% t:q';gm?ga;’vsf ?rl]a;aér_lew'\(/)”r:s;-case €I1OT which properly describes the tunneling injection through the

A theoretical description of BEES has to comprise theNOPPiNg matrixToy, and the matrix density of states on the
complete current-flow scenario, which may be convenientlyast atom of the tigpgo. Furthermore, it also describes accu-
subdivided into four basic stepi) tunneling from the tip to  rately the electronic transport in the metal by means of the
the metal surface(2) propagation of the hot electrons Green's functiongf”* and the hopping matrix between lay-
through the metallic overlayer3) transmission over the ersT;. In particular, we stress that the nontrivial current
Schottky barrier at the metal/semiconductor contact, @nd distributions ink; space, which result from E@3), are es-
transport inside the semiconductor substrate. A meaningfidentially differentfrom the simple forward peaked cone as-
determination of the transport parameters can only beumed in free-electron propagation models.
achieved when all steps are accounted for at a considerable Second, we have recently found that the e-p backscatter-
level of sophistication. Among the processes so far disclosethg in the semiconductofstep 4 is more important than it
as crucial to the understanding of BEES we can cite: for stepvas thought before. It strongly influences the determination
(1) the proper tunneling distribution corresponding to theof the inelastic MFP due to its net effect of sending back
electronic structure of the metallic surface; for st@ a  current from the semiconductor to the metal. In E2). we
transport analysis conforming with the metal band stru¢fure take this reduction into account through a facR{EE) (see
and encompassing multiple reflections within the thin fifm; inset on Fig. 1, where the contribution of this scattering to
for step(3) projecting and matching of the involved states atthe effective reflection at the interface is plotteshich is
the interface together with the use of an appropriate dynamiobtained from the MC simulation described below. As the
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perhaps in the near—threshold region, and we are forced to
introduce some kind of attenuation. Figuré)lshows the
results of corresponding calculations where e-e interaction is
considered: it is appreciated the excellent agreement between
theory and experiment obtained fiog=15.9 A (solid-thick
line). As expected, for finite.(E) a smaller number of mul-
tiple reflections contributes to the BEEM current: we empha-
4 X size the importance of a finite e-e MFP, in spite of the fact
Y 10 1z 12 0 1z 1“4 0 that values of\ (E) at lower energies are quite large com-
Voltage (V) Voltage (V) pared with the actual width of the filfe.g.,A\(E=1 eV)
=574 A]. Obviously, the difference between the ballistic
FIG. 1. I(V)-curves for 75-A Au/Si(111) at 77 K. Experimen- model and Eq(1) comes mainly from the region of high
tal data(solid squares in both a and are taken from Bel(Ref. 12. energies[e.g., A\(E=1.5 eV)=275 A], where contribu-
(a)ﬂBa'_“StiC rehSU'tS é‘olzw)f fz;dirﬁc;inject(;on(;;l\slhﬁm with f‘lj”e tions from electrons having suffered more than four reflex-
reflection at the metal surfacddashed one-dott¢dwith two reflec- -
tions (dashed two-dotted with three reflections(dashed three- :‘?)?S'Ehaet ;hoenlr)naelltizltizurrrfggiléfg Zeﬁoirs?[rgltzatrflwye naeglu%sé? of
dotted, with four reflections(dashed four-dotteg and to infinite our theoretical analysis, we have found that changing by
order(solid thick ling. Different reflections are calculated using the +20% X\, produces a c’hange in the BEEM current of less
reflection coefficient obtained by matching wave functions acrosi1an+ 15&) Since the experimentaM) curves are likely to

the (111) interface, - T(E) [see inset in Fig. @], and the prob- be d ined with b .
ability for an electron to be backinjected in the metal due to e determined with better accuracy, we quote a conservative

electron-phonon scattering in the semiconductorP(E) [see in- 70T bar of20% forho. Our valuex,=15.9 A is about a
set in Fig. 1b)]. (b) Full Green's functions result\g=16.1 A)  factor of two larger than the standard electron gas value cal-
decomposed in multiple reflections as(@. The infinite order re- ~ culated for Au ¢=3.02, )\(F)epAzg-O R). Therefore, we
sult[solid thick line in(b)] is to be compared with the experiment. agree, both in absolute value and in energy dependence, with
theories predicting similar corrections over the electron gas
e-e interaction in the metal is the main energy-loss mechavalue for real metal&,and with values derived with different
nism for the injected electrons, the backinjection combinedexperimental techniqués®~28Finally, it is worth mention-
with the e-e interaction amount to a significative reduction ofing that large uncertainties related to the experimental deter-
the BEEM current measured at the back contact. Neglectingiination of inelastic e-e lifetimes abound the literat(gey.,
e-p backscattering in the semiconductor in a BEES fit wouldsee Table | in Ref. 1 Therefore, to get the error bars asso-
result in a shorter MFP, indicating the necessity to use &iated with our analysis it would be important in addition to
model as accurate as possible to get reliable values for thestimate effects that are not contained within our GF ap-
transport parameters. proach: mainly diffuse reflections at the metal surface and
With this approach, a nonparametrized description of theviolation of k| conservation at the interface. To that end, we
purely elastic BEEM current is established, which embraceadditionally performed semiclassical MC simulations kin
all of the relevant physical processes, exceptkfoviolation  space. This method had been successfully applied to study
at the interface, electron-defect scattering and nonspeculather important points in BEEMe.g., the resolution degra-
reflection at the surface, which will be addressed afterwarddation due to inelastic effeéd and it will be described in
via the MC calculation discussed below. Moreover, a wavedetail elsewheré? For the purpose of this work, we shall
field attenuation can be introduced in the GF formalism byonly comment on the main relevant points in the simulation:
considering a finite imaginary part of the self-energy relatedi) as the input ensemble of electrons injected into the metal
to the MFP in Eqg.(1). This is a reasonable approach to layer we use the near-surface current distribution computed
describe the inelastic e-e interaction fB<E:+1.5 eV, by the GF methodEqg. (3)]; this is a reasonable approxima-
since typical losses on average represent as much as half tidn, because the MFP of the injected electrons in the Au
the excess energ§,—Eg, ruling out subsequent transmis- layer is much longer than the length scale on which the cur-
sion over the Au/Si Schottky-barrier (0.86 eV) after an e-erent distribution reaches its asymptotic fofie., after four
scattering event. Since this is the only adjustable parametar five atomic layerk (ii) the e-e interaction is modeled by
in our model, we are able to determine it accurately by a fitscattering rates as computed in the RPA; to be consistent
to experimental BEES data. Figure 1 shows our theoreticalith the GF calculation, we also reduce the total e-e interac-
calculations and the BEES data measured by Bell for dion strength by a factor of Jjii) to estimate the influence of
75-A Au/Si(111) film at 77 K2 First, we display in Fig. possible e-d scatterings, we model this interaction channel by
1(a) the results of ballistic calculationg.e., \¢g=> and scattering rates depending only on the assumed density of
T(E)=P(E)=1]. The dashed line correspond to the currentdefects;(iv) to provide for the main effect of the electronic
injected at first attempti.e., no multiple reflections inside band structure on thk-space current distribution, at every
the metallic layer are considepedwhereas the dashed- stage in the simulation, a Monte-Carlo rejection technigue
dotted curves show the contribution to the current of an inis applied whenever propagation inside a forbidden direc-
creasing number of multiple specular reflections. In the baltional gap would happen as a result of scatter{ngscatter-
listic limit an infinite number of reflectionssolid thick line ing of carriers at the surface is modeled by varying the rela-
means that all electrons with appropriate ,E) values are tive amount of specular and diffuse reflectioig) non
finally transmitted into the semiconductor. These ballistic reconservation at the interface is included by randomizing the
sults cannot reproduce the experimental spectrum, exceptirrent distributions over the two-dimensioiiaD) Brillouin
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specular model. The solid line in Fig. 2 corresponds to the
relative change in intensity when a simulation with diffuse
reflection at the metal surface is performed. The dotted line
L represents the effect of ndqg- conserving interface
Voltage (V) scatterings®?°which is treated by allowing the pickup of an
arbitrary k| at the interface with a 40% probability. This
. y value describes what we consider as an extreme case because
L in the Au/Si interface the disorder is confined to a few layers
—R0— and does not affect greatly to the incident Bloch waves, sug-
Voltage (V) gesting that the noR; conserving processes are only a few
percent of the total. Finally, the dashed line shows the results
FIG. 2. A comparison between the Gsolid line) and the MC  of a simulation with a short elastic e-d MFP of 100 A where
results (dotted, for the specular model and the samg(E), is  the differential cross section is assumed to be isotropic. From
provided in the inset. In the figure, the relative change in intensitya|| these case studies, it is clearly observed that none of these
between the MC specular model and the three foIIowing models i%|astic Scatterings has a major inﬂuence, pra”y less than
given: diffuse reflections at the surfatsolid line), randomization — + 10%), on the BEES spectra for thin metallic films. Hence,
of kj at the interface(dotted ling, and elastic scattering with de- {hese results clearly reinforce our previous GF results and
fects,\e-4=~100 A, (dashed ling allow us to estimate a conservative worst-case error in the
determined e-e MFP of 20%.
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zone, prior to transmission over the interfa@gi) scattering In conclusion, we find that an RPA-like energy depen-
of electrons with acoustic and optical phonons in the depledence for the inelastic e-e MFP can account for the spectral
tion layer is described via deformation potenti@dNe fi-  dependence of(V)-curves measured by BEES on thin-gold
nally remark that the number of phonon backscatteristepp ~ metal films (on theoretical grounds, we expect this is not
vii) does not significantly depend on details of thedistri- ~ particular for gold. An excellent agreement between theory

bution of electrons entering the semiconductor, thus justify-and experiment is achieved by increasiig * by a factor 2.
ing our original inclusion of this scattering channel in E2).  These results reconcile the generally accepted theoretical
through a factoiP(E). ideas on electronic energy relaxation rates with recent BEES
In the inset of Fig. 2 we compare our two approaches. Fomeasurements. They also show the potential of BEES to in-
a specular-reflection model at the surface/interface and forestigate details of inelastic e-e lifetimes that are still under
scattering rates equal to the ones used in GF, MC is condiscussion. To make this complicated task more reliable it is
pared with the previous GF result. A fair agreement betweemecessary to keep the analysis of the experiments as simple
both approaches is found. This is highly satisfactory in viewas possible; in particular, we propose to perform measure-
of the approximations made in MC regarding the metal bananents on thin samples at low temperature, with a well-
structure, e.g., by performing an azimuthal average and usingharacterized structure exhibiting a low concentration of de-
the initial current distribution aEx+1.2 eV for the whole fects, and to concentrate in the near-threshold region.
energy rangé® Next, we estimate the uncertainty in our K.R. and K.H. are grateful for financial support from
computed BEEM current arising from effects not taken intoSFB292(Germany. P.L.A., F.J.G.V., and F.F. acknowledge
account in our specular model by considering different scefinancial support from the Spanish CICYT under Contract
narios in our MC simulation and by comparing with the Nos. PB97-28 and PB97-1224.
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