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Ballistic Electron Emission Microscopy for Nonepitaxial Metal/Semiconductor Interfaces

D.L. Smith
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

E.Y. Lee* and V. Narayanamurti

Electrical and Computer Engineering Department, University of California, Santa Barbara, California 93106
(Received 7 May 1997

We present a model of ballistic electron emission microscopy (BEEM) that includes elastic scattering
at nonepitaxial metal/semiconductor interfaces. In the weak scattering limit, the model reduces to the
traditional description of BEEM. In the strong scattering limit, the model quantitatively describes
(1) the relative magnitudes of BEEM currents into the L, and X channels for AyGaAg100);

(2) the relative magnitudes of the currents for /&i(100) and-(111); (3) the relative magnitudes of
currents for AyGaAs and AySi; and (4) the absolute magnitudes of the currents for these materials.
[S0031-9007(98)05473-8]

PACS numbers: 73.40.Kp

The transport of electrons across nonepitaxial metalzero parallel wave vectors at the minimum [e.g., The
semiconductor interfaces is of interest in a wide range oaind one of the thre& valleys for GaA$100)] is much
contexts. Ballistic electron emission microscopy (BEEM)larger than the calculated current into valleys with large
is a good way to study such processes because BEERhrallel wave vectors at the minimum [e.g., thevalleys
directly measures the current across interfaces for a wefbr GaAg100)]. This predicted difference is not observed
characterized distribution of incident electrons [1-4].experimentally [2,5—-7]. For the same reasons, the calcu-
The original theoretical description of BEEM assumeslated current for Si(100), for which two of thA con-
that both energy and the interface parallel component ofluction band minimum valleys have zero parallel wave
the wave vector are conserved as an electron traverses aectors, is much larger than the calculated current for
interface [2]. This theory gives a description of BEEM Si(111), for which all of the conduction minima have
current as a function of tunneling tip to metal film bias large parallel wave vectors. The measured BEEM cur-
which has been used extensively to fit BEEM data nearents do not show the predicted dependence on orientation

the threshold of a transport channel [5-11]. for Si; in fact, the measured BEEM currents for (100) and
The materials systems studied most extensively by111) oriented Si are very similar [2,8—11].
BEEM are AyGaAs and AYSi. Au/GaAs and AySi It has long been recognized that elastic scattering of

are prototypes for nonepitaxial metal interfaces on direcelectrons, either at the metal/semiconductor interface or in
and indirect band gap semiconductors, respectively. Ithe metal film, might account for the relative magnitude
BEEM on GaAs, there are three transport channels corrdactors for the three channels in GaAs and the observed
sponding to electrons going into thg L, andX conduc- weak dependence on orientation in Si [6,9,11-13]. To
tion band minima. Six fitting parameters are commonlydate, however, no unified model quantitatively describing
used to describe GaAs BEEM data, one threshold ernthe BEEM data in these prototypical nonepitaxial materi-
ergy and one magnitude factor for each of the three charals has been proposed. Here, we present a model which
nels [2,5-7]. GaAs has been studied extensively and thstarts with eigenstates of an ideal interface Hamiltonian
material parameters necessary to determine the quantitiasd then allows interfacial elastic scattering to redistribute
usually taken as fitting parameters are known. When théhe electrons injected by tunneling among these eigen-
expected values are compared with those required to fittates. In the weak scattering limit, this model reduces to
BEEM data, one finds that the three fit threshold energiethe traditional description of BEEM with the inclusion of
are close to the expected values, but that the three fit magruantum mechanical reflection at the metal/semiconductor
nitude factors differ significantly from what is expected. interface. In the strong scattering limit, it quantitatively
Specifically, for BEEM measurements on ABaAg100),  describes the BEEM data on AGaAs and AyYSi.

the fit magnitude factors for th& and X channels are The model starts with a Hamiltonian consisting of
much smaller than expected and the fit magnitude factomwo parts: H = Hy + §H, whereH, describes an ideal
for the L channel is much larger than expected. Tunnelinterface for which the interface parallel component of
ing predominantly injects forward directed electrons withthe wave vector is a good quantum number, &d
small interface parallel wave vector components into thelescribes interfacial scattering centerd, has the form
metal film. Because the parallel wave vector is assume#lly = [H"®(—z) + H*O(z)], where H™" describes the

to be conserved, the calculated current into valleys withmetal, H* describes the semiconductor, and the interface
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is located atz = 0. The eigenstates off, have the function, A is the interface area, andk’ /m is the
form Wy = (W' i, + ¥ 4)0(—z) + ,B\Ifk k|®(z) velocity at which the electron in stateapproaches the
where ¥ is an eigenstate off™, ¥* is an e|genstate interface (evaluated in a free electron model). The total
of H* which may be evanescent, and the coefficiants probability for scattering from stateto statef is

and B are determined by interface matching conditions.

For each state¥,, there is electron flux transmitted Py = (Z H{—»f)(l -9),

into the semiconductor. (This flux is zero W* is -

evanescent.) The transmission coeffici&nfor the state

P, is the ratio of the transmitted flux in the semiconductorwhere S is the probability of any scattering evefit=
to the incoming flux in the metal for that state. In X Pi— and the factofl — ) accounts for interference
BEEM, a distribution ofH, eigenstates is populated by from other scattering events. Solving f®mgives
tunneling. If there were no scattering, the BEEM current

in the semiconductor would be a sum over the populated ZHHf
states of the incident electron flux times the transmission Pij=——""".
coefficient of the state.d H leads to transitions between I+ Z Hl—»f

the eigenstates df, so the BEEM current becomes

We take the scattering matrix element to be independent
Ig = eAZFi[T’(I - ZP,-_,f> + ZP,-_,fo:|. of the initial and final states of the process corresponding
b f f to scattering from a hard core potential. An electron in
the initial state is then randomly distributed among the
Here, k' is a wave vector in the metal which labels the H, eigenstates of the same energy after a single scattering
eigenstates ofly, F' is the interface normal flux in that event, so it is not necessary to explicitly include multiple
state induced by tunneling; is a transmission coefficient, scattering effects.
P_.; is the probability that a transition is induced by/ We evaluate the BEEM current at zero temperature
from statei to statef, both eigenstates dfl,, andA is  using a free electron model for the metal and an ef-
the area in the planar tunneling model. The first termfective mass model for the semiconductors with spheri-
in brackets corresponds to electrons which are not scatal but nonparabolic effective masses:(E) = mg(1 +
tered bys H and the second term corresponds to scattered E), where « is the nonparabolicity parameter. The
electrons. The eigenstates Hf consist of an incident BEEM current for direct transmission into a valley
and reflected part in the metal and a transmitted patis
(perhaps evanescent) in the semiconductor. The three WoE on
components of the eigenstate have the same interface ;0 _ eA[(—) 2m —5/5}[ th5<m )
parallel wave vector which, because tunneling preferen- o) R
tially weights forward directed states, is small for the
likely populated initial states.6 H scatters electrons be- X (2E;) — ] dg]
tween the eigenstates #f. The scattering conserves en-
ergy, but not interface parallel wave vectors. In the final
state of the scattering process, states with large interfa
parallel wave vectors can be occupied with reasonabl

probability. 1\2 2m s eV—E, m*\2
The perturbing Hamiltonian results from interfacial Iy = KAK > -3 € 5}[ dEs( )

2w) B3
scattering centers. Ldﬂ,ﬁf be the probability of scat-
tering from statei to state f from the j’th scattering v " dee” 2g’(n/Q) 1 A dx(4x?)
center (a numbgr small compa_red to unity) if t_here were 0 [1+ n/0] o (a + x)?
no other scattering centers to interfere with this process. _ _ _
This probability is the ratio of the scattering transition where & is the metal thickness{ is the hot electron
rate divided by the rate at which electrons are incidengttenuation length/ is the vacuum tunneling length, and
on the interface. g is the WKB tunneling factor [14]. Heréey is the tip
Qm/h) (IMI?/Q?)6(e; — ) bias, ® is the work function andZ; is the Fermi energy,

dx(4ax?) e %!
(@ +x)? (1 + n/a)

d the BEEM current for transmission into a valley with
8cattering is

H{_,f = : , E, is the threshold energy for the valley,
A(fik' /m) (1/€) N
m
where Q is the normalization volume(|M|*/Q?) is Ei = Es + Ef + Ep, A= <m*;> ’
the squared scattering matrix element (it is convenient l
to display the ) dependence of the matrix element _ N m |MP

explicitly), 6(e; — ¢;) is the energy conserving delta T7 AR 2w
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0= - e/E)"?, kﬁ) is the parallel wave vector at Figure 2 compares the calculated ratio of BEEM to
the energy minimum, and is the number of interfacial tunnel current in the strong scattering limit as a function
scattering centers. of tunneling tip bias for AUSi with the experimental
For GaAs, we considel’, L, and X minima, and, results of Ref. [11]. The calculated results in the strong
for Si, the A minima. The required material parametersscattering limit for Si(100) and Si(111) are very similar
are known for these well studied materials [15]. Forto each other as is observed experimentally [9,10] and
Au, we use a Fermi energy of 5.5 eV, a work functiongive a reasonable description of the experimental results
of 5.1 eV, and an attenuation length of 13 nm [11] without fitting parameters. The inset of Fig. 2 compares
For GaAs, we use the following: For the effective the calculation in the weak scattering limit with the
massesmr = 0.067m, m; = 0.22m, andmy = 0.41m;  experimental results. In this limit, the calculated result
for the nonparabolicity parametersyr = 0.69 eV~!,  for Au/Si(100) is too large and for AgSi(111) is too
a;p =0.65eV!, and ay =036eV!; for the Au small to describe the data. Elastic scattering must both
Schottky barrier, 0.88 eV [16]; and for th&-L and greatly reduce current for Si(100) and increase current for
I'-X energy separations, 0.33 and 0.52 eV, respectivelysi(111) to describe the data. The scattering strength
For Si, we use, for the effective masd33m; for the  must be large in order to sufficiently reduce the current
nonparabolicity paramete.50 eV~'; and for the Au for Sj(100). The AYSi interface is not epitaxial and
Schottky barrier, 0.80 eV [16]/ is adjusted as a function scattering centers can arise from structural defects at
of tip bias to give a constant tunneling current densitythe incommensurate interface. Hydrogen terminated Si
chosen so that the tip-to-metal film separation is close t@yrfaces were used in the sample fabrication of Ref. [11]
1 nm. In the strong scattering limit, there is essentiallyto achieve a chemically clean interface.
no dependence of the calculated ratio of BEEM to E|astic scattering at the metal/semiconductor interface
tunneling current on/. The strength of the interface js specifically considered in this model. To describe the
scatteringn determines the probability that an electron BegM data, it is necessary to go to the strong scattering
scatters at the interface, which ig/(1 + 1), and the |imjt. Scattering simultaneously reduces the intensity
probability that it does not scatter, which Ig(1 + 7). of the calculated BEEM current in thE channel and
In the weak scattering limip — 0, the result reduces t0 jycreases it in thé channel of AYGaAg100) and, in the

the traditional description of BEEM with the inclusion of strong scattering limit, the calculated results agree well
quantum mechanical reflection at the metal/semiconductor

interface. In the strong scattering limjt — o, all of the

electrons scatter. Au/GaAs (100)

Figure 1 compares the calculated ratio of BEEM to 8 : — —
tunneling current in the strong scattering limit as a Theory /T |Experiment
function of tunneling tip bias for AUGaAq100) with the
experimental results of Ref. [7]. In the strong scattering & er¥r Sc\gvt?gr'i(ng i
limit, the injected flux distribution is redistributed by =) Limit
scattering and valleys with zero interface parallel wave ‘,:4 | 107 Experiment 3 |_//
vectors at their energy minimum are not preferentially = _M ;]
weighted. The calculation in the strong scattering limit o 0 % L
gives a reasonable description of the experimental results 08 10 12 14 1
without fitting parameters. The inset of Fig. 1 compares i Strong P ’Z
the calculation in the weak scattering limit with the Scattering / ,r-f
experimental results. In this limit, the calculated current 0 _'—'[“'t. L X
in the I and X channels are much too large and in the 0.8 1.0 10 14 16
L channel much too small to describe the data. Elastic Bias (V)

scattering must both greatly reduce current inkhand X

channels and greatly increase current in thehannel to  FIG. 1. Comparison of the calculation in the strong scattering
describe the data. The scattering strengtimust be large  limit for Au/GaAg100) with the experimental results of
so that almost all of the electrons scatter at the interface iffe"- [7]- The dot-dashed line shows g the long-dashed

der t fficientl d th t in tiech | ine the L, the short-dashed line th& contribution to the
oraer to sufiiciently reduce the current In thechannel.  gppp current, and the solid line the sum of the three. The

Because there was an oxide layer at the interface [7] Ohset compares the calculation in the weak scattering limit to
this sample, strong interface scattering is to be expectedthe same experimental results.
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Au/Si with eigenstates of an ideal interface Hamiltonian and
Weaikl T (100) R gllo_ws elastic scat;e.ring processes o redistribute the
Scattering."" \ / incident electrons injected by tunneling among these
Limit ¢ eigenstates. In the weak scattering limit, the results
ol ',."'Experimem ! of the model reduce to the traditional description of
(100)# . BEEM which assumes interface parallel wave vector
4 conservation at the interface. In the strong scattering
limit, it quantitatively describes the BEEM data on
Au/GaAs and AYSi.
Strong The authors gratefully acknowledge partial funding
Scattering from AFOSR (Grant No. F49620-97-1-0247) and NSF
Limit (Grant No. ECS-9531133). The work of D.L.S. was
done at UC Santa Barbara while on the Los Alamos
0.8 10 19 1.4 Visiting Scholar Program, which was conducted under the
Bias (V) auspices of the Department _of E_nergy, su_pported in part
by funds provided by the University of California for the

FIG. 2. Comparison of the calculation in the strong scatteringconduct of discretionary research by Los Alamos National
limit for Au/Si(100) (dashed line) and ASi(111) (solid line) | aboratory.

with the experimental results for ASi of Ref. [11]. These
measurements were made on /Si(111) but measurements
for Au/Si(100) are very similar to those for AlBi(111) (see
Refs. [9] and [10]). The inset compares the calculation in the
weak scattering limit to the same experimental results.
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