VOLUME 61, NUMBER 20

PHYSICAL REVIEW LETTERS

14 NOVEMBER 1988
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A unique ballistic-electron spectroscopy technique has been employed to measure directly
semiconductor-band-structure properties at a subsurface interface for the first time. Further, the
method, based on scanning tunneling microscopy, enables spatially resolved carrier-transport spectrosco-
py of interfaces. A theoretical treatment has been developed which accurately accounts for the observed

spectroscopic features.

PACS numbers: 73.20.At, 61.16.Di, 68.35.—p, 72.20.—i

Semiconductor interface band structure is critical in
determining important electronic properties of semicon-
ductor structures such as superlattice carrier mobilities,
quantum-well depths, and optoelectronic response. De-
tailed surface and interface band structures have been
investigated by several methods including photoemission,
but not by direct electrical measurement of heterostruc-
tures.! Several important ballistic-electron spectroscopy
methods based on semiconductor heterostructures have
recently been developed.>* However, because of limita-
tions of the heterostructures employed, only a narrow
range of electron energy may be probed and band-
structure effects are not directly observed. Also, because
of uncertainty in the electronic properties of the hetero-
structure, detailed analysis of the ballistic-electron spec-
tra is complicated. Conventional surface analytical tech-
niques are limited in their capabilities for probing buried
interfaces. Further, these and other conventional inter-
face characterization methods do not offer high spatial
resolution.

We report an advanced ballistic-electron spectroscopy
method based on ballistic-electron-emission microscopy
(BEEM),* which enables the first observation of local in-
terface band structure. Two important semiconductor
interface systems having contrasting band structures are
investigated by this method: Au-Si and Au-GaAs. The
important features of the conduction-band structure at
the subsurface interface are investigated for both inter-
faces. A theoretical description is presented which ac-
counts for the resulting spectroscopic features, and pre-
dicts high spatial resolution for interface electronic prop-
erties by BEEM.

In the present work, BEEM, based on scanning tun-
neling microscopy,® is implemented in a three-terminal
configuration, as shown in Fig. 1(a). The scanning-
tunneling-microscopy tip emits ballistic electrons into a
metal-semiconductor structure via vacuum tunneling.
These low-energy electrons have attenuation lengths of
greater than 100 A in metals,® and some of the electrons
reach the metal-semiconductor Schottky-barrier (SB) in-
terface with no energy loss. If base-tip bias V is greater
than the SB height V,, many of these electrons may
cross the interface and enter the semiconductor, where
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they are measured as a collector current /.. For V less
than V3, electrons cannot enter the collector and I, is
zero. BEEM spectra are acquired by sweeping tunnel
voltage while feedback controlling the tunnel gap, S, at a
predetermined tunnel current. The I.-V spectrum is a
direct probe of the SB interface electronic structure and
of the bulk transmission properties of the base film. By
scanning the tip over the heterostructure surface, simul-
taneous spatial imaging of subsurface properties and sur-
face topography is achieved.*

A simple theoretical treatment has been developed
which describes subsurface interface band-structure
spectroscopy and imaging by BEEM. Conservation laws
involving energy and transverse momentum have been
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FIG. 1. BEEM probing of the Si conduction-band minimum
at the Au-Si interface. (a) Energy-band diagram of the
three-terminal BEEM configuration. The tunnel tip, separated
by a vacuum barrier from the base electrode, serves as emitter
of ballistic electrons into the base-collector structure. If the
applied tip-base voltage V is greater than the SB height V5,
electrons may cross the SB interface and be collected. (b) The
BEEM I.-V spectrum (dots) for the Au-Si structure recorded
at a tunneling current I, of 0.87 nA. The dashed line is a cal-
culated spectrum for the simple 1D theory. The solid line is a
calculated spectrum for the theory given in Eq. (5), yielding a
threshold of value of 0.82 eV.
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invoked in this treatment. Also, a free-electron disper-
sion relation in the tip and base, and a parabolic
conduction-band minimum in the semiconductor are
treated. The theoretical treatment predicts the detailed
behavior of the collector current at threshold which is in-
dependent of fitting parameters and is found to be in ex-
cellent agreement with experiment.

We have used a well-known formalism for tunneling
between planar electrodes to describe the tunneling
current /.7 Electrons tunneling from the tip to the met-
al base occupy tip states within a shell of the Fermi
sphere between E =Er and E =FEg—eV.® Defining the
energies associated with the components of the electron
wave vector normal and transverse to the interface as F,
and E,, respectively, within the tip electrode, then

L=C [ DE) [UE) - fE+edE dE,, )

where D(E,) is the transmission probability for an elec-
tron to tunnel through the vacuum barrier, f(E) is the
Fermi function, and C is a constant.” The expression
from planar tunneling theory for a square barrier is used
for D(E,).”

A similar expression can be directly obtained for the
collector current by considering a shell in the Fermi
sphere of the tip between E=FEr and E=FEf
—e(V—V3). However, well-known conservation laws at
the metal-semiconductor interface®!® further constrain
the allowed tip states. This can be seen by our consider-
ing an electron entering the semiconductor from the base
at an energy just above that of a zone-centered band
minimum in the semiconductor. The electron has a ki-
netic energy on the order of 7 eV in the Au base. As it
enters the semiconductor near the bottom of the conduc-
tion band, it loses a large fraction of the normal com-
ponent of its kinetic energy. However, following the
treatment of photorcsponse,“’12 transverse momentum is
conserved across the interface in the absence of scatter-
ing. This causes a “refraction” of the electron as it
enters the semiconductor. An electron with large trans-
verse momentum is unable to enter the semiconductor
since there are not states satisfying the (E,k,) relation-
ship for the electron. Specifically, conservation of k,
defines a critical angle for electron propagation in the
base outside of which electrons may not be collected:

in2g. = Y Vb

sin?6, m BtV 2)
where m;, is the electron effective mass parallel to the in-
terface within the semiconductor, and m is the free-
electron mass.® The accompanying restriction on trans-
verse energy within the tip for m, less than m is simply

m;

E, < [Ex—Eg+e(V—V,)]. 3)

m—m,
Only electrons within the tip with E, given by Eq. (3)
may be collected, in the absence of scattering.

The following expression may therefore be written for
collector current:

I.=RC [, D)) fOE"'“ f(E)dE, dE, , )

where R is a measure of attenuation due to scattering in
the base layer. R is taken to be an energy-independent
constant, since ballistic-electron attenuation lengths in
metals are nearly independent of energy for E —Ef of
less than 2 eV.'* E_. is given by [m,/(m—m,)]
x[E,—Eg+e(V—V3)], as in Eq. (3), and Epnp
=Er—e(V—=V,).

The collector current in terms of the tunnel current
from Egs. (1) and (4) is, therefore,

R J2.DE)fo™ f(E)dE, dE,
T DED [T (E) —f(E+eV)dE, dEy

Equation (5) is fitted to the experimental spectra by
adjustment of ¥, and R.'* Most importantly, as a
consequence of the parabolic conduction-band minimum
and k, conservation, Eq. (5) predicts that the I.-V spec-
trum behaves as (V¥ —V})? for voltages just above the
threshold value V,, independent of the fitting parame-
ters.

An important consequence of transverse-momentum
conservation at the interface and the existence of the
critical angle defined in Eq. (2) is a focusing which pro-
vides high spatial resolution of interface properties.
Since only electrons with small transverse momenta in
the base may be collected, scattering in the base serves
mainly to reduce the number of electrons collected, rath-
er than to reduce resolution. For example, for GaAs
with m,/m =0.067, only electrons within a few degrees
of normal incidence may be collected, for e(V —¥}) of a
few tenths of an eV, yielding a lateral resolution of order
10 A for a 100-A-thick base layer. High spatial resolu-
tion has previously been obtained for BEEM images of
the Au-GaAs interface,* in agreement with this treat-
ment.

Interface band structure was investigated in two im-
portant metal-semiconductor interfaces: Au-Si and Au-
GaAs. It is important to contrast the complex GaAs
conduction-band structure with that of Si in the energy
range probed by this experiment: GaAs has a direct
conduction-band minimum at the zone center and two
higher indirect minima at the L and X points of the Bril-
louin zone,!®> while Si has only a single conduction-band
minimum along the [100] direction. The ballistic-
electron spectroscopy of BEEM may probe the direct
and indirect band minima of both systems. The inter-
faces were prepared by evaporating Au electrodes in ul-
trahigh vacuum on chemically prepared »-Si(100)
(n=2%10" cm™3) and n-GaAs(100) (n=3x10'
cm ~3) substrates. The experimental apparatus has been
described previously. !

A typical I.-V BEEM spectrum for a Au-Si hetero-

I.= (5)
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structure is shown in Fig. 1(b). Also plotted are a fit by
a simple one-dimensional (1D) theory including thermal
broadening but neglecting transverse-momentum conser-
vation,* and a fit by the theory developed above. A devi-
ation of the 1D theory from the experimental spectrum is
observed at the threshold region. With use of the theory
developed above, however, excellent agreement is ob-
tained for all data points. The threshold region of Fig.
1(b) is shown on an expanded scale in Fig. 2(a), em-
phasizing the agreement of the theory with the experi-
mental spectrum in the threshold region. A stringent
test of the agreement between theory and experiment
may be made by our comparing the derivative dI./dV vs
V for the data and for the theory, as shown in Fig. 2(b).
The experimental dI./dV spectrum reveals the inflection
of the I.-V spectrum above threshold as a maximum in
the derivative curve; the calculated spectrum also
displays this behavior. The dI./dV spectrum also reveals
a linear region above 0.8 eV corresponding to a square-
law behavior of the I.-V spectrum above threshold.
Most importantly, the square-law behavior of the spec-
trum near threshold is independent of fitting parameters;
it is a direct consequence of the parabolic conduction-
band minimum of the Si interfacial band structure and
the resulting restrictions on k;.

The Au-GaAs spectra display features which are qual-
itatively different from those of the Au-Si spectra. These
spectra display a threshold region which, in contrast to
the Au-Si spectra, is apparently composed of multiple
thresholds. This dramatic difference is seen by compar-
ing a typical spectrum obtained for a Au-GaAs hetero-
structure shown in Fig. 3(a) with the spectrum obtained
for a Au-Si heterostructure shown in Fig. 1.
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FIG. 2. (a) Expanded plot of the threshold region of the
BEEM spectrum shown in Fig. 1(b), displaying the excellent
agreement of Eq. (5) with experiment. Experimental points
are shown as dots, with the dashed and solid lines as indicated
in Fig. 1(b). (b) dI./dV vs V for the experimental BEEM
spectrum and the calculated solid-line spectrum of Figs. 1(b)
and 2(a).
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The multiple-threshold structure observed in the Au-
GaAs BEEM spectroscopy was investigated by our
fitting the theory of Eq. (5) with three threshold values;
the resulting spectrum is plotted in Fig. 3(a). For com-
parison, theoretical spectra for one and two thresholds
are also displayed. For the case of three thresholds, the
agreement between theory and experiment is excellent,
yielding threshold values of 0.89, 1.18, and 1.36 eV. The
first threshold value is in agreement with the commonly
accepted value for the Schottky-barrier energy for Au-
GaAs, 0.9 eV.! The differences between the upper
thresholds and the lower one, 0.29 and 0.47 eV, agree
well with the expected relative energies of the three
lowest conduction-band minima in GaAs; 0.29 and 0.48
eV for the separation between the direct minimum and
the satellite minima at the L and X points, respectively. '®
The thresholds are therefore assigned to ballistic-electron
injection into the I', L, and X minima, respectively. As a
sensitive test of the agreement between experiment and
theory the experimental and theoretical derivative spec-
tra, dI./dV vs V, are compared in Fig. 3(b). The thresh-
olds, marked by arrows, appear as steps in the derivative
spectra and the theory agrees well with the experimental
BEEM spectrum. The changes in slope at the thresholds
show relative magnitudes which are in agreement with
the ordering of the different effective masses of the three
minima.'> It is useful to compare the multiple thresh-
olds seen in the Au-GaAs dI./dV spectra of Fig. 3(b)
with the single threshold observed for Au-Si in Fig. 2(b).
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FIG. 3. BEEM probing of the direct minimum and satellite
minima of the GaAs conduction band at the Au-GaAs inter-
face. (a) BEEM I.-V spectrum (dots) for a Au-GaAs hetero-
junction recorded at I; =1 nA. Curve a is a zero-current refer-
ence; curves b, ¢, and d are calculated spectra treating one,
two, and three thresholds, respectively. Spectrum d yields
threshold values of 0.89, 1.18, and 1.36 eV. (b) Derivative
dI./dV vs V for the data (dots) and the calculated spectrum d
shown in part (a). The three threshold values are indicated by
arrows.
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Many I.-V spectra were measured at different loca-
tions on many Au-GaAs structures. The multiple
thresholds were observed in all spectra obtained. The
spectrum shown in Fig. 3 is representative of the average
values for the thresholds observed. However, spatial
variations as large as 0.1 eV in the relative energies of
the three thresholds were detected, providing a direct
measure of the local variation of the GaAs conduction-
band structure. Variation in local interface band struc-
ture may result from variation in interfacial strain'> or
diffusion-induced nonstoichiometry. !

In conclusion, ballistic-electron spectroscopy methods
have been employed to directly observe interface band-
structure properties. Also, a simple theory has been
developed which accurately describes the observed spec-
troscopic behavior. Two important interface systems
having contrasting band structure have been investigat-
ed: Au-GaAs and Au-Si. The Au-Si spectra, reflecting
the simple band structure of Si, provide a stringent test
of the proposed theory, and it is shown that the agree-
ment between data and theory is excellent. The Au-Si
spectra indicate that the detailed spectral shape is direct-
ly determined by the interfacial semiconductor band
structure. For the Au-GaAs interface, BEEM spectra
clearly reveal properties of the satellite conduction-band
minima of GaAs. Further, BEEM has yielded the first
direct measure of local variation in the GaAs
conduction-band structure. Since for certain interface
systems spatial variations may induce smearing of spec-
tral features in large-area measurements, only a local
probe such as BEEM may enable observation of inter-
face band structure for such interfaces. The ballistic-
electron spectroscopy methods discussed here are applic-
able to the investigation of many systems, including
semiconductor-semiconductor strain-layer interfaces,
where the local variation in band structure plays an im-
portant role in determining the interface electronic prop-
erties.
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