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Characterizing hot-carrier transport in silicon heterostructures
with the use of ballistic-electron-emission microscopy
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High-energy (0.1 —1 eV) measurements of ballistic carrier transport in semiconductors have been per-
formed using a new ballistic-electron-emission microscopy (BEEM) technique. Hot-electron attenuation
lengths for p-type Si have been determined by combining precise Si molecular-beam-epitaxy methods
with BEEM. A striking anomaly has been observed in the comparison of the 293- and 77-K results.

Electronic structure and charge carrier transport are
key characteristics which determine the properties of
many important semiconductor devices. The carrier
scattering rate, for example, determines the collection
efficiency of photo voltaics, the multiplication in
avalanche photodetectors, the transit time of electrons in
heterojunction bipolar transistors, and the high-field
breakdown point in transistors. Since direct experimen-
tal probes of subsurface semiconductor electronic struc-
ture have not previously been available, the most critical
transport properties, including carrier scattering, are not
understood in detail. Because of the difficulty of control-
lably injecting electrons over a wide energy range (10
meV —10 eV) with high-energy resolution, the electronic
structure and the energy-dependent carrier transport
function have not been measured previously. In addition,
conventional characterization techniques average elec-
tronic structure and transport information over a large
area of the sample; therefore, they are insensitive to po-
tentially important spatial variations.

We report an approach based on precise molecular-
beam-epitaxy (MBE) methods and a new ballistic-
electron-emission microscopy (BEEM) technique. '
MBE growth provides microscopic control over the
thickness and doping of the layers. Additionally, BEEM,
based on scanning tunneling microscopy (STM), allows
direct control of the energy of carriers injected into a
multilayer semiconductor structure. BEEM also lends
the nanometer-scale spatial resolution inherent in STM
techniques. This approach has been applied to investi-
gate both electronic structure and ballistic electron trans-
port in silicon-based heterostructures.

BEEM has been used primarily to investigate
metal/semiconductor (M/S) systems, providing a direct
local measurement of Schottky barrier height and elec-
tron transport efficiency across the M/S interface with
nanometer-scale resolution. ' In addition, BEEM has
been used to probe scattering mechanisms in the metal
and at the interface, ' and BEEM investigations have
yielded attenuation length measurements for ballistic
electrons in Au and PtSi. ' These earlier measurements
were not, however, sensitive to transport in the semicon-
ductor. The present experiment differs from BEEM in-
vestigations of Schottky systems in that the BEEM mea-

surements are performed on metallized silicon pn junc-
tions. The samples studied were p-type Si layers with
thicknesses ranging from 200 to 1000 A, grown on n-type
substrates, and covered with thin Au overlayers. In such
structures, ballistic electrons must traverse hundreds of
angstroms of silicon before reaching the potential barrier
maximum. Only carriers which overcome this barrier are
collected; therefore, this study probes the scattering
mechanisms in the semiconductor. In the fully depleted p
layers the barrier height is affected by the pinning posi-
tion at the M/S interface, the doping level, and the thick-
ness of the p layer. However, the energy barrier in a pn
junction that is not fully depleted is controlled solely by
doping level and is insensitive to variations in the M/S in-
terface. BEEM spectroscopy of pn junctions yields values
for barrier height as a function of p-layer thickness,
which can be compared to calculated values. Moreover,
comparison of the BEEM spectral shape for the pn junc-
tion to that for the Schottky barrier yields information
regarding the energy dependence of scattering in the
semiconductor versus that dependence in the metal. By
varying the p-layer thickness and measuring the transmis-
sion efficiency at the barrier maxima, an attenuation
length can be determined for minority carriers in p-type
Si. Finally, performing these measurements at room tem-
perature and in a liquid-nitrogen environment probes the
temperature dependence of both barrier height and
scattering mechanisms in the semiconductor.

The boron-doped p-type Si layers (Ã, = 5 X 10' cm )
were grown on n-type Si(100) substrates (n =2X10'
cm ), by MBE at 600 C. Prior to growth, the n-doped
substrates were spin-etched with a 20% HF and ethanol
solution to remove native oxide and hydrogen terminate
the remaining silicon surface. Samples were grown with
p-layer thicknesses of 200, 500, and 1000 A. An n-type
substrate (referred to as the "0-A structure") with no ep-
itaxial layer was also examined. After growth the wafers
were removed from the MBE system and diced into 9 X 9
mm squares. A sample was then etched with CF4 in a
reactive-ion etching system with a Si mask to remove the
p layer around the edges, decreasing edge leakage of the
diode. Next the sample was transferred to a nitrogen-
purged glove box where it was spin-etched with a 10%
HF and ethanol solution. The sample was then
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transferred directly into a UHV metal deposition
chamber and 75 A of Au was evaporated through a sha-
dow mask, forming a metallized region of approximately
0.1 cm . Finally the sample was transferred to a separate
nitrogen-purged glove box and loaded onto the STM.
The STM has been described previously. '

The barrier height measurement is acquired by bring-
ing the Au STM tip within tunneling range of the Au
base layer and ramping the tip voltage negatively with
respect to the base. An energy band diagram illustrat-
ing the tip emitter, the metal base, and the p-type and n-

type Si layers is given in Fig. 1. Electrons tunnel from
the tip through the vacuum barrier and enter the metal.
These hot carriers travel through the base and cross into
the p layer if they have sufhcient energy to surmount the
Schottky barrier. Additionally, those electrons which
have energy greater than the barrier buried within the p
layer and a transverse momentum that falls within the
critical range for acceptance will cross the potential max-
imum and will travel through the n layer to be collected
at the backside contact.

An illustration of the energies of the conduction-band
barrier maximum for the various p layers as a function of
distance from the M/S interface is presented in Fig.
2(a)." Since the tunnel distribution is peaked at the Fer-
mi level of the tip, ramping the tip voltage with respect to
the base yields a sharply defined current threshold at the
height of the barrier maximum. Typical BEEM spectra
for p-layer thicknesses of 0 and 1000 A are presented in
Fig. 2(b). Similar spectra were recorded for each of the
remaining thicknesses at room temperature, and the ex-
periment was repeated at 77 K.

The experimental spectra are compared to a theory
which employs phase-space-limited interface transmis-
sion and simple vacuum tunneling. The theoretical spec-
tra were fit to the data by adjusting the barrier height Vb

and a scale factor R. The scale factor controls transmis-
sion intensity. Thus the critical parameters for charac-
terizing the electronic structure, Vb, and transport, R,
are directly derived from the data. As shown in Fig.
2(b), the agreement between the theoretical and experi-
mental spectral shapes is excellent for both the Au/Si and
the Au/p/n type Si sy-stems. As noted previously, car-

eV

rier transport in the Au/p/n-type Si structure requires
transmission through both the M/S interface and
through the depletion region. In contrast, transport in
the simple Schottky Au/Si system only requires transmis-
sion through the M/S interface. The good agreement be-
tween BEEM theory and spectra for the metallized pn
junction structure demonstrates the ideal behavior of this
system and the applicability of SEEM techniques to
probing its electronic structure.

The experimental dependence of the derived barrier
maximum, Vb, on p-layer thickness is illustrated in Fig. 3
along with theoretical calculations. The curves were gen-
erated using a finite element algorithm, HETMOD, "which
solves Poisson's equation using the measured doping level
and known surface pinning position, along with bulk
semiconductor values. The data agree with theory within
20 meV. In particular, the agreement of the data from
the sample with a 1000-A p layer, which is not fully dep-
leted and therefore has an energy maximum which is only
dependent on doping, illustrates the ability of BEEM to
accurately measure a well-known subsurface electronic
barrier. Excellent agreement is also obtained for sample
thicknesses when the barrier maximum depends on dop-
ing and thickness of the layer. This implies that the po-
tential structure has been modeled correctly. The up-
ward movement of the barrier maximum at low tempera-
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FIG. 1. Energy band diagram illustrating the Au STM tip,
Au base region, and Si heterostructure collector. The critical
transport region for electron collection is from the M/S inter-
face to the barrier maximum in the p region.

FIG. 2. (a) Potential profile for various p-layer thicknesses as
a function of distance from the M/S interface. Note that the

0
1000-A p-layer sample is not fully depleted. (b) BEEM spectra
for Au/n type Si sy-stem (circles) with e V„=O.S2 eV and
Au/p (1000 A)-Si/n-type Si (triangles) with eVb =1.04 eV. The
tunnel current for all spectra is 1 nA.



5714 L. D. BELL et aI. 48

1.15

1.10—
O

CD

~ 1.05—

—1.00—X

0.95—
LLI

~ o.go-
CC

CQ
0.85—

7K

0

100—

Z'.0
CQ
Cl3

10—
CO
Z,'

CC
I—

0.80 I

0 200 400 600 800 1000
p-LAYER THICKNESS (A)

FIG. 3. Plot of barrier maximum as a function of p-layer
thickness comparing BEEM measurements at 77 K (circles) and

300 K (triangles) to calculated values obtained from HETMQD.

ture is expected for all thicknesses, since the silicon band
gap increases with decreasing temperature and the Fermi
level moves toward the acceptor level. '

Knowledge of the distance to the barrier maximum in
each sample allows for determination of the attenuation
length in the p region. Hot electron propagation has a
characteristic attenuation length A, , defined by the expres-
sion I, =Ioe ', where t is the distance from the M/S
interface to the barrier maximum and I, is the collector
current. Therefore, by plotting the collection efficiency
on a log scale as a function of the length of the region
which must be traversed ballistically for collection, the
attenuation length can be determined from the slope of
the curve. It is important to note that A, , defined here as
the attenuation length, is not a measure of the scattering
length in the Si because of the three-dimensional nature
of the scattering and the possibility of multiple scattering
events. The attenuation length, as defined here, is experi-
mentally unambiguous and is the quantity of significance
for many device applications. The true mean free path is
energy and momentum dependent and cannot be straight-
forwardly deduced from the attenuation length. Com-
plete neglect of multiple scattering, for example, implies a
mean free path approximately twice the attenuation
length in an isotropic medium, as determined from an in-
tegration over all angles. The same attenuation length
would be consistent with a much shorter mean free path
in the presence of multiple scattering. The Monte Carlo
approach described here was selected to allow for the
more general case of scattering into states with different
mean free paths. To measure collection efficiency, the
scaling factor R was averaged for many different areas on
a given sample. No correlation was found between R and
the roughness of the Au metal overlayer. The resulting
plot for attenuation length is presented in Fig. 4.

As illustrated in Fig. 2(b), the phase space model spec-
tral shape is in good agreement with the shape of the
metal-pn BEEM spectra. However, this model does not
include scattering; therefore, it is not useful in predicting
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FIG. 4. Determination of attenuation length A, in Sign sam-

ples at 300 and 77 K. A, =240 A at 77 K and A, =450 A at 300
K. Length of error bars represents two standard deviations, de-
rived from all spectra taken for a given p-layer thickness and

0

temperature. Error bars from the 200- and 400-A, 77-K points
0

and the 1000-A, 300-K point are smaller than the plotted data
point size.

the attenuation length for hot electrons in p-type Si ~ In
order to determine whether phonon emission accounts
for the measured attenuation length, a Monte Carlo
simulation was performed including phonon emission as
the sole scattering process in the Si. This simulation was
designed to estimate the attenuation length, as measured
by BEEM, from the theoretical energy-dependent phonon
emission rate. As a starting point, an energy-dependent
mean free path was derived from the total phonon
scattering rate as a function of energy. ' In addition, a
free-electron-like band was assumed with an effective
mass of 0.98, corresponding to the longitudinal mass, '

which is appropriate for propagation in the [100] direc-
tion. From these parameters a BEEM spectrum was gen-
erated and values of collector current at 0.5 V above
threshold were used to calculate an attenuation length for
this structure at zero temperature. It is appropriate to
compare the 77-K experimental attenuation length with
the zero-temperature calculation since the dominant
scattering process is the emission of the 60-meV optical
phonon. This theoretical model yielded an attenuation

0

length of 150 A which agrees well with the value of 240
A measured at 77 K. However, the calculated spectral
shape differs from that of the experimental curve when
only this loss mechanism is included. This implies an en-
ergy dependence of the scattering processes differing
from that included in the model or the presence of addi-
tional scattering mechanisms.

High-temperature (300 K) transport is sensitive to
more complex processes including phonon absorption.
The experimental results, shown in Fig. 4, yield a room-
temperature attenuation length of 450 A, longer than the
77-K results. This temperature dependence is opposite of
that expected from traditional scattering models. The
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presence of intervalley scattering may possibly explain
this anomalous result. Since the four Si conduction-band
minima at nonzero parallel momentum have small masses
in the direction normal to the semiconductor layer, the
mean free path in these minima will be longer in this
direction. As a result of the increased scattering of elec-
trons into these minima at higher temperatures, the mea-
sured attenuation length may be increased. In order to
quantify this effect, further modeling is being performed.

In summary, these experimental results and their
agreement with theory demonstrate the applicability of
BEEM to the direct measurement of carrier transport in
semiconductor structures. The precise control of the
electronic structure of such systems, grown by MBE, pro-
vides an essential capability for transport analysis. This
growth technique defines a subsurface barrier which can
be effectively investigated by SEEM spectroscopy. In ad-
dition, BEEM allows direct control of injected carriers
over a wide energy range, yielding accurate values for
barrier height as a function of p-layer thickness in metal-
lized pn junctions. In this experiment, we have demon-
strated that BEEM can measure the barrier maximum in
a pn junction within a 20-meV tolerance. SEEM spec-
troscopy of nondepleted samples, in which the barrier

height is insensitive to variations in the M/S interface
and is easily calculated, provide a check on the accuracy
of BEEM theory. By varying the p-layer thickness and
measuring the transmission efficiency at the barrier maxi-
ma, an attenuation length was determined for minority
carriers in p-type Si. These experiments were performed
at room temperature and at 77 K, probing the tempera-
ture dependence of barrier height and scattering mecha-
nisms in silicon. Currently, similar studies of the elec-
tronic structure and electron transport are being per-
formed on SiCxe/Si-based heterostructures. The impor-
tant capabilities described here may also be directed to
the investigation of hole transport, carrier scattering, and
electronic structure in a wide range of semiconductor
structures.
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