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Probing semiconductor band structures and heterojunction interface properties with ballistic

carrier emission: GaAs/Al,Ga;_,As as a model system
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Utilizing three-terminal tunnel emission of ballistic electrons and holes in a planar tunnel transistor with a
Mott-barrier collector, we have developed a method to self-consistently determine the energy gap of a semi-
conductor and band discontinuities at a semiconductor heterojunction without using a priori material param-
eters. Measurements are performed on lattice-matched GaAs/Al,Ga;_,As (100) single-barrier double hetero-
structures with Al,Ga;_,As as the model ternary III-V compounds. Electronic band gaps of the AlGaAs alloys
and band offsets at the GaAs/AlGaAs (100) interfaces are measured with a resolution of several meV at 4.2 K.
The direct-gap I' band offset ratio for the GaAs/AlGaAs (100) interface is found to be 59:41 (£3%). Reex-
amination of our previous experiment [W. Yi er al., Appl. Phys. Lett. 95, 112102 (2009)] revealed that, in the
indirect-gap regime, ballistic electrons from direct tunnel emissions probe the X valley in the conduction band,
while those from Auger-like scattering processes in the metal base film probe the higher-lying L valley. Such
selective electron collection may be explained by their different momentum distributions and parallel momen-
tum conservation at the quasiepitaxial Al/GaAs (100) interface. We argue that the present method is in principle

applicable to arbitrary type-I semiconductor heterostructures.
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I. INTRODUCTION

Among the most important properties of semiconductor
materials are their energy gaps and the relative alignment of
the energy band edges at the heterojunction (HJ) interface
between two dissimilar semiconductors, i.e., the way in
which the total band gap difference distributes between the
conduction band discontinuity AE . and the valence band dis-
continuity AEy. An accurate knowledge of such properties is
crucial for the design of heterostructure devices, which have
found wide applications in high speed and power electronics,
photonics, and energy conversion. Heterostructures have also
led to fundamental breakthroughs, such as integer and frac-
tional Quantum Hall effects, in studies of two-dimensional
electron or hole system which may be formed at the hetero-
interfaces.

Historically numerous efforts have been devoted to mea-
sure the band gap and band offsets. In general, band gaps are
measured mostly with optical spectroscopies such as absorp-
tion, photoluminescence (PL), photoluminescence excitation
(PLE), and ellipsometry.' Electronic band gap measurements
on atomically flat single crystal surfaces were performed
with two-terminal tunneling spectroscopy using a scanning
tunneling microscope (STM).> Band offset measurements
can be divided into three categories: electrical techniques
such as thermionic emission and capacitance-voltage profil-
ing (C-V); optical techniques such as absorption, PL, and
PLE; and photoelectron techniques such as x-ray photoelec-
tron spectroscopy (XPS) and ultraviolet photoelectron spec-
troscopy (UPS).3 However, each of these methods is subject
to specific limitations or complications. For absorption mea-
surements, values of effective masses and presumptions in
the band structure (e.g., parabolic band) are needed to fit the
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energy dependence of the absorption coefficient near the ab-
sorption edge, which is also complicated by exciton effects.*
PL and PLE are often subject to interference from competing
processes such as strain splitting, phonon replicas, impuri-
ties, and other optical transitions in the constituent layers.
STM-based band gap measurements are often interfered by
surface states existing on most semiconductor surfaces as
well as artifacts such as tip induced band bending.? Thermi-
onic emission requires current-voltage (I-V) measurements
at different temperatures to extract the activation energies
over barriers, and it does not work at low temperatures. It
also requires separate C—V measurements to account for the
modification of the effective barrier height due to Fermi level
position in the doped layer and interface charges.® In C—V
measurements, detailed device simulations are needed to
consider the effect of deep levels in the barrier layer.” XPS
and UPS can only probe the occupied electronic states and
therefore are limited to measuring the valence band offsets.?

With a three-terminal extension of STM, ballistic electron
emission microscopy (BEEM) and its associated spectros-
copy (BEES) can independently control the kinetic energies
of a “beam” of ballistic electrons or holes, and use it as an
energetic probe to measure interfacial barrier heights, includ-
ing Schottky barriers at metal-semiconductor (m-s) inter-
faces, and band offsets of shallow semiconductor HJs buried
underneath a m-s interface.® An advantage of BEEM over
STM is that tip induced band bending in the semiconductor
substrate is eliminated, since the electric field in the tunnel
gap is effectively screened by the metal base film. In previ-
ous BEEM/BEES measurements of band offsets, in order to
measure the genuine barrier heights, a delta-doped layer be-
low the single-barrier double HJs was inserted to reach a
flat-band condition in the heterostructure. This could add ad-
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ditional uncertainty due to the experimental error in the dop-
ing level.” To the best of our knowledge, most of the afore-
mentioned methods, including BEEM/BEES, require
separately designed n-type and p-type HJs to measure AE,
and AFEy independently, therefore the results are not neces-
sarily self-consistent.

In this article, we illustrate that the band gap of a semi-
conductor material, as well as both the conduction band and
the valence band offsets at a semiconductor HJ, can be mea-
sured simultaneously on the same device. In contrast to the
traditional BEEM/BEES technique, which has unexception-
ally relied on unipolar carrier transport, i.e., either electrons
or holes are injected into an n-type or p-type Schottky con-
tact respectively, our method utilizes both electron and hole
injection into the same Schottky contact.!” This enables si-
multaneous measurement of the energy maxima in both the
conduction band and the valence band of the semiconductor
collector. A summation of these two energy maxima gives
the band-gap value of the corresponding constituent layer.
An advantage of such bandgap measurement is that the same
metal Fermi level at the m-s interface is used as the potential
reference, therefore the measured band gap value is indepen-
dent of the Fermi level pinning position. Another advantage
is that it does not involve the generation and recombination
of electron-hole pairs as in optical spectroscopies, so that it is
free of exciton effects.

Some results of the present work have been briefly re-
ported in a recent letter.!! Here, we present more details on
the physical principle, experimental techniques, data analy-
sis, and additional results not included in Ref. 11. Some con-
clusions on the indirect-gap AlGaAs alloys in Ref. 11 have
been changed after a careful reassessment of the experimen-
tal data. Special attention is given to those factors that cru-
cially affect the accuracy of barrier heights determination
such as barrier lowering effects. Our goal is to give a con-
vincing exposition that such a method is suitable for measur-
ing the electronic bandgap of a semiconductor as well as
AE. and AEy of a HJ in a self-consistent manner.

In Sec. II, the methodology is outlined; in Sec. III, the
experimental details including crystal growth, device fabri-
cation, and tunnel junction and base-collector characteristics
are presented; in Sec. IV, the details of direct and secondary
ballistic carrier emission spectroscopy techniques are pre-
sented; in Sec. V, main results on the Al/GaAs/Al Ga;_ As
(100) system are given; in Sec. VI, sources of errors are
discussed; and in Sec. VII, some conclusions are given.

II. METHODOLOGY

The concept of a Mott barrier,'? in which an intermediate

undoped i layer is located at the interface between a metal
and a semiconductor, was applied to our sample design.'®
The benefit of using undoped i layer is to avoid doping in-
duced band bending near the probed HJ. The bulk of the
semiconductor is sufficiently heavily (degenerately) doped,
so that the depletion width is determined by the i layer thick-
ness and essentially does not vary under base-collector bias
V. Mott barrier was one of the earliest cornerstones in the
research regarding m-s contacts and has found practical ap-
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FIG. 1. (Color online) (a) Schematic energy diagram of a planar
tunnel transistor with an undoped heterojunction collector grown on
p-doped substrate. (b) Electron micrograph of a device (scale bar:
500 wm). (¢) Schematic of the device structure and the collector
layer sequence.

plications such as high-speed photodetectors. It is perceiv-
able that a Mott barrier has a linear band profile in the deple-
tion region and hence a constant electric field (E field) in the
undoped layers, which can be tuned by V. [see Fig. 1(a)].
Importantly, in a Mott barrier, a nonequilibrium flat-band
condition in the depletion region near the m-s interface can
be reached by applying appropriate V., accommodating pre-
cise measurement of HJ barrier heights without the need of
introducing a delta-doping that may not be optimized.’ In an
earlier work, similar design principle was used to study the
electroluminescence of self-assembled InGaAs quantum dots
excited by ballistic electron injection.!® In that work, a
GaAs/Alj4,Gags3As  superlattice effectively acts as a
current-blocking barrier layer, which suppresses the majority
carrier (hole) drift-diffusion current when a forward bias is
applied to the Schottky diode. This makes it possible to mea-
sure the tunnel injected ballistic electron current. Practically,
it is still necessary to cool the device to low temperatures to
further suppress the majority current contributed from ther-
mal excitations, such as thermionic emission or thermally
assisted tunneling across the valence-band barrier. Band gap
of Aly4,GajssAs was successfully measured with ~meV
precision using ambipolar injection of ballistic electrons and
holes, which has stimulated further investigations following
this route, which has led to band offset measurements using
a comparative method.!!

III. EXPERIMENTAL

A. Crystal growth

Well-established ternary Al Ga,_,As alloys (x=0.0 to 1.0)
lattice matched to GaAs are considered one of the most ma-
tured III-V compounds in both epitaxial growth and charac-
terizations, with well understood band structures as well as
their interfacial properties with GaAs, therefore, they are
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chosen as the model materials to validate our method.
Lattice-matched GaAs/Al,Ga,_,As single-barrier (SB)
double HJs were grown by molecular-beam epitaxy (MBE)
in a Varian Gen II system on Zn-doped p-GaAs (100) sub-
strates with miscut angle within 0.1°. The substrate Zn dop-
ing level is about 8X10'"® cm™. The growth sequence
started with a 500 nm heavily p-doped (5 10'® ¢cm~) Be-
:GaAs buffer layer [layer “4” in Fig. 1(a), and so forth]. The
Be shutter was then closed to start the growth of the unin-
tentionally doped layers composed of a 45 nm undoped
GaAs (layer “3”) followed by the 50 nm AlGaAs barrier
(layer “2”). The AlGaAs barrier was capped with 5 nm un-
doped GaAs (layer “17) to prevent surface oxidation. It also
establishes a potential reference as we will discuss in more
details later. For a systematic study, samples with a wide
range of Al mole fraction x=0.0, 0.1, 0.2, 0.3, 0.42, 0.6, 0.8,
and 1.0, were grown under exactly the same condition. To
check the effect of the GaAs caplayer thickness, a second set
of samples with x=0.6, 0.8, and 1.0 were grown with slightly
changed layer thicknesses of 40/50/10 nm for layer 3/2/1, so
that the overall thickness of the undoped layers (100 nm)
remains unchanged but the GaAs caplayer thickness is
doubled from 5 to 10 nm. Unless stated explicitly, all the
presented results refer to the first set of samples. The sub-
strate temperature was 600 °C and the V/III ratio was 15 to
20. During the growth, the growth rate of GaAs was kept
constant at 1.4 A/sec and the growth rate of AlAs was tuned
to obtain the desired Al mole fraction in AlGaAs. All the
epitaxial structures are considered lattice matched (Aa/a
=0.1%) to GaAs with slightly compressive strain. The error
in Al composition is estimated to be =0.01.

B. Device fabrication

Planar tunnel transistor represents a category of solid-
state hot-carrier devices that was first proposed by Mead.'3
Historically it was also termed tunneling base transistor,
metal-base transistor, or tunnel triode. In our tunnel transistor
devices, thin-film Al/Al,O5/Al tunnel junctions are used as
the hot carrier source and are fabricated using a shadow-
mask technique.'* Figure 1(b) and 1(c) show the details of
the device structure. Non-alloyed Ti/Pt Ohmic contact to the
p-GaAs substrate was made by blanket evaporation on the
back surface after removal of native oxide. An 8 nm Al thin-
film base Schottky contact with an area of 2.5X 1073 cm?
(500X 500 wm) was first evaporated on GaAs surfaces at
pressures of low 1077 Torr. The GaAs surfaces were treated
in a 1:10 solution of NH,OH:H,O for 60 s followed by a
short deionized water rinse and nitrogen blow dry prior to Al
evaporation. It is known that such chemical treatment forms
a uniform interfacial native oxide layer on GaAs, which has
minimal effect on BEEM measurements and improves the
homogeneity of measured Schottky barrier heights.!> The
Al,O5 tunnel barrier was formed by ex situ ozone oxidation.
An “L” shaped AlO, isolator pad (70-120 nm thick), par-
tially covering the oxidized Al base, was then deposited by
e-beam evaporation of Al,O3 source. Here, x stands for
slight deviations from stoichiometry due to oxygen loss.
Nevertheless, the fabricated AlO, films were found to be
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highly insulating. In contrast, SiO, films evaporated from
Si0, source showed much higher leakage current level due
to the weaker Si-O bond, and therefore cannot be used. With
typical leakage current level less than ~1 pA at 2 V, the
AlQ, isolator pad insulates the emitter electrodes from con-
tacting the semiconductor collector. The device was finalized
by evaporating the Al/Ti/Au emitter stripes with thickness of
30/10/30 nm. The nominal tunnel junction area formed under
each emitter stripe is approximately 5X 107 cm? The
Ti/Au metal overlayers were used to improve the wire bond-
ing reliability.

Wire bonds to two of the Al stripes provide emitter and
base contacts after one tunnel junction was shorted by care-
fully sourcing a current beyond the breakdown threshold of
one Al,O5 tunnel barrier. The base contact resistance is typi-
cally ~10'  after the tunnel junction is shorted. This con-
tact resistance is composed of the resistance of the shorted
Al,O5 barrier plus a small in-plane resistance of the Al base
film and the resistance of external wiring. Although the base
contact resistance is very small compared with the tunnel
junction resistance (typically 10'=10% kQ at 1 V), it still
acts effectively as a voltage divider to raise the actual base
potential above ground level, and thus produces a small over-
estimate in the measured barrier heights. To minimize such a
systematic error, an extra base electrode [contact “S” in Fig.
1(b) and 1(c)] is connected to a sourcemeter sourcing zero
current to monitor the actual base potential during the emitter
bias sweep. The measured base voltage is typically less than
~10 mV in the entire range of the emitter bias used (up to
1.8 V). The BEES experiments were performed in a
common-base configuration analogous to the Gummel plot in
transistor terminology, by ramping up the emitter bias Vg
(emitter-base tunnel junction voltage) from zero to positive
or negative values at small voltage steps (e.g., 5 mV), and
measuring the collector current /-~ and emitter-base current
I, while the collector bias, V., is kept at a constant. The
emitter current I is recorded to calculate the common-base
transfer ratio I-/Iy. A series of BEES spectra are collected
with a constant collector bias V- spaced at a small interval
(e.g., 0.05 or 0.1 V) to fine tune the E field in the depletion
region. All the characterizations were performed at 4.2 K
with the samples immersed in liquid helium to suppress the
thermally excited currents such as thermionic emission and
thermally assisted tunneling. The fabricated devices are ro-
bust against thermal cycles and reproducible results were ac-
quired after the devices were left in ambient conditions for
several months.

C. Tunnel junction characteristics

Ever since Al/Al,O5/Al tunnel junctions were first stud-
ied in early 1960s,'® aluminum oxide films have been used
extensively as tunnel barriers because of their specific
physical properties. Amorphous Al,O5 has a large band gap
(~7 eV), large barrier height for electron tunneling
(~2 eV), high breakdown field (>10 MV/cm), low trap-
assisted leakage, and excellent thermal and mechanical sta-
bility. Thin films of amorphous Al,O5 can be readily grown
on top of Al metal by thermal oxidation in a controlled en-
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FIG. 2. (Color online) (a) Typical emitter-base tunnel junction
[-V at 4.2 K. Red line is a fit by Simmons’ equation. (b) Base-
collector I-V curves for all the GaAs/Al,Ga;_,As (100) samples
(x=0.0—1.0). (c) Measured collector current turn-on thresholds un-
der forward bias (open circles) versus Al composition x. Solid line
is a linear fit.

vironment using oxygen, oxygen plasma or ozone as oxidiz-
ers. The quality of thermal oxides is in general superior than
those oxide films made by physical deposition (e.g., RF sput-
tering of Al,Oj3), the latter are often plagued by issues such
as pinholes and poor adhersion.

The fabricated Al/Al,O3/Al tunnel junctions exhibit
hysteresis-free I-V characteristics [see Fig. 2(a)] at 4.2 K
that are highly nonlinear and very reproducible. Only a slight
decay in the tunnel current amplitude was observed after
repetitive voltage stress. Their characteristics are examined
by fitting the junction I-V curves with the Simmons’
equation based on the Wentzel-Kramers-Brillouin (WKB)
approximation.'” The fit range for junction voltage is 0-1.7
V. The justification of using the WKB approximation for a

trapezoidal barrier is given by the condition of As¢!>>4,
where As is the distance between the barrier turning points in

A units and ¢ is the mean barrier height in electron volts.
Under such a condition, the WKB approximation gives the
same functional form of tunnel probability as an exact
method, except for a different pre-exponential factor.'® This
condition is validated in the case of Al/Al,O5 based tunnel
junctions. It has been shown that in oxide tunnel junctions,
fluctuations in the barrier thickness produce the so-called
“hot spots” where local current density can be much higher,
making the effective junction area just a small fraction of the
nominal junction area.'>?® Therefore, in the fittings we left
the barrier height ¢,, the oxide thickness s, and effective
junction area A as free parameters. The dielectric constant «
of Al,O3, which accounts for the image force modification of
the oxide barrier, is taken as 9.0 as a median value of num-
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bers cited in most publications (7-10). Typical values of the
calculated fit parameters are @y~1.7 V, s~10 A, and A
~1071-10" cm?. These values qualitatively agree with re-
ported values for thermally grown aluminum oxides.?!>> The
effective junction area may be underestimated due to the
prefactor of the WKB approximation. The observed break-
down voltage of our tunnel junctions is in the range of 1.8—
2.3 eV, which is translated to a breakdown field of
~20 MV/cm if using the fitted oxide thickness. It is notable
that experimentally both the barrier height and dielectric
constant of thin-film Al,O5 are not well defined properties
and may vary with the film thickness,?® therefore fitting tun-
nel junction -V curves at fixed temperature itself is not suf-
ficient to determine these material parameters exclusively.
However, more detailed study of Al,Os-based tunnel junc-
tions are beyond the scope of this work.

D. Base-collector characteristics

Prior to BEES experiment, the two-terminal [-V charac-
teristics across the base-collector contacts are first examined.
The purpose is to establish the maximal range of V allowed
in the BEES measurement beyond which the internal major-
ity current starts to overwhelm the externally injected ballis-
tic current. Figure 2(b) summarizes typical base-collector
I-V characteristics for GaAs/Al,Ga;_,As (100) samples
measured at 4.2 K. Most of the tested devices show a highly
asymmetric rectifying lineshape. Under reverse bias up to
—1.5 V, current is essentially zero, i.e., in the sub-pA level
from the noise floor of electronics. Under forward bias, I
remains miniscule until V- reaches a threshold value, beyond
which current rises in an exponential fashion. The turn-on
threshold Vry is in the range of 0.5-1.85 V and varies
slightly across devices. As shown in Fig. 2(c), it increases
linearly with the Al composition x as Vyy=0.43+1.42x (V)
(£5%), suggesting that the forward current mechanism is
probably field emission over the valence-band barrier at the
bottom GaAs/AlGaAs HJ under high enough E field. At 4.2
K, most of the thermally activated currents should be frozen
out, small fluctuations in the turn-on thresholds (~0.1 V)
across different devices may be related to defect mediated
leakage mechanisms. For most devices, the window of V.
with negligible internal current is sufficiently wide to allow
both electron and hole ballistic currents to be measured. An
exception was found for Al x=0.0 sample (GaAs), in which
ballistic electron current under forward bias cannot be mea-
sured due to the overwhelming internal hole current.

IV. BALLISTIC CARRIER EMISSION SPECTROSCOPY
A. Direct BEES(BHES)

In a conventional BEEM device with unbiased collector,
the E-field in the collector depletion region is predetermined
by the doping profile. Consequently, the species of ballistic
carriers collected is restricted to majority carriers, which can
only probe the corresponding band, i.e., AE for an n-type
collector or AEy, for a p-type collector. Such restriction is
lifted in our case. Using a tunnel triode configuration and a
tunable E-field in the depletion region, it is made possible to
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FIG. 3. (Color online) Ballistic electron(hole) spectra on a
GaAs/ Al gGag,As (100) sample plotted as (I/1g) vs negative (c)
and positive (d) Vg, measured at fixed V. The spectra are spaced at
0.2 V V( intervals for clarity. Dashed lines are power-law fits for a
superthreshold range of 0.2 V. Insets show the complete spectra.
Corresponding ballistic carrier injections are shown in (a) and (b),
respectively.

obtain ambipolar carrier injection into the same collector
heterostructure, utilizing all possible mechanisms including
both direct ballistic electron(hole) emission, BEES(BHES),
and secondary ballistic electron(hole) emission, s-BEES(s-
BHES). Such processes are illustrated by the schematic band
diagrams in Figs. 3 and 5, respectively. Ballistic carrier in-
jections by direct BEES(BHES) process are conceptually
straightforward and have been covered in a few review
articles.® Therefore we will only give a brief discussion here.
Figures 3(a) and 3(b) highlight a prerequisite for such direct
injection processes to occur, i.e., the E field in the i layer
needs to be in the correct direction to favor the collection of
tunnel injected ballistic carriers. Figures 3(c) and 3(d) plot a
series of BEES(BHES) spectra measured under a constant
collector bias. The collection efficiency, or the amplitude of
I, increases with the E-field strength in the depletion region.
Similar behavior was observed in BEEM studies of reverse-
biased Schottky diodes, which can be explained as a reduc-
tion of the energy-dependent backscattering of electrons in
the depletion region by the stronger E field. Such electron
backscatterings into the metal were mainly attributed to the
interactions with phonons inside the depletion region near
the m-s interface.?*

The direct BEES(BHES) spectra were fitted with the pre-
vailing Bell-Kaiser (B-K) theory, in the form of a power-law
function @ (Vg—dcy)” in the near-threshold regime. The
optimal fit range determined by computing x> was found to
be ~200 meV. We found that most of the BHES spectra can
be well fitted with a square law y=2-2.5, while for most of
the BEES spectra a larger power-law exponent y=3 is
needed to obtain reasonable fit. At higher emitter bias, the
measured ballistic electron current is always larger than the
power-law fit for the near-threshold regime. This is probably
due to the contribution from higher-lying transport valleys,
e.g., I" band for the case of Al x>0.42. Opposite case occurs
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FIG. 4. Derivative ballistic hole spectra on GaAs/Al,Ga;_,As
(100) samples (x=0.2—-1.0), measured at V=0.7 (except for x
=0.6 sample measured at 0.5 V). The spectra are normalized and
vertically shifted for clarity. Arrows mark the valence-band barrier
heights ¢y.

for the measured ballistic hole current, which falls below the
power-law fit at higher bias and gradually levels off. In some
cases, hole current even starts to decrease with bias. We no-
ticed that it is also feasible to fit the BEES(BHES) data with
a multivalley B-K model incorporating a priori Al,Ga;_As
band structures (e.g., effective masses and nonparabolicity).
However, we did not perform such fitting procedures since
they may not be generally applicable for less-known materi-
als.

The collection efficiency for ballistic holes is much lower
than that for electrons, typical transfer ratio for holes is
~0.01% vs. ~1% for electrons at 1.8 V. This is partially
attributed to the shorter attenuation lengths for hot holes. In
Al films, the measured attenuation length for ~1 eV holes is
less than 50 A,2° compared with a value of ~150 A for 2
eV electrons.?® At higher bias, the spectral shape for ballistic
holes is different than that of electrons. This phenomenon
was attributed to the reversed energy distribution of the bal-
listic holes, which also accounts for a much lower injection
efficiency. The peak tunneling probability is always close to
the Fermi level of the source electrode. For electron injec-
tion, most of the collected electrons originate from the top of
the tunnel distribution near its maximum [Fig. 3(a)]. For hole
injection, most of the collected holes originate from the low-
energy tail of the tunnel distribution [Fig. 3(b)]. As a result,
the number of electrons created per unit energy remains
nearly constant with bias, whereas the number of holes cre-
ated per unit energy decreases with increasing bias.”’” More
details of the ballistic hole spectra are revealed by calculat-
ing their first derivatives. Figure 4 shows the derivative
BHES spectra for Al x=0.2—1.0 samples calculated after
smoothing the raw data by averaging five adjacent data
points. Several prominent features are identified from the
derivative spectra. The onsets in the derivative spectra agree
with the current turn-on thresholds determined by the square-
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FIG. 5. (Color online) Secondary ballistic hole (electron) spectra
on a GaAs/ Al gGag ,As (100) sample plotted as (I-/1)"* vs nega-
tive (c) and positive (d) Vg, measured at fixed V. The spectra are
spaced at 0.2(0.1) V V¢ intervals for clarity. Dashed lines are linear
fits for a superthreshold range of 0.2 V. Insets show the complete
spectra. Corresponding Auger-like secondary ballistic carrier injec-
tions are shown in (a) and (b), respectively.

law fit. Above the onset, the derivative first increases linearly
with the bias and then roll off to a maximum value. The
energy separation between the maximum and the onset of the
derivative is ~400 meV, which remains nearly a constant
for all the Al compositions. As the bias further increases, the
derivative decreases in a linear manner, and may even enter a
negative differential transconductance (NDTC) regime for
some samples. The roll-off of ballistic hole spectra was ob-
served previously in Au/p-GaAs(100) Schottky diodes,
which can be fitted with the B-K model assuming interface
transverse momentum conservation and two valence bands
(the light- and heavy-hole bands).?” However, for the binary
GaAs, the 0.34 eV energy separation between the spin-orbit
splitoff band and the degenerate light- and heavy-hole bands
is very close to the maximum of the experimental derivative
spectra, making such factor difficult to be excluded. For the
ternary Al,Ga;_,As alloy, the splitoff band energy should
decrease with the Al composition,?® which disagree with the
nearly constant energy separation observed on samples with
different Al composition, therefore we can safely exclude the
effect of splitoff band.

B. Secondary BEES(BHES)

To study subsurface barrier heights, s-BEES(s-BHES)
process, also termed reverse or scattering BEES(BHES)
mode, can also be utilized. Figure 5(a) illustrates an example
for s-BHES process, i.e., hot electrons tunnel into the base
from a negatively-biased emitter with the p-type collector
unbiased or in reverse bias. The repulsive E-field in the con-
duction band prevents hot electrons from being collected
across the m-s interface into the p-type substrate. Rather,
they lose their kinetic energies via inelastic scattering events
in the metal base. Due to the large number of available elec-
tron states below the Fermi level, the dominant inelastic scat-
tering mechanism for hot electrons is electron-electron (e-¢)
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scattering, which generates electron-hole pairs in a mecha-
nism analogous to Auger process. Such e-e scatterings are
very efficient in thermalizing the hot-electron distribution.
As aresult, a distribution of hot holes are produced and some
of them may ballistically traverse the base and be transmitted
into the valence band of the collector. These hot holes can be
used as an energetic probe to sense the valence-band barrier
height ¢y. As we have discussed earlier [see Fig. 3(a)], with-
out reversing the emitter bias polarity, one can reverse the
E-field direction in the i layer by applying a forward collec-
tor bias beyond the flat-band condition, so that hot electrons
are injected into the conduction band by direct BEES process
to probe the conduction-band barrier height ¢c. Similar
physical mechanisms apply for positive emitter biases [see
Figs. 5(b) and 3(b)] The bandgap value of the barrier mate-
rial can therefore be possibly determined by summing these
two barriers ¢y and ¢.

As a two-step scattering process, the collector transfer
ratio @=1./Iy for s-BEES (s-BHES) is much smaller than
that its direct counterpart, typically just a few percent of the
latter. If sorted by magnitude, ogggs> & pHEs> ABHES
> a, gprs- The lower collection efficiency for secondary car-
riers can be explained by the rule of transverse momentum
conservation at the m-s interface. The momentum distribu-
tion of secondary carriers in k space are more isotropic if
compared with the highly forward-directed primary
carriers.?” Consequently most of the secondary carriers im-
pinging the m-s interface are directed outside the acception
cone which is determined by the effective mass mismatch
and the barrier height. Nonetheless, we found that the energy
resolution of experimental s-BEES (s-BHES) spectra is not
deteriorated. In fact, with appropriate fitting procedures, the
standard deviations in fitting the s-BEES spectra are even
smaller than the values for BEES spectra from power-law fit.
Intuitively, one may attribute this resolution improvement to
the quartic spectral shape of the Auger-like process.>® For
s-BEES (s-BHES), in the near-threshold regime ao(Vy
= c(y)?, in contrast to a square law @ (V= ¢he(y)) > for
direct BEES (BHES) (the power-law exponent differs from 2
in the B-K model to 2.5 in the Ludeke-Prietsch model).?

As seen in Figs. 5(c) and 5(d), the spectral shapes of a4
for both s-BEES and s-BHES are indeed linear in the near-
threshold regime. For secondary holes, the bias range in
which the linear dependence holds can be larger than 400
meV, due to the relative simple valence-band structure. A
least-squares linear fit of a'*=ay(Vz— (), which in-
cludes only two free parameters, gives ¢y with a typical
standard deviation 1-2 meV at 4.2 K (kzT~0.4 meV). In
comparison, fitting a BEES spectra with similar signal-to-
noise ratios by a multivalley B-K model gives a standard
deviation in the order of 10 meV. Actually, the difference in
the power-law exponent itself is not sufficient to account for
the improved fitting results. It is more likely a result of mini-
mized number of fitting parameters and the linearization
scheme we applied, rather than the difference in spectral
shape. As a support, we found that the standard deviation can
be greatly reduced if the BEES spectra were first linearized
in the form of a"”=ay(Vz— ¢ (y)) near the threshold regime.
It was found that the optimal values of 7y after minimizing x*
are usually greater than 2, in line with the observation in
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FIG. 6. Energy-band diagram between a metal and an undoped
semiconductor heterostructure. The “ideal” Schottky barrier q¢,, at
flat-band condition is reduced to the effective barrier q¢p when an
E-field exists in the semiconductor. Solid line shows the total po-
tential profile with the image potential included. Image potential
energy is calculated using a permittivity xg=3. E-field strength is
25X 10° V/em.

power-law fits. It is worth noting that such a phenomenologi-
cal fitting process does not require a priori band parameters,
e.g., effective masses, making the present method model in-
dependent and applicable to materials for which such knowl-
edge is not reliably available.

In practice, the apparent turn-on thresholds of a!’* in an
experimental s-BEES (s-BHES) spectrum, if defined by the
inflection point of the curve, are always larger than the val-
ues from a linear fitting, i.e., intersection of x axis. Keep in
mind that the apparent inflection point in an experimental
s-BEES spectrum is caused by the noise floor of the electron-
ics. In our setup, typical background noise level of I is in
the order of 0.1 pA, if divided by Iz~ 10 uA at Vg=1 V, it
produces a background level a;,~1X 1078 and correspond-
ingly all,?z 0.01. Therefore, the intersection of x axis should
always be used when trying to determine the turn-on thresh-
olds in a s-BEES (s-BHES) spectrum.

C. Barrier lowering effects

In general, one needs to take caution in interpreting the
apparent barrier heights measured in BEES measurements,
since they are susceptible to various barrier lowering effects.
One of the implications of Mott barrier is the functional de-
pendence of the barrier lowering on the applied bias. The
familiar form of image-force barrier lowering A ¢ VIC/4 for a
uniformly doped Schottky barrier®' changes to A¢ VIC/2 for
an undoped Mott barrier. Such image-force lowering effect
dominates for reverse bias regime, as supported by BEEM
characteristics of reverse-biased Au/Si Schottky diodes.>*

In forward bias regime, which is the relevant case here to
measure barriers near the flat-band condition, the image-
force contribution is negligible if compared with the contri-
bution from the E-field in the i layer. This is illustrated by the
generic band diagram in Fig. 6. Assuming an image-force
permittivity xg=3, which is much smaller than the static per-
mittivity of GaAs (12.9), the calculated image potential en-
ergy, ¢>/ 16mKgeyx, is still negligible at the GaAs/AlGaAs HJ
(x,,=5 nm) when compared with the E-field effect at a field
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strength E=2.5X10° V/cm. kg is expected to be smaller
than the static value, since it is possible that the electron
transit time from the m-s interface to the barrier maximum
X,, 1s shorter than the dielectric relaxation time. However, it
has been known that the image-force permittivity of GaAs is
approximately the same as the corresponding static value.*
If a static permittivity k¢=12.9 is used, the image force low-
ering at x,, is about 5 meV, which is only 10% of the E-field
effect at a field strength of 1 X 10° V/cm. Therefore we can
henceforth safely overlook the image-force effect and just
consider the E-field induced barrier lowering. For a degener-
ately doped substrate, the depletion width is essentially a
constant, and the E-field contribution can be estimated by the
sample geometry as

Ad):(xm/D)(VC_VFB)v (1)

here D=100 nm is the overall thickness of the i layer. It
predicts a slope of barrier height lowering versus the collec-
tor bias ~50 meV/V, which is determined by the sample
structure rather than the dielectric response in typical image-
force effect. This slope is very close to the observed values
in both GaAs/AlGaAs and GaAs/AlGaInP systems.!! As a
support, in the second set of GaAs/Al,_,Ga,As samples (x
=0.6,0.8,1.0) with the same 100 nm i layer thickness but the
GaAs cap thickness increased to 10 nm, the slope of barrier
height lowering is found to be nearly doubled to
~110 meV/V.3* Note that the degenerate doping in the
p-substrate is necessary to prevent carrier freeze-out at
4.2 K. With a partial carrier freeze-out, the depletion width
would increase substantially and greatly reduce the slope of
barrier height lowering.

From the above analysis, it is clear that the measured
apparent barrier heights are subject to the barrier lowering
effects, which is mainly determined by the E-field in the
undoped layers. To obtain the genuine barrier heights, a se-
ries of collector-current spectra are measured under constant
collector biases spaced at small (0.05-0.1 V) intervals for
each emitter bias polarity. A complete survey of ballistic car-
rier injection is therefore mapped out combining two adjust-
able parameters, V- and V. As seen previously, e.g., Figures
5(c) and 5(d), the measured barrier heights indeed show red-
shifts with the collector bias. In our experiments, no separate
C-V measurement is needed to determine the flat-band con-
dition. Instead, it is determined by the criteria that the polar-
ity of I immediately following its turn-on threshold is re-
versed, indicating a transition from electron to hole injection
(represented by e —h hereafter, and vice versa) occurs. Val-
ues of ¢, and ¢, near the flat-band condition are used to
calculate the values of E, and band offsets.

Figure 7 summarizes the near-threshold regions of
collector-current spectra for all the GaAs/AlGaAs samples
measured under negative Vi sweep, so that electrons are tun-
neled into the metal base. It clearly shows that if the applied
Ve exceeds a critical sample-specific value, the species of
collected carriers reverses from hole to electron, i.e., the po-
larity of superthreshold /- changes from negative to positive.
This corresponds to a crossover from s-BHES to BEES pro-
cess. As V. getting close to but not yet reaching the critical
value, although holes are first injected into the collector,
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electron injection may emerge under high-enough V;, which
is manifested by the upward turn of the curve that eventually
drive the net current into the positive zone.

D. Flat-band voltage

It has been shown that the electrostatic potential profile
for a Mott barrier can be calculated by solving the Poisson
equation analytically.>* The flat-band voltage Vg corre-
sponds to the forward bias beyond which there arises a local
potential maximum within the i layer due to the space charge
of carriers. For p-doped substrate, Vg is given as

VFB = ¢B + (kT/q)ln[']TzNA/sz(D/rd)z], (2)

where ¢p is the Schottky barrier height; N, is the acceptor
concentration in p-doped substrate; Ny =2(m kT/2mh?)¥? is
the effective density of states in the valence band (m, is the
density-of-states  effective =~ mass  for  holes); ry
=\kekT/g*N, is the Debye length; while the rest of the
symbols have their usual meanings. This formula gives an
approximately linear temperature dependence of Vg, except
for low temperature regime (7<<100 K) where Vpg starts to
level off. It also predicts that as temperature approaches zero,
Vrg asymptotically approaches ¢z. Applying experimental
parameters in our case (N,=5X10"® cm™, ¢5=0.708 V,
D=100 nm, m,=0.45m,, k=12.9), the estimated values of
Vg are 0.53 V at 300 K, and 0.7 V at 4.2 K. In the above
estimation, the temperature dependence of the Schottky bar-
rier height has been neglected.

Figure 8 summarizes the V- dependence of measured ¢y
and ¢ for all the GaAs/AlGaAs samples. The slopes for
barrier heights, especially for ¢y, are close to the expected
value of 50 mV/V (dashed lines). Overall, the estimated
Veg=0.7 V is close to the observed V. values near which
the polarity of collector current is reversed immediately fol-
lowing its turn-on threshold, indicating a transition of h—e,
or vice versa. In the direct-gap regime (x=0.42), the h—e
transition occurs at V-=0.6—0.7 V when a negative emitter

bias was used. However, no h—e transition followed by
s-BEES process was observed under positive emitter bias.
Therefore ¢ was determined by the direct BEES spectra.
The missing of electron injection in a s-BEES process for
direct-gap samples may be related to the k-distribution of
secondary electrons and momentum filtering at the GaAs/
AlGaAs interface, which will be discussed in more details
later. More intriguing phenomena occur in the indirect-gap
regime (x>0.42), where the h— e transition occurs at differ-
ent V. if the emitter bias polarity were reversed. For -V
sweep it occurs at V-=0.5 V, while for +V} sweep it occurs
at Vo=0.8 V. The 0.3 V split of the apparent Vgg under
different Vi polarity is probably a consequence of the asym-

metry between electron and hole tunnel distributions, which
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FIG. 8. (Color online) V. dependence of conduction- and
valence-band barrier heights ¢, (blue) and ¢y (red) for all the
GaAs/AlGaAs samples measured by the direct (open triangles) and
secondary (solid circles) ballistic emissions. Slant lines highlight
the expected slope of 50 meV/V for barrier lowering by E-field
effect. Vertical lines show the values of V- near which the h—e
transitions occur. Arrows mark the values of genuine barrier heights
used to determine the bandgaps and band offsets.
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TABLE 1. Barrier heights of Al/GaAs/Al,Ga;_As (100) at 4.2 K

by oo AE, AEZ* E;,/J'
Mole fraction x (eV) (eV) (eV) (eV) (eV) E, from Ref. 35
0.0 0.708(1)° 1.519(T")
0.1 0.764(2) 0.900(1) 0.055(2) 0.089(1) 1.664(3) 1.677(T)
0.2 0.815(2) 0.972(2) 0.106(2) 0.162(2) 1.787(4) 1.813(T")
0.3 0.855(1) 1.063(2) 0.147(1) 0.252(2) 1.918(3) 1.937(T")
0.42 0.958(1) 1.165(1) 0.249(1) 0.354(1) 2.124(2) 2.086(T")
0.6 1.053(1) 1.103(1)/1.181(2) 0.344(1) 0.292(1)/0.370(2) 2.155(2)/2.233(3) 2.123(X)/2.202(L)
0.8 1.164(1) 1.016(3)/1.185(2) 0.449(1) 0.205(3)/0.374(2) 2.181(4)/2.349(3) 2.179(X)/2.331(L)
1.0 1.277(2) 0.957(2)/1.186(12) 0.569(2) 0.146(2)/0.375(12) 2.234(4)/2.463(14) 2.240(X)/2.460(L)

4—/+ represents values measured by —/+Vy sweeps.
YValues in parentheses are standard deviations in meV.

makes s-BEES process the least-efficient injection mecha-
nism. Values of ¢y, measured by s-BHES and BHES pro-
cesses are closely matched, while for ¢ a large discrepancy
up to ~200 meV was observed under different V polarity.
In our previous letter,'! such a discrepancy was neglected
since only the s-BEES data were used to determine ¢ val-
ues for the indirect-gap samples. As we will present in the
results section, it turned out that ¢ values obtained from the
direct and secondary BEES processes correspond to the X-
and L-conduction band valleys, respectively.

V. RESULTS AND DISCUSSION

The main results from the ternary AlGaAs alloy system
are summarized in Table I and plotted in Fig. 9. In Table I,
—/+ represents values measured by —/+V sweeps. The mea-
sured barrier heights ¢y and ¢ of Al-Al,Ga,_,As Schottky
contacts, as functions of Al composition x, are shown in Figs.
9(b) and 9(c), respectively. ¢ increases linearly with x in the
full range of Al composition (0<<x<1). A least-squares lin-
ear fit gives ¢y=(0.703 = 0.008)+ (0.578 = 0.015)x (V). This
linear trend is expected, since all the valence-band maxima
(heavy hole, light hole, and splitoff bands) of AlGaAs are
located in the vicinity of the Brillion zone center. The mea-
sured ¢, however, shows a sharp change of slope at x
=0.42 as a result of the direct-indirect transition. In the
direct-gap regime (x=0.42), a linear fit gives ¢¢
=(0.815+0.005)+(0.831=0.015)x (V); while in the
indirect-gap regime (x>0.42), a linear fit gives ¢
=(1.143+0.006) +(0.054 +=0.011)x (V) for the L band and
¢-=(1.318 £0.007)—-(0.362 = 0.012)x (V) for the X band.

Values of band offsets are obtained with a comparative
method. The valence band offset AEy(x) of GaAs/
Al Ga,_,As is obtained by

AEy(x) = ¢ylx) = ¢v(0), 3)

where ¢(0) is the measured value for GaAs. Here, it is
assumed that the Fermi level pinning position at the m-s
interface with regard to the vacuum level remains unchanged
for devices with different Al mole fraction. This assumption
is considered reasonable, given the facts that the same GaAs
cap layer was used for all the samples, and the same chemi-

cal treatment was applied prior to Al base deposition. It is
further validated by the fact that the measured ¢y shows a
nearly perfect linear dependence on x. A least-squares linear
fitting gives AE(x)=(0.578 =0.015)x (eV), with a negli-
gible intercept of —6 £8 meV at x=0. This slope is slightly
higher than the consensus value of 0.51,%% but is very close to
the result of 0.55 obtained from thermionic emission current
over p-type barriers.°

The conduction band offset AE~(x) of GaAs/Al,Ga,;_,As
is derived from

AE((x) = ¢c(x) = EL(0) + ¢y(0) =[E,(x) — E,(0)] - AEy(x)
(4)

where E,(0) is the bandgap of GaAs (taken as 1.519 eV at
4.2 K¥). The derived AE(x) increases linearly with x in the
direct regime (I" band). AE~(x)=(0.831=0.015)x (eV) for
x=0.42, with a negligible intercept of 4 =4 meV at x=0. A
direct-indirect transition of the conduction band minima at
x=0.42 is indicated by the abrupt slope change at this com-
position. The deduced direct-gap I' band offset ratio r
=AE/AEy is found to be 59:41 (£3%), which is very close
to the consensus value of 60:40 (the so-called 60:40 rule).?8
Previously, conduction band offsets at direct-gap
Au/GaAs/Al,Ga,_,As (100) interfaces (x=0.42) in delta-
doped SB HJs were measured by BEEM experiments down
to 77 K.>* It was found that the collector current fitted by a
multivalley B-K model is dominated by AlGaAs I" and L
channels, and the contribution from the off-axis L channel is
even larger due to interfacial scatterings at the m-s interface
that can redistribute the injected electron flux.>® However,
valence band offset of the same structure could not be mea-
sured in such traditional BEEM experiments.

In the indirect-gap regime, the L band offset AE((x) in-
creases at a smaller slope with x, which is Ex(x)
=(0.332+0.006)+(0.054+0.011)x (eV) for x>0.42 by a
linear fit. The less ideal R” in the fitting result suggests that
some band bowing effect may exist in the indirect-gap re-
gime. In contrast, the X band offset AE(x) decreases with x,
which is E(x)=(0.507 = 0.007)-(0.363 £0.012)x (eV) for
x>0.42 by a linear fit. The limited number of available data

235325-9



YI et al.

points prevents us from making a conclusive remark on the
band bowing for X band.

It is found that for the binary GaAs sample (x=0), al-
though ¢y can be readily measured both by BHES and
s-BHES processes, ¢ cannot be measured due to the over-
whelming internal hole current under the forward collector
bias needed for ballistic electron injection. As a result, only
Al Ga,_,As band gap values for x=0.1 can be obtained.? In
our previous letter, ¢ of the x=0.1 sample was also reported
as unmeasurable.!! However, a reexamination of the data
found that ¢ can be obtained by fitting the spectrum at
V=0.65 V, where the internal current background is not yet
dominating. We have included the values for x=0.1 and re-
vised the fit parameters accordingly in the present paper. The
changes in the fit parameters are found to be negligibly small
to affect the main conclusions made in our previous letter.

The measured band gaps of Al,Ga,_,As, after summing
¢y and ¢ [Table I and Fig. 9(a)], agree well with the estab-
lished data acquired by optical methods® (within 2%). In the
direct-gap regime, no perceivable band bowing effect was
observed, which is in line with a few optical studies.’”-3
Note that in theoretical treatments, a quadratic or even cubic
band bowing for the AlGaAs alloy was often assumed,®
somehow we do not intend to make any conclusion on the
band bowing effect due to limited data points.

In the indirect-gap regime, a rather surprising observation
is the selective collection of ballistic electrons into the X or
L channels of the AlGaAs conduction band respectively by
the direct or secondary emission processes. Previous BEEM
experiments on indirect-gap Au/GaAs/AlGa,;_As (100)
(x=0.7,1.0) found the lowest threshold in BEEM current to
be the Al,Ga,_,As X band,” which is in line with our obser-
vation from the direct BEES data. In the literature, electron
transport over the indirect-gap GaAs/AlGaAs barrier has
been largely attributed to the X channel.*! To the best of our
knowledge, there has been no conclusive report of L channel
transport by either traditional methods such as thermionic
emission or BEEM experiments. This perhaps can be ex-
plained by the fact that the s-BEES process has been rela-
tively less explored. The observation of X electrons in the
indirect-gap regime ruled out our previous conjecture that
their contribution was attenuated by bulk scatterings due to
their much shorter mean free path.'! To reinforce the argu-
ment that interfacial processes rather than bulk scattering
rates matter, consistent results on both the X- and L-valley
conduction band minima were found for the second set of
samples with 10 nm GaAs caplayer thickness (data not
presented).?

The observed selective coupling of electrons generated by
direct(secondary) ballistic emission into the X(L) valley of
indirect-gap Al,Ga;_,As alloys can be interpreted in the
framework of parallel momentum conservation. It is estab-
lished that close lattice matching between Al and GaAs gives
rise to quasiepitaxial Al/GaAs (100) interface.*> Even for our
evaporated polycrystalline Al films, local domains with good
atomic registry may form at the Al/GaAs interface. As a
result of the translational symmetry, the electron momentum
component parallel to the substrate plane k; may be better
conserved across the Al/GaAs interface than the case of Au/
GaAs, causing a much stronger momentum filtering effect. In
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FIG. 9. Measured Al mole fraction x dependence of (a) energy
bandgap of Al,Ga;_,As (solid lines are from Ref. 35), (b) valence-
band barrier ¢, and valence-band offset of GaAs/Al,Ga;_,As
(solid line is a linear fit), and (c) conduction-band barrier ¢, and
conduction-band offset of GaAs/Al,Ga,_.As (solid lines are linear
fits). All the data are taken at 4.2 K. Triangles are data points for the
indirect X band.

direct BEES, most of the incoming electrons have a large
perpendicular momentum k&, pointing into the substrate, so
that they can easily couple into the available states in con-
duction bands near the Brillouin zone (BZ) center. For
indirect-gap AlGaAs, the one out of the six X band minima
which is projected to the BZ center becomes the most prob-
able transport channel. Given that there exists a GaAs ca-
player, electrons need to first traverse the GaAs X band to
couple into the AlGaAs X band. Collector current will not be
perceptible until electron kinetic energies reach the AlGaAs
X band minimum. In contrast, for secondary electrons gen-
erated by inelastic scatterings in the base, their momentum
distribution is much less forwardly directed than the incom-
ing distribution. Significant portion of secondary electrons
have large kj, so they can possibly match four out of the eight
L band minima in AlGaAs after traverse the GaAs L band.
An example of such momentum matching condition is given
in the schematic interface BZ of GaAs (100) in Fig. 10.

VI. ERROR ESTIMATE

For semiconductor band edge determination, besides the
fundamental resolution limit set by the thermal broadening
of the Fermi distribution, there are several possible sources
of errors in the present experimental method. Depending on
its origin, each of these errors can be assigned into one of the
three categories: sample, measurement, and data analysis.
Here, we give a brief discussion on various error sources and
their impacts on the precision of the measured barrier
heights.

The doping level, composition, and layer thickness of the
actual grown sample may be slightly different than the de-
signed structure. It has been known that undoped AlGaAs
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FIG. 10. (Color online) Schematic interface Brillouin zone for
GaAs (100). Filled circles and ellipses are the projections of the
constant-energy surfaces for electrons near the I'-, X-, and
L-valleys. Dashed octagon outlines the boundary of the projected
first Brillouin zone. The arrow exemplifies a possible electron par-
allel momentum k; that matches the available states in the L valley.

deposited by MBE contains negative charge.** The charge
concentration depends on processing and is in the 10'® cm™
range. Such unintentional doping in the barrier layer will
introduce a band bending and a small overestimate in the
measured barrier height. To reduce the sensitivity of barrier
heights to unintentional doping, a thinner barrier layer is de-
sired as long as it is not too thin to allow direct tunneling.
For GaAs/AlAs HJ, the minimum barrier thickness was
found to be 15 nm.** A nonuniform unintentional doping
across the interested HJ can cause charge transfer and band
bending near the HJ, which results in a shift in the observ-
able band offsets. Such a nonuniform doping can be intro-
duced by intrinsic interfacial dipoles that are material and
orientation dependent.*> The compositional error is usually
negligible in modern epitaxy techniques. Error in the layer
thickness is usually small, except that the surface treatment
prior to the Schottky contact deposition and the reaction be-
tween the GaAs surface and Al may slightly change the ac-
tual GaAs cap-layer thickness. The dopant diffusion from the
p-doped layer into the undoped layers may slightly reduce
the i layer thickness, whereas carrier freeze-out at low tem-
peratures may cause a reverse effect. The main impact of
errors in the layer thickness is a small change in the slope of
the V. dependence.

Measurement errors are generated from both the external
circuitry and the measured device itself, given that care is
taken to avoid external noise sources such as mechanical
vibration, temperature fluctuation, electromagnetic field, and
ground loop. In our setup, the noise floor of the collector
current was found to be in the sub-pA level, which is still
above the 10 fA resolution limit of the sourcemeter (Keithley
236). Further reduction of the noise floor is possible with
measures such as automatic range adjustment. The tunnel
transistor device itself may also generate various electronic
noises. Thermal or Johnson-Nyquist noise is very small at
4.2 K. Flicker (1/f) noise is the major source of excess low-
frequency noise for the present direct current (dc) measure-
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ment. In a Schottky diode, both deep-level traps in the deple-
tion region and surface states at the m-s interface can
contribute to the low-frequency noise. In the depletion re-
gion, the fluctuation in the occupancy of trap states may
modulate the barrier height and give rise to a current fluc-
tuation. At low temperatures, tunneling to/from these trap
states is the dominant mechanism rather than thermal
activation.*® In several devices, we noticed the appearance of
burst noise, also called random telegraph signal (RTS), in the
collector current (data not shown). The RTS noise is mani-
fested by steplike switchings between two discrete current
levels at random time, with a switching magnitude propor-
tional to the level of collector current. Burst noise has been
observed in a large variety of physical systems, whereas its
origin is still under debate. In Schottky diodes, it is often
attributed to single electron trapping/detrapping at a deep
center in the depletion region. Although burst noise itself is
an interesting subject to study, it did not occur in most of the
measured devices and thus is not concerned in our case.

In the data analysis, numerical errors may be generated by
the curve fitting procedure. As we have discussed previously,
the slow-rising power-law spectral shape of a BEEM current
adds difficulty in determining the turn-on threshold. An em-
pirical power-law fit needs at least three free parameters, and
thus introduces a larger standard deviation in the fitted bar-
rier heights than the case of a linear fit that requires only two
free parameters. Fitting an experimental spectrum with a
fixed power exponent usually generates poorer fitting results.
Using a linearization scheme, we have obtained an improved
resolution of a few meV in the fitted barrier heights. For
materials with unreliable band parameters, such a phenom-
enological fitting process may give more reliable result than
a full-fledged quantum-mechanical calculation.

As a transport method that relies on charge carrier injec-
tions, one major source of error is the barrier lowering ef-
fects. In most cases one can determine Vgg by the polarity
reversal of the collected carriers, somehow there are several
factors than may introduce uncertainty in such a scheme.
Near Vg, it is possible that both electrons and holes are
transmitted across the m-s interface. Electron-hole recombi-
nations in the depletion region may nullify the collector cur-
rent and produce a diverging rise in the apparent turn-on
threshold. The image-force lowering with a nonlinear Vlc/2
dependence may also become noticeable as the internal £
field approaching zero. In our devices, an error of 0.1 V in
determining Vg can produce an error of ~5 meV in the
measured barrier height. To further reduce the uncertainties
due to barrier lowering effects, a larger ratio between the
overall thickness of the 7 layer and the depth of the interested
HIJ is desired to obtain a smaller slope of the E-field depen-
dence.

VII. CONCLUSIONS

As a summary, we have demonstrated a self-consistent
way to precisely measure the bandgap of a semiconductor
and the band offsets in both the conduction band and the
valence band of a semiconductor heterojunction. Using the
collector bias as an extra tuning knob, the barrier lowering
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effect is naturally taken into account. Excellent agreements
with the consensus values are reached by an empirical
power-law fitting procedure without requiring a priori mate-
rial parameters. The indirect X and L conduction band
minima in AlGaAs are selectively probed by the direct and
secondary ballistic electron emission processes, which are
explained by the synergetic effect of the drastically different
electron momentum distributions generated by these two
processes and the parallel momentum conservation at Al/
GaAs (100) interface. As a dc technique, a limitation of the
present method is the requirement that thermally activated
currents over the semiconductor heterojunction need to be
suppressed, so that measurements are restricted at low tem-
peratures. Small-signal ac method has been applied to tunnel
triodes.?® In principle, using a narrow-band lock-in amplifier,
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it is possible to measure a modulated ballistic current in the
presence of a large internal current background. Such modu-
lation techniques may allow measurement at higher tempera-
tures as well as probing the band gap of a homogeneous
semiconductor without embedded potential steps. Research
in this direction is currently being explored.
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