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We report an extensive investigation of semiconductor band-structure effects in single-barrier
Al,Ga,_,As/GaAs heterostructures using ballistic-electron-emission spectros@plS. The transport
mechanisms in these single-barrier structures were studied systematically as a function of temperature and Al
composition over the full compositional range<@<1). The initial (I') BEES thresholds for AGa, _,As
single barriers with 8&x=<0.42 were extracted using a model which includes the complete transmission
probability of the metal-semiconductor interface and the semiconductor heterostructure. Band offsets measured
by BEES are in good agreement with previous measurements by other techniques which demonstrates the
accuracy of this technique. BEES measurements at 77 K give the same band-offset values as at room tem-
perature. When a reverse bias is applied to the heterostructures, the BEES thresholds shift to lower voltages in
good agreement with the expected bias-induced band-bending. In the indirect band-gap (regih),
spectra show a weak ballistic-electron-emission microscopy current contribution due to intervalley scattering
through AlGa, _,As X valley states. Low-temperature spectra show a marked reduction in this intervalley
current component, indicating that intervalley phonon scattering at the Gg&aAlL As interface produces a
significant fraction of thisX valley current. A comparison of the BEES thresholds with the expected compo-
sition dependence of the &g _,As I', L, andX points yields good agreement over the entire composition
range.[S0163-182807)04827-3

I. INTRODUCTION mount the Schottky barrier, and be collected at the semicon-
ductor substratécollecton. There are two basic modes of

The invention of the scanning tunneling microscbpas BEEM: imaging and spectroscopy. A BEEM current image
spawned a variety of scanning probe microscdSy°M)  is made by simultaneously measuring the BEEM current dur-
techniques which have enabled the study of the structurahg a topographic STM image acquisitidnonstantl,, tip
and electronic properties of materials on length scales prevbias. In BEEM spectroscopy or BEES, the BEEM current is
ously unattainable. The main advantage of scanning probmeasured as the tip-base voltage is ramped at a constant
techniques is the exceptional lateral resolution imparted by,. Thus, the energy dependence of hot carrier transport is
the localization of the probe tip. SPM has potential applicaprobed. The initial application of BEEM was in measuring
tions in lithography and information storage on length scalesnetal-semiconductorng-s) Schottky barrier height$SBH)
not attainable by conventional photolithography. At the samesince no collector current {) will be found until a threshold
time, SPM has also led to many important fundamental scivoltage (which corresponds to the Schottky baryieis
entific discoveries. SPM variants in which multiple measureteached.
ments are made simultaneously are particularly fruitful tech- In BEEM, carriers tunnel from a metal tip into the metal
nigues where new information is being obtained. base, and the entire tip-base bias is dropped across the tun-

One such extension of scanning tunneling microscopyeling gap. The third contact allows the energy distribution
(STM) is ballistic-electron-emission microscopBEEM),>®  of injected carriers to be controlled independently of the
which probes subsurface electronic structure. In conventionaemiconductor band structure. In contrast to STM of a semi-
STM, a sharp metal tip is brought close to a conductingconductor where some of the applied tip bias drops across
surface allowing quantum-mechanical tunneling between théhe semiconductor depletion region, there is no bias-induced
two conductors. In the most common mode of STM operaband-bending in a BEEM experiment. This is a great advan-
tion, the tip is scanned across the surface at a given tiprage when using BEEM to study semiconductor heterostruc-
sample voltage while a feedback loop maintains a constaritires since the energy levels of interest are unperturbed by
tunneling current I()). To first order, this produces a topo- the measurement, and the tip voltage corresponds directly to
graphical image of the surface—with atomic resolution inthe energy of injected carriers. The application of BEEM to
some cases. BEEM adds a third contact to STM, a thin metaemiconductor heterostructures was proposed by Henderson
layer which typically forms a Schottky barrier with a semi- et al? and has been demonstrated in several systems includ-
conductor sample. The STM tifemitten injects electrons ing InAs/GaAs; Si p-n junctions® AlAs/GaAs, SiGe
across the tunneling gap into the metahse layer. If the  strained layer§,and ALGa,_,As/GaAs heterostructurés?
metal layer is thinner than the inelastic mean free path, somklore recently, the capabilities of BEEM have been exploited
of the electrons will traverse the metal base ballistically, surin studies of dislocations in W&a,_,As/GaAs!! ordered-
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Galn,_,P/GaAs heterostructuré$,InAs quantum dots3  step transmission function at tie-s interface while LP in-
and INAs/AISb heterostructuré®. clude the gquantum-mechanid@M) transmission probabil-
We have previously shown that BEEM spectra fromity. The LP model gives a\(—V;)®? dependence of the
single ALGa _,As barrier samplésare consistent with mea- BEEM current near threshold compared to\a~(V;,)* de-
surements of the GaAs/fba _,As conduction-band offset pendence in the BK model. Consequently, the fitted thresh-
(AE() in the literature'>**We have also shown the effect of 0ld (V},) depends on the model used; the thresholds are typi-
quasibound states in an /8a_,As/GaAs double-barrier cally ~30—50 mV lower when QM transmission is included
resonant tunneling structurdDBRTS) on the BEEM (LP mode).
Spectral_o This paper provides a systematic study of To properly describe BEEM experiments on semiconduc-
Al,Ga _,As single barrier structures over the entire tor heterostructures, a fourth step must be added to account
Al,Ga,_,As composition range. This comprehensive studyfor the transmission coefficient of the heterostructure. Re-
firmly establishes BEES capabilities for studying chargecently, calculations of the spectral shape of single and double
transport processes in semiconductor heterostructures. ~ barrier structures have been published by Smith and Kogan
In Sec. I, we discuss the modification of the BEEM (SK 19 Their model includes both the transmission prob-
theory to include transmission across semiconductor heterdwilities of them-s interface and the semiconductor hetero-
structures. After describing the experimental procedures§tructure. Smith and Kogan showed that the second deriva-
(Sec_ |||), the importance of a uniform Au/GaAs interface is tive of the BEEM spectra should reflect the transmission
discussed in Sec. IV. BEEM experiments for low Al concen-Probability of the semiconductor heterostructure. Their cal-
trations are given in Sec. V. Far<0.45, ALGa _,As has a  culations gave good agreement with our previous BEEM
direct band gap, and the first threshold in the BEES spectra i®easurements on GaAstAhGa sgAs single- and double-
due to transport through the /a, ,As T valley. Thus, the barrier structure$:°
shift in the initial BEES threshold with respect to the Au/  In general, the BEEM current normalized to the tunneling
GaAs Schottky barrier giveAE.. Section VI demonstrates current is calculated using:
the effect of applying a reverse bias to the sample on the

BEES spectra. In Sec. VII, results for &a, _,As barriers in N D(E,,V) fEtmaXF(E)T(EZ JE)dEdE,

the indirect regiméx=0.45 are given, and we show that the E zmin 0

BEES spectra cannot be explained by simple, single—band'c(v):th o % '

transport. We discuss the intervalley scattering processes j D(Ez,V)f [F(E)—F(E+eV)]dEdE,

which must be considered to account for the observed BEES 0 0 1

thresholds. Finally, we summarize the thresholds observed @)

for all samples and correlate them to the GaAs/whereV is the tip bias,R is an attenuator factot, is the

AlL,Ga _,As band structure in Sec. VIII. tunneling currentD is the WKB tunneling probability, and

F is the Fermi function. The integration limit&,.,;,=Eg

Il. THEORY —e(V—Vyp) and Eyma=m/(m—m)[E,—E-+e(V—V,)] are

set by transverse momentum conservatigp.is the Fermi
Since BEEM spectra exhibit thresholds at energies wherenergy in the tip, andn, (m) is the transverse effective
additional states become available for transport, the primaryass in the semiconductémeta). If an electron has a nor-
purpose of BEEM spectroscopy is identifying these threshmal wave-vector component corresponding to a energy lower
olds and correlating them to semiconductor band structurghan E,,,, it cannot surmount the Schottky barrid, .
In practice, this is accomplished by fitting measured spectraccounts for the critical anglebeyond which all electrons
to theoretical models. A three-step model is usually emdincident to them-s interface are reflected. In general, the
ployed to calculate the BEEM current of a simphe-s  transmission coefficient for the-s interface and the semi-
structure? The three processes considered @etunneling  conductor heterostructurd;(E,,E,), is a function of both
from the STM tip into the metal bas€?) transport of the the normal and lateral energy components. The propagation
injected hot electrons through the base, &jdransmission matrix technique was employed to calculdtéE,,E;) for
across then-s interface. For tunneling from the STM tip, a the entire structure including both the-s interface and
planar tunneling formalism is generally assumédlext, the  semiconductor heterostructuf®When T(E) is set to 1, Eq.
distribution of hot electrons in the metal base is modified by(1) reverts to the BK model. We will refer to the full trans-
elastic and inelastic scattering. Finally, transmission acrosgission probability calculation of Eq1) as theT(E) model.
them-s interface determines whether an electron is collected
by the supstrate as BEEM current. It is convenient to assume IIl. EXPERIMENT
conservation of energy and transverse momentum antise
interface even though Au/GaAs is not an epitaxial interface. All samples were grown by molecular beam epitaxy
For injection into a semiconductor with a singfeossibly (MBE) at 580 °C onn® GaAs (001 substrates. The
degenerafeband minimum, fitting requires two adjustable Al,Ga _,As alloy composition and layer thickness were
parameters: one for the effective Schottky barriég)(and  calibrated using reflection high-energy electron diffraction
an amplitude factor which accounts for scattering in theoscillations. Dopant concentrations were calibrated from
metal and at then-s interface. Two commonly used models Hall measurements on previous samples. The semiconductor
are that of Bell and Kaisér(BK) and that of Ludeke and layer structure is shown in the inset of Fig. 1. Wafers with
Prietsch(LP).18 They differ mainly in the treatment of trans- seven different Al compositions spanning the entire0
mission across thm-s interface. The BK model assumes a (GaAs to x=1 (AlAs) compositional range were grown. The
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The MBE-grown, undoped cap layer gives a very uniform
12l d-doping [ 80AAu | SBH as measured locally by BEEM, thereby providing an
100A GaAs excellent internal energy reference for the heterostructures.
1} ( 100A AlGaAs Thus, the sample design allows direct assignment of the
~ BEES thresholds to the heterojunction band structure.
o 08F 300A GaAs The Au/GaAs interface has been the subject of several
w® previous BEEM studie$®?4~2®This interface is known to be
) 0.6 F . 25 - . .
w© reactive;” in situ deposition of Au on a clean GaAs surface
04} 500A GaAs results in a nonuniform interface which degrades electrically
over time. Therefore, we prepare our GaAs surfaces chemi-
02f n* GaAs cally which leaves an interfacial oxide layer to prevent inter-
diffusion and reaction of Au and GaAs. Our surface treat-
°r 7 ST oo , ment is similar to that of Talinetal?’ in which an
0 500 1000 1500 ammonium hydroxide solution is used to etch the GaAs na-
z (A) tive oxide, then more oxide is formed by rinsing the sample

in water. This treatment forms a more uniform interface than
FIG. 1. Calculated band profile for=0.42 ALGa, _,As single-  using a stronger etch such as HCI followed by the inevitable
barrier assuming a Au/GaAs Schottky barrier of 0.92 €¥300 K.  air exposure while loading the sample for Au deposition.

The &-doped sheetBe, 1.1x 10" cm?) was used to flatten the  The Schottky barrier for GaAs is known to depend only
bands. The MBE layer structure is shown in the inset. slightly on the metal forming the contact, implying that

Fermi-level pinning by interface states determines the SBH.

Initially, the Au/GaAs interface was studied using a sample
ontaining a 5000 A undoped GaAs layer grown on an

A*XGtaid—XA_s barrier, atndt.amﬁog flii%fz capJ?yer. Tze Be+.GaAs substrate. These samples gave BEES thresholds of
sheet doping concentratioMg=1. cm %) was de- ~0.9 eV at RT and~1.0 eV at 77 K. We also performed

signed to cancel the band bending near the Schottky barrieéEES (using hole injectionon a sample containing a 5000
leaving a flat band heterostructure in equilibrium as show% undoped GaAs layer grown on @ -GaAs substrate. A
by the calculated band diagram in Fig. 1. Band profiles wer <light T dependence in the-type SBH from 0.52 V at 77 K

calculated self-consistently using the one-dimensidhal) 2
Poisson/Schroedinger Sol&r. to 0.51 V at 150 K was fount. BEES measurements above

To fabricate samples for BEEM, In Ohmic contacts werel50 K were not possible due to thermionic emission over the
soldered to the back of the' -GaAs substrates. Au Schottky barrier. Our BEES results are in excellent agreement with
contacts were thermally evaporated at a typical backgroun@Wp-type GaAs Schottky barriers measured by conventional
pressure of %107 Torr. Prior to evaporation, the GaAs current-voltage and capacitance-voltage technigtiésevi-
surfaces were treated in a 1:5 solution of J0#:H,0 for 90 ously, Bell and co-workef$*? studied Aup-type GaAs
s followed by a 60 s rinse in deionized water. The Au con-Schottky barriers by BEEM and found a two-threshold be-
tacts were nominally 1 mm in diameter and 80—100 A thick.havior. We also observed two thresholds in ptiype GaAs

We wuse a Surface/lnterface AIVTB-4 variable- spectra with a splitting of 0.180.02 eV, close to their value
temperature STM/BEEM systefi.Room-temperaturéRT) of 0.10+0.02 eV*2 The second threshold has been attributed
experiments were performed in air. For low-temperaturgo the GaAs valence-band structure. At an enerdyl eV
(77<T<293 K) measurements, the STM was placed in abelow the valence-band maximum, the light-hole band ac-
vacuum can(~107° Torr) inside a liquid-nitrogen Dewar. quires a heavier massy* =0.5. This curvature change pro-
Heat transfer was provided by He exchange gas. The vacuugides additional states and accounts for the second threshold.
can provides improved temperature stability and reproduc- sjince the diodes made on tme and p-type substrates
ibility compared to imr_ners_ing the STM in liquid nitrogen. have nominally the same undoped GaAs cap layer and un-
BEEM data were acquired in constant current mode with @ Zjergo the same preparation, they should have the same Fermi
nA setpoint unless stated otherW|sg. BEEM spectra wer inning position. Thus, we find that thetype andp-type
measured in 2-5 mV steps and signal averaged 50-1 BH's measured by BEES add to the GaAs band g&y) (

grenveesresosl;l%rt?;engfe S;%g?;;%’goésned r?kt]'g' dlgt:();:)(ian t(;a‘fﬁ(imithin experimental error. Our measurements show that the

grouped for clarity Fermi pinning position basically follows the valence-band
' edge since th@ dependence of the-type SBH accommo-

dates most of the GaAs band-g&pdependencél.42-1.51

eV from RT to 77 K.

We chose AlGa _,As/GaAs as the prototypical hetero-  Then-type SBH of 0.9 eV was used to design the samples
structure system since it is well controlled as evidenced bylescribed in Fig. 1. The GaAs reference sample for all of the
its commercial use in quantum well lasers. This enables afollowing experiments has the same desigith & doping
essential test or calibration of BEEM heterostructure experias Fig. 1 except that it contains no Al. Hereafter, it will be
ments since the band structures of these materials are releeferred to as “AL0.” The BEEM results described below
tively well known?® All samples have nominally the same for ALO are virtually identical to those for the 5000 A un-
Au/GaAs interface formed on an undoped GaAs cap layerdoped GaAs layer. This ensures that the Au/GaAs interface

structures consist of a 500 A GaAs buffer layerpdype
(Be) &doped sheet, a 300 A GaAs spacer layer, a 100

IV. THE Au/GaAs INTERFACE
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BEEM current (pA)

FIG. 3. (a) STM and (b) BEEM image pair of a 10001000

L . A? area of an ALO sample showing the uniformity of transmission
across the Au/GaAs interface. The tunneling current and tip bias
Voltage (V) were 1 nA and-1.5 V, respectively. The average BEEM current is
5+1 pA.
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FIG. 2. Typical RT BEEM spectrapointy for Au/GaAs
(“*ALO” ) sample. Least squares fites) to the BK model include

current injected into the GaAE, L, an_dX bands. Thresholds_ of sured by other techniqué@.The magnitude and shape of
0.92, 1.21, and 1.38 eV are found in good agreement with thgsgE\ spectra from ALO samples and from all other samples
expected interband energies. described below were consistent and reproducible both for
different areas on the same sample and for different diodes
from the same wafer.
determines the threshold behavior and that the potential at A strong contribution from the GaAls valley is observed
the 5-doped sheet is equal or slightly less than the Schottkyn agreement with previous repofté®3¢*"This current com-
barrier. In other words, thé-doped layer concentration was ponent is not expected from the simple ballistic picture
designed correctly and has not created a potential barriewhich predicts a highly forward-directed electron distribu-
(greater than the Schottky barnidor the injected electrons tion (normal to the interfageat them-s interface. Assuming
to overcome. It also indicates the negligible effect of imagetransverse momentufk;) is conserved at thm-s interface,
force lowering of the Schottky barrier in our experiments. BEEM thresholds are not expected for band minima which
There is an important difference between the work ofdo not project to the zone center of the Ga861) interface
Talin et al?® and our heterostructure experiments regardingBrillouin zone. The large. valley current observed implies
the sample design. Their samples were designed to enhanti®tk; is not strictly conserved at the Au/GaAs interface, and
the observation of Schottky barrier nonuniformity by usingthe additionalk, is provided by scattering at th@a-s inter-
heavily doped GaAs wafers. In contrast, all Schottky barrierdace. Scattering by the interfacial oxide seems likely for our
in this study were made on very high quality, MBE-grown, chemically prepared Au/GaAs interfaces.
undoped GaAs layers. Palm, Arbes, and Schulave BEEM imaging was used to study the uniformity of the
shown that the distribution of SBH’s measured by BEEM Au/GaAs interface. Figure 3 shows a STM and BEEM image
depends on the semiconductor doping concentration, and thmir of an ALO sample taken at RT with a tip bias-el.5 V
width of the distribution is much narrower on lower doped and a tunneling current of 1 nA. The 100-200 A round fea-
samples. Since the unintentional background doping of outures in the STM image are the Au grains formed during
material is at most mid-£6 cm3 p-type, the characteristic evaporation. Some correlation between the Au thickness and
length scalgDebye length for potential fluctuations of the the BEEM current is seen in the left center of Fig. 3 where a
order of the thermal energgkT) is ~1900 A at RT. The region with less BEEM currer(tarkej corresponds to a tall
absence of doping minimizes band bending; any local SBHAu grain. The average BEEM current in this darker region is
fluctuations will be pinched otf and will not be observed by 3 pA compared to 5 pA in the area directly abovélpper
BEES. Furthermore, the-type, 5~doped sheet also masks left corner of the image The dark spots in the BEEM cur-
any Schottky barrier nonuniformities; a small area with a lowrent image which appear to have zero BEEM current are
SBH will not be detected since the potential maximumartifacts due to adsorbates on the Au surf&ca. histogram
would be at thes-doped sheet, 500 A inside the semiconduc-of the BEEM image in Fig. 3not shown has an average of
tor. 5 pA and a standard deviation of 1 pA. So, the BEEM cur-
A typical RT BEEM spectra from an ALO sample is given rent is highly uniform over the large majority-90%) of the
in Fig. 2. It shows current contributions from injection into interface.
the three lowest conduction-band minirfig L, X) of GaAs. For heterostructure experiments, a uniform SBH is even
The threshold positions, shown by arrows in Fig. 2, weremore important than uniform BEEM current magnitude. The
determined by least-squares fitting to the BK model. TheRT SBH determined from fitting a large number of spectra
total BEEM current is calculated by adding up the contribu-acquired on many different diodes was 0.215018 V. This
tions from all three bands, and each current component haslue increased to 0.9910.024 V at 77 K. The increased
the form of Eq.(1) with T(E,,E;)=1. Thresholds are found SBH at lowT is expected from the increase in energy gap
at 0.92, 1.21, and 1.38 V which correspond to the GBAS, with decreasing@ . The higher-lyingL andX thresholds also
and X minima, respectively, in agreement with previous shift to higher energy at low as expected. This uniform and
BEEM results? The resulting energy separations between theeproducible Au/GaAs interface has been utilized in all of
band minima are also in good agreement with values meahe following results.
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FIG. 4. Comparison of RT BEES spectrgpointy for FIG. 5. 77 K BEES spectra comparison for five, Bk _,As
Al,Ga_,As single barriers. Also shown are BK fits to the data ;o mhositions. Lines are least-squares fits to a model containing the
(lines). Note the shift in the initial BEEM thresholarrows with ¢ transmission probability for thé valley. Fitted thresholds are
Al composition which gives the conduction-band offset. indicated by arrows.

V. DIRECT REGIME (x<0.42—CONDUCTION-BAND

OFFSETS because the three band minima converge. Coupling or scat-

tering between different bands may also be important, but

The general approach of these experiments is to systenthese effects cannot be discerned reliably in this Al compo-
atically vary only the Al composition of the heterostructure. sition range due to the degeneracy. As will be shown in Sec.
As shown in Fig. 1, the band profiles were enginedreting  VII, intervalley scatteringnustbe used to explain the BEEM
the 5-doping sheétto have a flat-band condition in equilib- threshold due to th& valley in the high Al content struc-
rium at RT. In essence, we have placed a simple potentialires.
barrier of variable heighidetermined by the Al compositipn Since we are mainly concerned wiE., we now con-
in the path of the injected electrons while keeping all othersider transport through thE valley only using theT(E)
parameters constant. This ensures that any change in tineodel described in Eq1). We assume a constant tunneling
BEEM spectra must be due to the band structure of the hegap (tip-sample separatignso the integrals in the denomi-
erojunction barrier. Specifically, the shift in the firfi) nator of Eq.(1) are used to normalize the spectra to the
BEEM threshold compared to the GaAs refereri@¢0)  tunneling current at each voltagén practice, as the voltage
sample will give the GaAs/AGa _,As conduction-band is ramped to collect a BEES spectrum, the gap must be ad-
offset. justed slightly by feedback to maintain a constintin the

A comparison of RT BEEM spectra for five different Al SK model, the gap is adjusted at each voltage to give a
compositions is given in Fig. 4. The barrier compositionconstant current density. However, assuming a constant tun-
spans the direct gap regime of 8a, _,As (x=0-0.42. The  neling gap over a small voltage range should not greatly
spectra shown are representative of their respective samplesffect the shape of the BEEM spectra. One other slight dif-
Also shown are fits to the BK model including two thresh- ference between the SK affdE) models is that thd (E)
olds for each sample. The data show a clear increase in threodel includes the possibility of multiple reflections in the
first BEEM threshold with increasing Al content as expected.GaAs cap layer sinc&(E,,E,) is calculated for the whole
For the same nominal Au thickness and tunneling currentmetal-heterostructure system. Since the GaAs cap layer is
the magnitude of BEEM current at a given voltage decreases00 A thick, the effect of multiple reflections will be weak.
with increasing Al content since more carriers are reflectedHence, the SK and@(E) models give similar spectral shapes
by the barrier. The additional thresh@gldue to the higher- and second derivatives which resemble the heterostructure
energyL and X bands also shift with Al composition. As- transmission probability.
signments of the higher thresholds to the band structure will To determine the band offsets, the single-barrier spectra
be discussed in more detail in Sec. VIII. were fit to theT(E) model with AE: and the amplitude

In Ref. 9 and Fig. 4, we have used two threshold BK fitsfactor R as the fitting parameters. The Schottky barrier was
to model the A|Ga, _,As spectra and determinédE from  found by fitting the ALO spectra and including thes trans-
the difference between the &a _,As I threshold and the mission functionessentially the LP modglThus, we fix the
ALO T threshold. Since the sharpness of single-barrier transSchottky barrier and fit to the band offset directly. The re-
mission resonances will change with the barrier height, aults of the fits using th&(E) model are shown in Fig. 5 for
model which includes the QM transmission across thealata taken at 77 K for the five compositions. The second
Al,Ga _,As barriers should, in principle, be more accurate.thresholds from BK fitgnot shown were used as a guideline
However, a model which includes the transmission probio determine the upper voltage limit for the singl® valley
abilities of transport through all three bands would require aff (E) fits. The thresholds for th&(E) model are relatively
least six adjustable parameters—three for theGal_,As  insensitive to fitting range as long as the range is not ex-
band edges and three amplitude factors. Fitting with so mantended past the next threshold. TheE) fits generally show
parameters would not be meaningful -asapproaches 0.45 better agreement to the BEEM spectral shape at 77 K than
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FIG. 6. RT and 77 K GaAs/AlGa _,As conduction-band off- . . . . .
. - o FIG. 7. Schematic band profiles for a single-barrier structure in
sets(pointg measured by BEES. Linear fitknes) at both tempera- S : S
. . equilibrium and undel V reverse bias. Note the reduction in bar-
tures giveAE-=(0.84 eVjx, or a fractional band offset of¢ fier height for iniected electrons under bias
=AE:/AE4=0.68. The linear curve fits and some data points are 9 ) '

overlapping. ) )
Al,Ga _,As heterostructures forms an intermediate case

the BK fits. HoweverT(E) and BK fits are almost indistin- with respect to the previous studies. The effect of applying a
guishable at RT; th&(E) model gives slightly lower thresh- 1V bias to the structure is illustrated schematically in Fig. 7.
olds as expected from the inclusion of the QM transmissiorINC€ the structures have 1000 A of undoped material be-
probability. tween the metalbase and the heavily doped substratm®l-

The band offsets determined by BEEM at RT and 77 klecton, they will behave, to first order, as a capacitor. Except
are shown in Fig. 6. At some compositions the RT and 77 kfor a small change in the substrate depletion and the charge
measurements overlap obscuring one of the data points. E& the m-s interface, the applied bias should drop almost
ror bars are standard deviations from fitting at least 25 spe@ntirely over the undoped region. Under reverse bias, the
tra at each composition and temperature. Linear(fixed at effective barrier height should be lowered by approximately
the origin show an identical composition dependence of thel0% of the applied bias because the potential maximum in
band offset for 77 K and RT akEc= (0.84 eVjx, or equiva-  the structure will be at the upper GaAs{@la ,As inter-
lently AEc/AE4=0.68. This lack ofT dependence was also face. In principle, the AlGa _,As barrier could be pulled
found by Watanabeet al’® by C-V profiling on samples below the Au-GaAs Schottky barrier with a large enough
with x=0.2. They could not measure 77 K band offsets for'€Verse bias. " _
higher Al concentrations due to trapping of carriers b _Figure 8 shows the shift in the firgf") BEES threshold
centers. BEEM measurements do not seem to be affected §yth applied reverse bias for an &g _,As single-barrier

this problem. Thus, we find good agreement with previous@mple withx=0.32. The second threshofdot shown also
Al Ga,_,As/GaAs band offset measuremetié? shifted to lower voltage with increasing reverse bias. The

line in Fig. 8 is a calculation of the expected,Blg _,As
VI. REVERSE BIAS DEPENDENCE barrier height usingd Ec=0.65 AE4 and assuming a simple
’ lever arm lowering of the potential. The measured shifts in

Although our heterostructures were engineered to have #e threshold give good agreement with this simple model.
flat band condition at RT, band bending can be induced by
applying a base-collector bias to the structure. Since the en-
ergy distribution of the injected carriers is controlled by the 1.25 r r r r . r
tip-base bias, the heterostructure potential can now be tuned
independently of the probe. In practice, applying a base-
collector bias makes measurement of the BEEM current
(~pA) difficult because this causes a “leakage” current
which can be much larger than the BEEM current. However,
BEEM with an applied reverse bias has been demonstrated in
Au/Si Schottky diode4? In this case, very small shifts in the
BEEM threshold were observed since the applied bias drops
across the long depletion region of the semiconductor. Both
forward and reverse biases have been used to study transport
through Si metal-oxide-semiconductévOS) structures'!
The SiQ layer forms a largé~3 eV) potential barrier and Vi V)
gives a correspondingly small leakage current. Experiments
on MOS structures require ultrahigh vacuum to achieve F|G. 8. Measured shift in BEES thresholds of &b _,As (x
stable STM operation at tip biases? V. =0.32) barrier vs applied reverse bias. The line is a simple lever

The application of a reverse bias to single barrierarm calculation of expected barrier lowering.
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FIG. 9. Calculated RT 1D band profile for 100 A AlAs single- £ 10, T dependence of AlAs single-barrier BEES spectra.
barrier structure showing the positions of thelL, andX minima. The strong threshold near 1.4 V due to Gadsnd AlAsL states
The AlAsI"pointis at~2 eV. A strong BEES threshold is expected gpi¢q 1o higher energy at lo@ as expected. The weak current due
at 1.4 v from injection into the GaAX valley (X-X-X) and trans- y, y-ansport through AIAX states shows a dramatic decrease in

port over_ the AlAsL barrier (L-L-L) as indicated by arrov_vl). magnitude and increase in effective thresh@#& mode) at low T.
Observation of a BEES threshold near 1.2 V would require cou-

pling of " or L electrons in the GaAs cap layer into AlA6qua-  structure in the derivatives. In contrast, the AlAs single-
sibound states™-X-I" or L-X-L processes shown as arrowll). barrier structure provides much clearer evidence for the
transport process suggested in our DBRTS studies. Specifi-
This ability to apply a base-collector bias to a heterostructurgally, the observation of a threshold atl.2 V gives direct
while still retaining independent control over the injectedevidence of interband coupling from Ga&s(and possibly
electron energy distribution holds great promise for studying ) states in the cap layer into AIAX states. Carriers must

field-dependent hot carrier transport. then be scattered back into GaAsor L states to be col-
lected. ThisI™-X-I" (or L-X-L) process is indicated byl ) in
VII. INDIRECT Al ,Ga,_,As BARRIERS Fig. 9 and would be expected to give a weak current. For

V<1.4 V, most of the injected carriers will be reflected at the

To this point, we have only discussed the behavior ofGaAs/AlAs interface and fall back into the base. Aside from
single-barrier structures with Al compositions such that thethe intervalley current contribution, a strong threshold is ex-
lowest conduction-band minimum is at the zone certéer pected at~1.4 V due to the GaAX band edge and injection
point). For Al compositions above 40-45 %, Ma,_,As  over the AIAsL barrier. The GaAX point and AIAsL point
becomes indirect and its conduction-band minimum is lo-are almost degenerate so only one threshold will be observed
cated near th& point of the Brillouin zone. Since the GaAs from these two transport channel¥-X-X, L-L-L) which
X point is higher in energy than the &g _,As X point,  are indicated byl) in Fig. 9.
there will always be an effective potential well fo elec- Figure 10 shows the temperature dependence of BEES
trons in the 100 A AlGa _,As “barrier” in all of our struc-  spectra from the AlAs single-barrier structure. At RT, a
tures (except ALQ. The X states will only be quasibound strong threshold is observed as expected at 1.40 V, indicated
since carriers can relax to lower-enerfyor L states in the by an arrow in Fig. 10. At lower voltages, a weaker current is
adjacent GaAs layers. FaE=0.45, these quasibountistates  found which turns on at 1.24 V, in good agreement with the
become the lowest energy levels in the,®& _,As layer.  expected energy of the AIAX band edge. Threshold values
For example, a simple 1D potential diagram showinglthe were determined by simple fits to the BK model assuming
L, andX point minima for an AlAs(x=1) single barrier is two band contributions. Fitting to a single-bat@aAs X)
shown in Fig. 9. We have assumed a GaAs/AlAs valencemodel fails to accurately reproduce the shape of the BEES
band offset of 0.44 eV for this calculation and used the AlAsspectra between 1.2 and 1.4 V at RT. As seen in Fig. 10, the
band gaps from Ref. 23. An AIAE-X separation 0f~0.2  spectral shape changes significantly at loWerThe strong
eV is expected and has been confirmed by Kaetesl. in  threshold at 1.4 V moves to higher energy as expected from
BEEM studies of GaAs capped with different thicknesses othe T dependence of the energy gaps. However, the weak
AlAs.” current associated with the AIA$ states shows an anoma-

In our previous work on the DBRTS, peaks in secondlous threshold shift to higher voltage as well as a marked
derivative BEEM spectrgwhich correspond to thresholds reduction in magnitude relative to the GaXscurrent. The
were compared to the expected energy levels in the structusshift in apparent threshold witi is illustrated in Fig. 11
in order to identify the transport channels that contribute towhere the BEEM thresholds are compared to the expékted
the BEEM current® At low T, weak structure was observed dependence of the GaAsand AlAs X points. Note that the
at energies that correspond to quasiboutidtates in the second threshold follows the GaAsband edge quite well,
Al,Ga,_,As barriers. Considering that the DBRTS BEES but the first threshold diverges from the expected AMWs
spectra are a superposition of current contributions from sevoint. For this calculation we use thle dependence of the
eral different transport channels, it is difficult to conclusively Au/GaAs Schottky barrier which we have measured by
show that A|Ga,_,As X states are responsible for the weak BEEM and assume the bands follow the Varshni equation
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FIG. 11. T dependence of AlAs single-barrier BEES thresholds
(points and calculated positions of GaAs and AlAs band edge
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(lines). Note that at lowT the first threshold which is due to inter-
valley scattering diverges from expected energy of the AMs

minima.

using the coefficients of Aspnés.

Although the two-valley BK model provides a good fit to
the data, it was used primarily as a consistent procedure té€ z energy, subbands will not be resolvable in the BEEM
determine an effective threshold. Hence, the shift in the apspectra. In principle the; states(along the growth direc-
parent AlAsX-related threshold should not be interpreted agion) and the lateralXy y states will be nondegenerate be-
a shift in the energy level witf. The shift is much larger
than the 30 meV increase in the GaAs/AIASX) band off-
set predicted theoreticalfff. The reduction in the magnitude meV and should also not be resolvable by BEEM at 77 K.
of the intervalley current should be interpreted as a change ihus, quasiconfinement effects can be neglected. Recent
the intervalley scattering processes withThus, we need to  work by Westwoockt al. in similar structures to those stud-
examine the possible mechanisms for intervalley transfer anigd here reported no discernible differences between BEEM
determine which are consistent with our obser¥edepen-
dence.I'-X intervalley transfer in GaAs/AGa _,As has
been investigated experiment&fly’® and theoretically®—*
Conservation ofk, is typically assumed for the epitaxial ley scattering mechanisms since their measurements were
GaAs/AlAs interface. Most generally, transfer into both theonly performed at RT.
on-axis X, and lateralXyy minima must be considered.
I'-X,-I' coupling is intrinsically possible since the AlAs X point in the interpretation of the BEEM spectra when a
Xz and GaAd" bands overlap in the interface Brillouin zone GaAs cap layer is present. For the AlAs single barrier, the
and can satisfyk; conservation. Transfer into the lateral second strong threshold is due to the combined contributions
minima (Xyx y) requires additional transverse momentumof carriers in theL and X channels. In Ref. 37, the second
which can be provided by phonon scattering or by alloy dis-BEEM threshold for a 100 A GaAs—300 A AlAs structure
order scattering, as pointed out by PriéeAlthough alloy
disorder is not relevant for AlAs, one could argue that scatl point was much higher in energy, a strong threshold near
tering from interface roughness could provide the ektra

In principle, another possible mechanism in the BEESthe Schottky barrier into the GaAs valley will be collected
experiment would be tunneling through the GaAs cap layewith high probability. We expect two different thresholds
directly into an AIAsX state. However, for a 100 A cap layer due to the GaAX point and AIAsX states because these
with a large(GaAsX) effective mass, the tunneling probabil- currents have different transport mechanisms. In the case of
ity will be very low and would not b& dependent. Assum- the 50 ml thick AlAs cap layer studied by Kaiser al,’ the
ing the lateral spread of the injected electron distributionBEEM spectra will reflect the AlAs bulk-band structure only,
does not change much wifh, the coherent’-X,-I"process

will not be T dependent. Interface disorder scattering will

also not change with measuremént Therefore, we con-
clude that the reduction in the AlAX-related current is and a two threshold behavior with thresholds similar to the
caused by the reduction of the phonon populatiaich
affects both phonon emission and absorptiahlow T. In
fact, one could argue that excess current is observed at highreshold to shift slightly to lower energy—if the current

T due to the additional scattering processes and that the lowas the dominant contribution to this threshold. This is not

S
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T spectra provide a better measure of the strength of the
X5 coupling.

A similar argument was used by Bedt al. to explain an
anomaloudl dependence of attenuation lengths measured by
BEEM on (100)Si pn junctions® Longer attenuation lengths
were found at 300 K than at 77 K. Since the off-aXig vy
minima have a smaller mass in the transport direction than
the X; minima, a higher electron population in the off-axis
minima at highT (due to phonon scatteringjives on aver-
age a longer attenuation length. Note that the symmetry of Si
and AlAs are similar; both have their absolute conduction-
band minima near th¥ point. In Si, the intervalley scatter-
ing is betweenX; and Xy v states, both of which can con-
tribute to the BEEM current. In the GaAs/AlAs single
barriers, two scattering events are required to produce BEEM
current. The first I,L)-X scattering allows the carrier to
enter an AlAs X quasibound state and another
X-(T",L)scattering is required for the electron to escape the
well and be collected in the substrate. Some carriers which
reach the AlIAsX well are scattered back into the GaAs cap
layer and then swept out the base and therefore do not con-
tribute to the BEEM current.

Although the 100 A AlAs layer will give quantization of

cause they have a different effective mass along the confine-
ment direction. However, the level splitting will b&10

spectra of 100 and 300 A AlAs barriers capped by 100 A
GaAs?® Our RT thresholds are in good agreement with their
results. However, they were unable to elucidate the interval-

We would like to emphasize the importance of the GaAs

was attributed solely to the AlAls point. In fact, if the AlAs

1.4 V would still be observed since electrons injected over

and the GaA point should not play a role.
We have also studied an /&g _,As single barrier with
x=0.7. This sample also shows the weak intervalley current

AlAs values at RT. Considering that the, &a, _,As L bar-
rier will be lower forx=0.7, one would expect the second
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TABLE I. RT BEEM thresholds from two band BK fitting and resulting conduction band offsets.

% Al Fit range (V) First band \ BK fit (V) Second band YBK fit (V) AEc (eV)
0.0 0.8-1.4 GaAY 0.915+0.018 GaAsL 1.212+0.012

0.11 0.9-14 AlGa_,AsT 0.992+0.013 AlGa _,As L 1.260+0.015 0.077
0.21 1.0-1.5 AlGa_,AsT 1.121+0.019 L&X 1.328+0.010 0.206
0.32 1.0-1.6 AlGa_,AsT 1.196+0.022 L&X 1.356+0.016 0.281
0.42 1.1-1.6 AlGa _,AsT 1.249+0.020 GaAsX 1.369+0.021 0.334
0.70 1.1-1.7 AlGa _,As X 1.252+0.029 GaAsX 1.420+0.019 0.337
1.0 1.1-1.7 AlAsX 1.244+0.018 GaAsX 1.397+0.013 0.329

observed which further supports the importance of the GaAshe previous section. The two thresholds observed for each
X contribution to the BEEM current. of thex=0.7 and 1 single barriers are also shown in Fig. 12.
In conclusion, we have presented a systematic BEES
study of AlLGa_,As single-barrier heterostructures.
Samples were designed to obtain a uniform, reproducible
gu/GaAs interface which provides an internal energy refer-
. I nce for the heterostructure experiments. For single
observed for all samples studied are plotted in Fig. 12 alon%leai,xAs barriers in the direct regime, the shift in the

with the expected AlGa, ,As band-edge positions. The . X . .
band minimg were reAferaénéed to the Au?Gag\s Schottky bar'-n't'aI (I') threshold gives good agreement with the GaAs/

rier to enable direct comparison with the BEES thresholds’.a‘lxeafl—XAS conduction-band offsets measured by other

The band-gap relations were taken from Ref. 23, and th&chniques. Usingl-dependent BEES, we have identified
65/35T band offset rule for the direct gap regime was ex-phonon s.catterlng' as the dominant intervalley scatterlng pro-
trapolated to the whole composition range. As shown in FigCess which contributes to BEEM current through indirect
4, the two threshold BK fits reproduce the spectral shapélxGa—xAs barriers. Finally, good agreement between
very well at RT. In fact, the line shapes of thiecurrent of ~ BEES thresholds and the expected®@& ,As T', L, andX
the BK andT(E) fits are indistinguishable at RT. Further, band minima was found over the entire composition range.
the band offset values obtained from the two threshold BKThis comprehensive study of the prototypical GaAs/
fits were almost identical to those obtained from TgE)  AlxGa,_xAs system has demonstrated the capability of
fits. This gives us confidence in using the BK fits as a conBEES to accurately probe semiconductor band structure.
sistent procedure for assigning higher thresholds to the RWith its unique combination of excellent lateral resolution
spectra. and energy spectroscopy, BEEM promises to continue pro-

A summary of the threshold values and fitting ranges isviding new information abogt quantum structures and semi-
given in Table I. To reduce the number of fitting parametersconductor transport properties.
initially only two threshold contributions were considered,
and the fitting ranges were selected appropriately. For ex-
ample, the ALO data were initially fitted assuming contribu-
tions of thel” andL valleys over the voltage range 0.8—1.4
V. When only two valleys were considered, the fits were cut
off at 1.4 V because an additional current is found at this
voltage due to injection into the GaAs$ valley. Extending
the fitting range to 1.6 V enables the identification of the
third (GaAs X) threshold for both thex=0 and 0.11 data.
The results from these three band fits for these two compo-
sitions are shown in Fig. 12.

As seen in Fig. 12, the AGa,_,As T', L, andX minima
converge as the Al composition approaches 0.45. For
x=0.21 and 0.32, only two components were included in the o 02 o4 o6 oa 1
fits because the andX points are too close in energy to be
resolved. So, the second threshold for these two composi-
tions (open circles in Fig. 1Rrepresents an average of the
expected AlGg ,As L, AlLGa ,As X, and GaAs X
thresholds. Fox=0.42, the first BEES threshold is due to
the combined contributions of the &a _,AsI', L, andX  qffset, AE,=(0.44 eVix, using the band-gap relations of Ref. 23.
channels. This is noticeable in Fig. 5 where T() fit for  Good agreement with the ABa_,As absolute conduction-band
x=0.42 shows a larger contribution to the total BEEM cur- minimum (filled circles, the ALGa _,As L point (filled diamonds
rent compared to the fits for the lower concentrations. Thend the GaAsx point (filled squares is found. Forx=0.21 and
second, strong threshold near 1.4 V is also observed for 0.32, the second BEES threshdtipen circle represents an aver-
=0.42 due to the GaAX minima as discussed extensively in age of theL andX band contributions.

VIll. SUMMARY OF BAND-STRUCTURE EFFECTS
The composition dependence of the RT BEES threshold

24 m o
w n oo

BEEM Threshold (V)
2 R

—_
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©

Al composition - x

FIG. 12. Summary of RT BEES thresholdsoints for 100 A
Al,Ga, _,As single-barrier heterostructures. Lines show the compo-
sition dependence of band minima assuming a linear valence-band
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