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Because ErAs, a semimetal, grows epitaxially on GaA§), ErAs-base/ GaAs-collector metal-base tran-
sistors provide a uniquely simple system in which to study the interfacial transverse momentum conservation
of hot electrons. This system is also of interest for metal-semiconductor superlattice thermal energy conversion
devices that utilize ErAs as the interbarrier material. A key requirement for such devices to outperform bulk
thermal energy converters is the nonconservation of transverse momentum. Our results, indicating total non-
conservation of transverse momentum, could therefore lead to significantly more efficient thermal energy
conversion devices.
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In recent years, it has been proposed that superlatticemitters 1000 A thick are thermally evaporated using
structures can achieve thermoelectric power factors in exceshadow mask lithography such that they partially overlap the
of bulk values'? To attain such high efficiencies, these de-bonding padsee Fig. 1, giving two tunnel junctions in par-
vices rely on transverse momentum nonconservation, whichllel [Fig. 1(b)]. One of these junctions is shorted, creating
allows significantly more carriers to participate in the ther-an Ohmic contact to the base layer while leaving one junc-
mionic emission procegsBallistic electron spectroscopy tion as the emitter. Mesas are then wet etched down to the
techniques provide one method of investigating transverssubstrate to electrically isolate individual devices by submer-
momentum conservation at a metal/semiconductosion in 5% HCI for 10 s followed by 1 min submersion in
interface3* and in the current investigation these techniquesNH,OH:H,0,:H,0 1:1:5.
are enhanced through the use of the band structure of the The devices are operated in common-base configuration
epitaxial ErAs films>~’ at 80 K, and all measurements consist of varying the emitter

Here we present results from a solid-state device versiomoltageV,,and measuring simultaneously the emitter current
of ballistic electron emission microscopy/spectroscopyl., and the collector current, at zero collector bias. Figure
(BEEM/S).2489These devices utilize an Al/AD5/Al tun- 2 shows a representativg)/ |, trace taken on a device with
nel junction for electron injection, and the results are averdgss=120 A. Decreasing/,. from zero bias raises the en-
aged over the area of the device. Electrons emitted by thergy of electrons in the emitter with respect to those in the
tunnel junction enter a metallic base, which they mustbase, enabling them to couple to vacant states above the
traverse to enter a semiconductor colledteig. 1(a)]. The  Fermi energy of the base. Because the probability of tunnel-
probability of entering the collector varies as the energy ofing through the oxide barrier depends exponentially on the
the emitted electron is varied, allowing a spectroscopic charenergy of the electron, the emitter current will be comprised
acterization of the ErAs/GaAs interface. Since the oxide tunmainly of electrons with energy near the Fermi energy of the
nel barrier thickness is fixedand therefore the current- emitter, which iseV, above the Fermi energy of the base.
voltage relationship of the emitter is fixedve normalize the This energetic resolution is what allows for the following
collector current by dividing by the emitter current to extractspectroscopy. If the hot-electron mean-free-path of the base
base transport information. The semiconductor collector fomaterials is assumed to be slowly varying for electron ener-
all samples studied in this work is of the same structuregies within a few electron volts of the Fermi energy, this
100 nm GaAs-type doped to K 107 cm™2 grown via mo-  technique can be used to estimate the Schottky barrier height
lecular beam epitaxyMBE) on (100) n-GaAs substrates. To Egg at the base-collector interface. FoY,,<Egg electrons
form the base of the transistor, a film of ErAs of thicknesshave insufficient energy to overcome the Schottky barrier,
deas iS grown on the collectain situ and capped with 100 A and cannot enter the collector. The resultlgghas a small
Al, also in situ. Four different samples were grown with linear dependence oY, due to surface leakage problems
varying ErAs film thickness:dgas=120, 138, 180, and associated with ErAs etching.This has been subtracted off in
276 A, +5 A, as measured by x-ray diffraction. Fig. 2 for clarity but was left for the second derivative analy-

After collector and base fabrication, the sample is re-sis since it gives no contribution. Fe\,,> Egg, electrons
moved from the MBE system for further processing,@J can enter the collector, arlg, increases superlinearly. Dis-
bonding pads 1000 A thick are deposited usiegpeam cerning this transition yield€gg As seen in Fig. 2, this
evaporation and shadow mask lithography. A native oxide ofneasurement gives an estimate of 0.85 to 0.9 eV for the
sufficient thickness forms on the exposed Al base layer durSchottky barrier of thelg,,s=120 A sample. Similar results
ing transport and processing, so no further oxidation is rewere obtained fordg =138, 180, and 276 A. These esti-
quired to form the tunnel barrier. Twe 100X 200 um? Al mates agree with the theoretical prediction of 0.6 eV for the
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FIG. 3. Second derivative of the transfer ratic=I ./l With
respect to the emitter energy provides a way of measuring relative
contributions from different conduction valleys in the GaAs collec-
tor. Lines with symbols are simulation results; lines without sym-
bols are experimental data. Second derivatives of the experimental
results agree well with second derivative of the 100% interfacial
scattering simulation. All traces are scaled to approximately coin-
cide at 1.25 eV. Inset: Schematic diagram of the GaAs Brillouin
zone and ErAs conduction valleys projected onto the interfacial
plane. Electrons must scatter to reach states near@oint.

the conduction band at the base/collector interface. Other
. . _ valleys, such a& andX, exist at higher energies, and these
FIG. 1. (a) Schematic conduction band diagram for an Al/ErAs can be probed spectroscopically in the same manner as the
metal-base transistor with nonzero emitter bias. Electrons tunn%chottky barrie?49 Since the energetic spacings of the con-
across the AIO; barrier and enter the Al/ErAs base region at an duction band valleys are bulk properties of GaAs, using

energy approximately equal ®\e,, For sufficienteVey, a fraction o0 o500y to identify the thresholdslofand X does not
of electrons will traverse the base region and overcome the

Schottky barrier to enter the GaAs collectt): Image of a work- feveal additional informa}tion about this particular _syst_em.
ing device. The Al/ErAs base is continuous across the mesa, anlalowever, bhecz_iuse tflfépplnt IS fju the Icenterdof the Bn”mém
bonding wires contact each emitté1l and E2 above the AJO; zone(see the inset of Fig.)3andL is located a{111] (an

bonding pad. One emitter is shorted to form an ohmic contact to th8YMMetry-related pointsspectroscopy above and below the
Al/ErAs base. L-valley threshold can reveal the degree of transverse mo-

mentum  conservation of electrons crossing the
valence band barrier of a ErAs/GaAs “chain barri€¥§ince  ErAs/GaA$100) interface!!
1.48 eV-0.6 eV=0.88 eV, where 1.48 eV is the band gap of |n a simple planar theory, the probability for tunneling is
GaAs at 80 K. not dependent on the total energy of the electron, but on the

In GaAg100), the Schottky barrier is equivalent to the amount of energy associated with momentum perpendicular
energy barrier between the Fermi level and thealley of  to the metal/barrier interfadg.This preferentially transmits
Fermi energy electrons with a large perpendicular wave vec-
tor, and hence small transverse wave vector. As a result of
the translational symmetry in the plane, this small transverse
momentum is conserved as the electron tunnels into the base.
Thus, the electron flux leaving the emitter is almost entirely
directed perpendicular to the interface. Upon arriving at the
base/collector interface, electrons with the proper energy and
transverse momentum can enter available states in the con-
duction band of the collector. THévalley is at the center of

0.7 075 0~8eV0~?.2V] 09 095 1 the Brillouin zone and therefore is comprised of states with
e relatively little transverse momentum, while thevalley lo-

FIG. 2. Normalized transfer ratil,/ I, versus electron energy cated at[111] (and symmetry-related pointsconsists of
(eveb) is a simple method of estimating the Schottky barrier heightstates with substantial transverse momentum. Therefore, al-
for a given device. A representative trace from a 120 A ErAs devicdhough thel’ valley has a much lower density of states than
shows a typical Schottky barrier height for these samplesed: theL valley 2 theT valley can contribute a disproportionally
Typical emitter current-voltage trace displays characteristics of darge fraction of the collector current if the electron flux re-
single tunnel junction. mains forward directed into the collector. A comparison of
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contributions from thd™ andL conduction valleys can there- Although these studies did not attempt to determine the de-
fore indicate the extent to which transverse electron momengree of parallel momentum nonconservation, they illustrate
tum is conserved while traversing the base and entering thihe critical role played by the band structure of the epitaxial
collector. metal.

A few objections have been raised against this simple The system considered here can be modeled with a Monte
theory. One is that the tunnel junction might not be perfectlyCarlo simulation that treats interfacial scattering as an adjust-
planar, which would relax the transverse momentum consemble parameter and ignores multiple reflections as well as
vation of the barrier and could result in a flux of electronselastic scattering in the badeAlthough the implementation
with larger spread in transverse wave veéfoAnother is s different, the theory is identical to that presented by Smith
that the transport through the metal base layer is usually nadt al,™* with free-electron models describing the Al emitter
well defined because it is typically a polycrystalline and base, and an effective-mass model describing the GaAs
metal!®>16 And finally, this theory does not account for mul- collector. The ErAs band structure is effectively ignored be-
tiple reflections within the base lay&rwhich would give the cause the tunneling process is expected to yield approxi-
electrons more opportunities to scatter into states with a largmately the same distribution of transverse electron momenta,
transverse wave vector component. Initially, it appears thatvithin the accuracy of published ErAs band structure infor-
all three concerns apply in our case. The@y tunnel junc- mation. Scattering is treated &swave in character, random-
tion is formed on polycrystalline Al, and the lateral nonuni- izing the total momentum of the electron. A tunnel barrier
formity could result in an oxide barrier with local high- thickness of 15 A and height of 2.2 eNRef. 22 were cho-
conductance areas and decreased translational symmetsgn to yield an emitter current density comparable to that
The nonepitaxial Al does not have well defined conductionobtained in our devices. The collector current was then nor-
channels, and there is an Al/ErAs interface also with poorlymalized by the emitter current and the second voltage deriva-
defined transport properties. Additionally, multiple reflec-tive was taken. As shown in Fig. 3, the probability of inter-
tions within the Al or ErAs or both could possibly lead to an facial scattering greatly affects the relative magnitude of the
increase in the transverse wave vector. second voltage derivatives at theandL thresholds. As can

The key observation in our system is that the availablebe seen from the figure, the second voltage derivative of the
states in ErAs within the relevant energy ran@e85 to  normalized experimental data agrees well with the Monte
1.3 eV above the Fermi energgre either neal” or lie near  Carlo simulation of 100% interfacial scattering, indicating
planes containind”, X, andW (the {100 plane3.” None of  complete nonconservation of transverse momentum at the
these states have a projection onto the GhAstates in the ErAs/GaAs interface. The same conclusion can be reached
plane of the interface, as can be seen in the inset of Fig. iy comparing the undifferentiated data, but in that case the
The states withX-like character have symmetry-related correlation is less pronounced and the linear surface leakage
states, some of which move more perpendicular to the intersurrent must be subtracted off. These results are consistent
face and some which move more parallel. Those betWween with the naive view that ErAs and GaAs have different crys-
and X that are directed toward the interface will project di- tal structures and therefore the interface lacks the transla-
rectly ontoI" in the plane of the interface, while those be- tional symmetry necessary for conservation of transverse
tweenX andW may partially project ontd’. This observa- momentum. As a check on our reasoning, we can test for the
tion renders the above objections irrelevant becauseffects of multiple reflections. The electron will arrive at the
regardless of the electron’s wave vector prior to entering thé&rAs/GaAs interface within one of the available states re-
ErAs it will not have a[011] momentum component when it gardless of the number of times it has traversed the base, so
arrives at the ErAs/GaAs interface. It will have to scatter inreducing the effect of reflections by increasing the ErAs film
order to enter thé valley in GaA$100), and as a result we thickness should not have a significant impact on the spec-
are able to analyze transverse momentum conservation spgescopy. That this is the case is confirmed by noting the
cifically at that interface. similarity in the second derivative spectroscopy from

The validity of this analysis is critically dependent on our samples withdg,,s=138 and 276 A, as shown in Fig. 3.
knowledge of the band structure of ErAs, which has not been One of the key points made by Vashaee and Shakdairi
widely studied. If we assume Ref. 7 to only be approximatethe importance of transverse momentum nonconservation in
then we can at least conclude that some significant fractioheterostructure integrated thermorfldIT) energy convert-
of states will project ontd” while none should project onto ers. Using a simulation of a HJCdTe superlattice structure,
L. Ideally all relevant ErAs states would project ofitosince  they compare the two extreme cases: perfect transverse mo-
states which project onto neithErnor L cannot be collected mentum conservation and complete nonconservation. While
without scattering. However, our second derivative analysishe conserving system exhibited a maximim of 1.25, the
is very sensitive to deviations from 100% scattering, as willnonconserving system achieved a maximaiof over 3.25,
be shown below and in Fig. 3, so all that is necessary is foillustrating the importance of transverse momentum noncon-
more than a few percent of ErAs states to project dhamd  servation. Although the material system presented in this pa-
none ontoL, which is the case. The contribution from ErAs per differs from that of Vashaee and Shakouri, their simula-
states which do not project onfbdecreases the resolution of tion demonstrates that the impact of transverse momentum
our measurement, making it impossible to acertain the exactonconservation in the case of ErAs/GaAs could have sig-
scattering probability of our system, especially if we were tonificant implications for HIT energy converter design in
obtain a probability less than 100%. GaAs-based materials, as well as IlI-V materials in general.

It is worth noting that BEEM/S studies have been done on In conclusion, we have used an ErAs/metal-base hot-
epitaxial CoSj (Refs. 18 and 1Pand PtSi(Ref. 20 on Si.  electron transistor structure to probe the interfacial character-
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istics of epitaxial ErAs on GaA400. Using second deriva- the future of solid state thermionics because transverse mo-
tive spectroscopy, we estimate 100% electron scatteringientum nonconservation may lead to thermal energy conver-
probability at the ErAs/GaAs interface, indicating completesion devices with significantly higheT values.
nonconservation of transverse momentum across the inter- o ) _
face. The analysis leading to this estimate utilizes character- The authors are very grateful for insightful discussions
istics of the ErAs band structure, and the result is a simplavith Ali Shakouri. This work was supported by the Office of
system for the investigation of transverse momentum consefaval Research through ONR/MURI and by NSEC/MRSEC
vation. These findings could have dramatic implications forthrough the use of their facilities at Harvard University.
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