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k,=0 filtering in resonant-tunneling processes between materials
of different effective electron mass
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If electrons are transferred across an interface between an area of high and low effective mass, parallel
momentum conservation leads to electron refraction effects, which are evident on InAs-AlSb resonant tunnel-
ing diodes and also, e.g., in ballistic electron emission microscopy. In ballistic electron emission microscopy
on Au-GaAs Schottky diodes, the difference in effective mass is especially large and as a consequence of
electron refraction, the spatial and energetic resolution for structures buried below the metal-semiconductor
interface are considerably reduced. If a resonant (GaA&#l ,As) tunneling structure is grown directly
below the sample surface, however, only electrons with zero wave vector parallel to the barriers can be
transmitted resonantly. As a consequence, the energetic and spatial resolution is expected to be enhanced for
buried structures. Moreover, the underlying principle can be applied to devices in order to fabricate electron
injector structures with narrow energy distribution bothEn andE; . [S0163-1829)50232-4

Until now, only little attention has been paid to the physi- ergy filter in BEEM experiment¥’ Due to the large dif-
cal effects that occur when electrons are transferred betwedarence in electron mass in the Au base electrode and the
areas of different effective mass. In double barrier resonantsaAs collector, we found that parallel momentum conserva-
tunneling diodes based on the InAs-AlSb material systemtion leads to considerable electron refraction at the Au-GaAs
however, effective mass effects had to be taken intanterface and as a consequence, an almost linear behavior of
account: since the difference in effective mass between bottthe BEEM spectrum is observed in the energetic regime be-
material systems is quite large. On these samples it wasw the Al,Ga, _,As barrier height.
found that the current voltage characteristics differ qualita- In the present work, we study ballistic electron transport
tively from the theoretically calculated curves, which is duethrough resonant tunneling structures, which are located di-
to a coupling between the longitudinal and transversal comrectly below the metal base. On these samples, we observe a
ponents of the wave vectors in tunneling processes betweestep-function-like behavior of the BEEM spectrum that is
areas of different effective ma$s.In the following, such explained by a direct coupling of ballistic electrons in the Au
tunneling processes were studied in more detail. Both théase to the resonant level underneath. As a consequence of
influence of a position dependent mass and the angular dgarallel momentum conservation and the large difference in
pendence of the transmission coefficient were investidatecelectron mass between Au and GaAs, the resonant level now
and most recently, a spatially varying effective mass wascts as a narrow filter both for wave vectors perpendicular
incorporated into the original Tsu-Esaki model. (k,) and parallel (K to the interface.

A second field of research, where electrons are transferred Two types of molecular beam epitatiylBE) grown reso-
between regions of different effective mass, is ballistic elechant tunneling structures, double barrier resonant-tunneling
tron emission microscopyBEEM).®” BEEM is a three ter- diodes and GaAs-AGa _,As superlattices, were investi-
minal extension of conventional scanning tunneling micros-gated. The double barrier structures were grown in the fol-
copy (STM), where ballistic electrons are injected from alowing way: On semi-insulating substrate, agoped GaAs
STM tip into a semiconductor via a thin metal base layercollector region(d=1 um, Np=1x10®cm3) layer was
evaporated onto the sample. The corresponding ballistigrown, followed by a layer of 1500-A undoped GaAs to
electron current as a function of sample bias is called BEEMorovide a high sample resistance. On top of this layer, a
spectrum and is measured via a collector contact. double barrier resonant-tunneling diode and a very thin pro-

Originally, BEEM was mostly applied to study semicon- tecting GaAs cap layer was grown. On sample 1, the
ductor interface properties such as metal-semiconductohl,Ga, _,As barriers had a thickness of 25 A£0.4). The
Schottky barrier height&:!! Later, BEEM experiments were GaAs well between the barriers was 30 A wide. Sample 2
also used to study sub-semiconductor-surface sample propad the same structure as sample 1, but slightly thicker
erties. On a GaAs/AGa, _,As double barrier structure, e.g., Al,Ga _,As barriers =37A). A plot of the self-
it was possible to investigate the resonant st#eé3n self-  consistently calculatéficonduction-band profile is shown in
assembled InAs quantum ddfs!®the BEEM current was  Fig. 1(a). All samples were designed in such a way that just
found to be enhanced and fine structure in these BEEM speone resonant level exists within the, &a _,As barriers.
tra was attributed to the quantized states inside the dot. In addition to resonant-tunneling diodes, GaAs-AlGaAs

In our group, the energetic distribution of ballistic elec- superlattices were used in our experiment. Superlattice
trons in GaAs was studied employing buried samples have the advantage that instead of a single resonant
GaAs-ALGa _,As resonant tunneling structures as an endevel, a miniband with a broad transmission range is formed
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FIG. 1. (a) Self-consistently calculated conduction-band profiles
of samples 1 and 3T(=100K). The resonant level of the double
barrier structure and the miniband position of the superlattice are

indicated by the gray bars. For better clarity, the band profile of (d) 1.6 T
sample 3 was shifted by 0.4 e\h) Schematical view of the ex- 12
perimental setup. 3
= 08
and at off-resonance conditions, all electrons are blocked off o 0.4
effectively due to the large total barrier width. Sample 3 was '
a 10 period 25-A (A} ,Ga As)/30 A (GaAs MBE grown 0.0 sample 4 J
superlattice on top of 600-A undoped GaAs and a highly 07 0B 08 1 1112 13 1

dopedn-type collector region. In this sample, the “flatband”
condition necessary for the formation of a miniband in the

superlattice was achieved by mtype 5-doped layer Ka FIG. 2. (a)—(c) BEEM spectra of samples 1-3. The correspond-
=1.4x10"cm ?) between the superlattice and the highly ing band profiles are shown in the inset. The thin lines are experi-
doped collector region. The conduction-band profile of thismental data, the solid lines represent a fit to the data using a modi-
sample is also shown in Fig(d). For reference purposes, we fied Bell-Kaiser model(d) BEEM spectrum obtained on a reference
also used the buried superlattices of our previous Wbork, sample with a superlattice buried 300 A below the surface. All
which are identical to sample 3 besides an additional layer ofmeasurements were carried ouffat 100 K and a tunneling current
GaAs (d=300A) on top of the superlattiogsample 4. The  of 1 nA.
schematic band profiles of samples 2 and 4 are shown in the
insets of Figs. &) and Zd). resonant tunneling structure is directly below the metal base
To prepare the samples for BEEM, an In/Sn collector con{a)—(c), are qualitatively different compared to the spectra
tact was first alloyed in forming gas atmosphere. Then, the@btained on the sample with a superlattice buried far below
samples were dipped into HCI to remove the native thinthe metal basg¢Fig. 2(d)]. On the sample with a buried su-
oxide layer. Finally an Au film(75 A) was evaporated via a perlattice (sample 4, the BEEM spectrum is almost linear
shadow mask. The size of the active area wasbove the threshold voltage, which marks the energetic po-
0.2mmx3 mm. All measurements were carried out at a tem=ition, where the Fermi energy in the STM tip is aligned with
perature ofT=100K to guarantee a high internal sample the superlattice miniband. On samples 1-3, however, a step-
resistance, which is essential to prevent leakage currents afidle behavior is observed above the resonance position. The
to obtain a good signal-to-noise ratio. steplike behavior becomes more pronounced if the barriers
Figures Za)—2(d) show typical BEEM spectra measured of the resonant tunneling diode become thicker and is best
on samples 1, 2, 3, and 4, respectively. Several features apgonounced on the superlatti¢gample 3. Simultaneously,
evident: First, the spectra obtained on samples, where thihe step height decreases significantly fronx 10 13A

bias (V)
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(sample 1 to 4x10 *A (sample 2. On the superlattice (@) (b) (©
sample (sample 3, the step size is in the same order of
magnitude as on sample 2. E4 Et E4
To understand the qualitative difference between the Au GaAs GaAs

BEEM spectra of samples 1-3 and sample 4, we first briefly
review the processes that lead to the linear behavior of the

=ﬁ2kf/2m is the component of kinetic energy perpendicular
to the interface anchzﬁzkfIZm the component of energy R

parallel to the interfaceV,, is the Schottky barrier height at k//' T(El) Ky

the Au-GaAs interface and the Fermi level in the Au base

was defined to be zero. As the electron mass in GaAs is FIG. 3. (a) Dispersion relation€E(k) of electrons in Au and
much smaller than in Au, an electron crossing the Au-GaAs5aAs, respectively. The bold part of the parabola schematically
interface will looseE, and gainE, in GaAs according to indicates thek, range of occupied state¥gmy is the bias between
EfaAS+ V= E’j”— Ef“(mo/m* —1), wheremy is the free the STM tip and the Au bas& the Fermi energy in the tigb)
electron mass, ana* the effective mass in GaAs. Although qucule_ited transmission coefficient of_ samplgd.Dispersion re-
the total energy of the electron is conserved, this “refrac-ation in GaAs and range.of occupied states after tran§m|SS|on
tion” behavior has a dramatic influence on the number 0]cthrough the resonant tunneling structure. Due to the large difference
electrons that are transmitted through the buried superlatticd? €fféctive mass and the small resonance width, only electrons
Through this refraction effect, electrons in the Au film at around k=0 can be transmitted.

energiesE?" totally off-resonance with the miniband, can  Besides total energy and parallel momentum conserva-
now convert energ¥E, into E; so that they are at resonance tion, however, also the transmission coefficient of the reso-
with the miniband position after they have crossed the internant tunneling structurd(E,) has an influence on thie,
face. The total number of electrons that are transferred frorgistribution of transmitted electrons. As one can see from the
higher values oE" to lower values oE$**®increases with  transmission coefficient plotted in Fig.(i8, the resonant
increasing bias and finally leads to the linear behavior of thgevel acts as narrow energy filter B, and suppresses all
BEEM spectrum in the energy regime between the minibandunneling processes at higher energy, although they would be
and the top of the AlGa, _,As barriers. in principle allowed from the viewpoint of total energy and
On samples 1-3, the situation is different and here thearallel momentum conservation. Moreover, due to the
electrons have to tunnel directly from the Au base throughstrongly different curvature of the dispersion curves in Au
the AL, Ga, _,As barrier into the resonant level without being and GaAs[see Fig. 8)], only electrons around k0 are
refracted beforehand in a layer of GaAs as on sample 4. Aallowed to tunnel resonantly. This is illustrated in Figc)3
for the buried structure discussed above, parallel momentuwhere the narrow bold region of the parabola aroupe
conservation rules are also valid, but lead to different resultssymbolizes the allowed kange of transmitted electrons in
To clarify this, Fig. 3a) shows the in-planéparaboli¢ dis- the GaAs.
persion relations for electrons in the Au at different given  As the resonant-tunneling structure acts as electron filter
values ofE}" and the 2D-dispersion relation for electrons in not only forE, but also in k, this immediately explains the
GaAs at the resonance energy, respectively. Due to the larggeplike features in the BEEM spectra: As long as the Fermi
difference in effective mass, the curvature of the parabolas ienergy in the tip is below the &Ga _,As barrier height,
strongly different. The bold part of the parabola indicates thealways a constant number of electrons will tunnel through
k, range of occupied states in the gold, the resonant statiae resonant level, since the allowed energy regime for reso-
below the surface is empty. By changing the voltaggy  nant tunneling is always the samekpandE, , independent
between the STM tip and the Au base, the dispersion curvesf what the Fermi energy in the tip is.
are shifted in energy. ¥ sty is too small, the Au-dispersion In order to verify the these considerations quantitatively,
curve is completely below the GaAs dispersion and therewe have calculated the BEEM spectra using a modified Bell-
fore, tunneling into the GaAs is not possible. &), in- Kaiser modél’ where the transmission of the subsurface
creases, the Au parabola starts to intersect the GaAs paesonant states was taken into accdinAs one can see
rabola, which means that from the viewpoint of parallelfrom Fig. 2 and as demonstrated in our earlier Wirkhe
momentum and total energy conservation, electrons are nomodel agrees excellently with the experimental data. For the
allowed to tunnel as long as the intersection of both paraboburied superlatticéFig. 2(d)], the linear behavior is nicely
las is in the range of occupied states. Note that this is aneproduced, which indicates that electron refraction effects at
essential difference to the situation, where electrons tunnehe Au-GaAs interface are the dominant mechanism on this
between regions of identical effective mass: If the electrorsample. For bias voltages aboVery=1.25V, the fit devi-
mass in the emitter and the resonant level is the same, tumtes from the experimental data since the contributions of
neling is only possible if the incoming electrons and thehigher minibands in the superlattice and higher conduction
resonant level are exactly alignedin , but then, electrons bands in the GaAs were neglected in our calculation.
of all possible k values are allowed to tunnel simulta- To calculate the spectra of samples 1-3, the & filter-
neously. ing effect was taken into account. Also in this case, excellent

BEEM spectrum of sample 4: If a ballistic electron crosses

the Au-GaAs interface, its parallel momentum and its total EF -\ > / L
energy has to be conserved, which means thd&Ek*

and EMM+EM=V,+ECSLEPYS |n this relation, E, 7 —
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agreement is achieved between the measured and calculated! be the subject of further investigations.

spectra. The steplike features become are more pronounced As a second major conclusion we want to emphasize that
for sample 2 than for sample 1, which simply reflects the facthe above considerations can be applied to device applica-
that for thicker barriers, the contribution of off-resonancetions. As already mentioned in the Introduction, electron re-
currents is smaller. For the superlattice sam(s@mple 3,  fraction effects have a major influence in the InAs-AlSb tun-
the steplike features are best resolved, since here the offreling structures, where the difference in effective mass
resonance current is totally blocked off by the large totalpetween both materials is also large. On properly designed
barrier width in the superlattice. It should be mentioned thakamples, one could use the mass difference to perform ex-
the current due to ballistic electron tunneling directly horiments in “electron optics” in analogy to classical optics
through the subsurface resonant level is quite small. Thisy, yeriments, which are based on the difference in refractive

however, is not astonishing, since due to the @ filtering index between two materials. Even BEEM experiments can

effect only a small amount of electrons can be transmitte . . . .
through the resonant state of the resonant double barrifaé)re ported to devices. By replacing the scanning tunneling

structure or the superlattice miniband, respectively. As out” |crtc_Jscope ?y a ?etiﬁ'degeta%Alﬂ?Al) :[[utnnehrlm_g
simulations have shown, the step height in the BEEM specl-unC lon on top ot a SR &-xAS resonant tunneiing
trum depends on the width of the filter. According to our structure, e.g., one should obtain a ballistic electron beam
simulation, the calculated BEEM current is much too small,1ving @ narrow energetic distribution both i) andE, .

if only electrons at exactly k=0 are taken into account. Depending on the area of the tunneling contact, large ballis-

Integrating over a kT T=100K) wide energy range i, tic currents can be expected, which opens possibilities for a
however, a good agreement between the calculated and me#bole field of new experiments on a new class of samples.
sured spectra is achieved. In summary, electron transport between materials of dif-

From the above considerations, two major conclusionderent effective mass and different dimensionality was inves-
can be drawn: First, resonant tunneling structures directlyigated by BEEM. It was shown that for electrons tunneling
below the surface act as narrow knd k=0 filter, which ~ from an area of high effective mass through a resonant level
means that one can expect an enhanced spatial resolution fioran area of low effective mass, a momentum filter is estab-
BEEM on buried structures due to the strongly directed bearlished for k=0. As a consequence, only a highly directed
of ballistic electrons injected into the semiconductor. Thebeam of ballistic electrons is transmitted through these struc-
actual spatial resolution will depend on the applied bias andures and a strongly enhanced spatial and energetic resolu-
other various parameters, but as an example, let us considgén for BEEM on buried structures is expected. The experi-
the situation at a bias of 1.1 V, where the Fermi level in thement also demonstrates that in analogy to classical optics,
tip is just aligned with the resonant level in sample 2, angjectron transfer between regions of different effective mass
Au-GaAs Schottky barrier height of 0.9 eV, a base thicknesgan pe treated the same way as a beam of light at the inter-
of 75 A and a depth of 300 A below the Au-GaAs interface. ace hetween two materials of different refractive index. The
For these parameters, one can estimate a radius 8fA for underlying physical principle also applies for all devices us-
the acceptance cone at the Au-GaAs interface, which, due i, |avered structures with large a difference in effective
electron refraction, increases uprt@ 140.A at a_depth 300 mass, such as the InAs-AISb material system.

A below the surface. Using g Kilter having a width of kT
(T=100K), however, the expected radius of the ballistic This work was sponsored by FWF Project No. P12925-
electron beam has only a size o£30A. Experiments to TPH and Gesellschaft fuMikroelektronik (GMe). The au-
determine the actual resolution on samples with, dilter  thors are grateful to E. Gornik for continuous support.
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