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Electron refraction in ballistic electron-emission microscopy studied
by a superlattice energy filter
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Buried Aly /Gay As/GaAs superlattices on Au-GaAs Schottky diodes have been used as an energy filter to
study the energetic current distribution in ballistic electron-emission micros@pgM) at room temperature
andT=100 K. Due to the large difference in electron masses in Au and GaAs we find that parallel momentum
conservation leads to considerable electron refraction at the Au-GaAs interface. As a consequence, the ener-
getic distribution of the ballistic electron current is inverted beyond the Au-GaAs interface and an almost linear
behavior of the BEEM spectrum is observed in the energetic regime of the superlattice miniband.
[S0163-182698)51136-9

Ballistic electron-emission microscopy (BEEM) is a  InAs quantum dots/'the BEEM current was found to be
useful tool to study the local properties of semiconductorenhanced, and even fine structure in the BEEM spectrum
interfaces and buried structures. BEEM is a three terminaivas discovered and attributed to the quantized states inside
extension of conventional scanning tunneling microscopythe dot. Motivated by these results, Monte Carlo simulations
(STM), where ballistic electrons are injected from a STM tip of the BEEM spectra for such buried mesoscopic structures
into a semiconductor via a thin metal base layer evaporatedere carried out in the following experimerits.
onto the sample. The corresponding ballistic electron current In our group, ballistic transport through the miniband of a
as a function of sample bias is called BEEM spectrum and i§&saAs-ALGa _,As superlattice was studied recentfy A
measured via a backside collector contact. In the BEEMMIniband in a short period superlattice covers a rather broad
spectrum, the onset bias of the BEEM current is only deterenergy range compared to a double barrier resonant tunnel-
mined by the Schottky barrier height at the metal semiconing diode and, therefore, electron transport through its states
ductor interface. The local resolution of these measuremenis more pronounced and better resolved. In our previous
can be as good as 10 A. work, we have shown that the miniband results in a BEEM

Originally, BEEM was only applied to determine metal- current threshold clearly below the height of thg®& _,As
semiconductor Schottky barrier, heights and band-structurkarriers and the peak in the second derivative of the BEEM
properties™® On GaP, e.g., the Schottky barrier heights for aspectrum was in good agreement with the calculated mini-
large number of metals were determined by Ludeke, Priband position in the GaAs-fGa, _,As superlattice. In the
etsch, and Samsavamnd Prietsch and LudeKelater, present work, we analyze the spectral features of the mea-
BEEM experiments were extended to higher bias voltages teured BEEM on Au-GaAs Schottky diodes with a buried
study hot-electron effects such as impact ionization on GalBaAs-AlLGa, _,As superlattice and show that due to parallel
(Ref. 7) and silicor® In the following, even a BEEM current momentum conservation and electron refraction, the ener-
induced adatom generation was observeks such effects getic distribution of the BEEM current is inverted beyond the
are beyond the validity of the original Bell-Kaiser mod#él, Au-GaAs interface.

Monte Carlo calculations were used to analyze these data To study the energetic distribution of ballistic electrons by
quantitatively*° means of a superlattice energy filter, a 10 period 25-A/30-A
After the Monte Carlo techniques worked well in the high Al ,Ga ¢As/GaAs superlatticéSL) was grown by molecu-

bias regime, they were also applied to model the BEEMar beam epitaxyMBE) on top of 600-A undoped GaAs and
spectra in a voltage range close to threshold. Close to thresh-highly dopedh-type collector region. To reduce the influ-
old, the Bell-Kaiser modéf is usually a good description of ence of the interface, the SL was followed by 300-A un-
the experimental data, however, it is not appropriate fordoped GaAs before finally capping it with an Au base layer.
samples on which elastic scattering in the metallic base playln order to provide “flatband” conditions at the Au/GaAs

a mayor role. This is of importance especially on the Au-Siinterface, ap-type &-doping (No=1.4X10*? cm ?) was in-
(111 system, since here the electron needs a large transverserted between the superlattice and the highly doped collec-
crystal momentum to enter the semicondudtd? It was  tor region. For the formation of minibands in the superlattice,
also shown by Monte Carlo calculations that multiple elec-these flatband conditions are essential, since an already small
tron reflections inside the metal have a strong influéht®e electric field can lead to localization effects in the superlat-
and that elastic scattering processes are the reason why ttiee, thus breaking up the miniband into single states. This
spectra for Au on $111) and S{100) look so similar*® flatband approach was first used by Sajetal® as well as

In addition to surface properties, subsurface sample propd’Sheaet al,?! who studied single and double 8a _,As
erties were also investigated by BEEM. On abarriers buried in the semiconductor. Note that a (2l11)
GaAs/AlL Gy, _,As double barrier structure, e.g., it was pos- substrate orientation was chosen to allpyype doping us-
sible to investigate the resonant stdfe®n self-assembled ing Si.
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vacuum barrier miniband position for the room-temperature spectrum. For
the low-temperature spectrum, this effect is also observed,
but less pronounced. The second unusual effect is most pro-
. nounced in the low-temperature spectrum. In contrast to Au-
Sy || — GaAs reference samples where the BEEM current follows a
ey I seem™ (V= V,) %2 power law?* the spectrum of the super-
lattice sample is almost linear up to a sample bias of 1.3 V.
Above that voltage, the electrons start to overcome the
Al,Ga, _,As barriers of the superlattice and the BEEM cur-
E,samp'e collector rent approximately follows the 5/2 power law observed on
------------------------- v our reference samples.
The difference between the measured threshold voltages
I @ and the calculated miniband positions is qualitatively easy to
understand. We first consider the situation at zero tempera-
ture: At T=0K, the electron distribution is sharply limited
FIG. 1. Self-consistently calculated conduction-band profile of the Au-by the Fermi energy in the Au tip, and thus, the BEEM
GaAs Schottky diodes with buried GaAs;Sla, ,As superlattice. current will only be observed if the Fermi energy in the tip
becomes higher than the miniband position. At elevated tem-

Figure 1 shows a self-consistently calculated conductionPeratures, this is no longer true, and alreadyatl00 K, the
band profilé? of our sample together with the experimental Proadening of the Fermi distribution function provides
setup. Due to the special sample design, only one miniban@nough electrons for a BEEM current onset at voltages 40
exists in the superlattice. All other minibands are energetimeV (=5 KT) below the miniband position. At room tem-
cally above the AlGa,_,As barriers. The miniband covers Perature, this effect is even more pronounced, so that a
an energy range from 1.02 to 1.09 eV B&300K and a BEEM currentis already observed if the Fermi energy in the
range from 1.06 to 1.14 eV =100 K, respectively. As 1P has overcome the Schottky barrier height at the Au-GaAs
shown below, excellent agreement between the calculateffterface(0.92 ev. _
and measured BEEM spectra is achieved for theses values, The spectral behavior of the BEEM current and especially

To prepare the samples for BEEM, a In/Sn backside conthe linear increase abpvg threshold, .however, is intuitively
tact was first alloyed in forming gas atmosphere. Then tha!nclear. To dlscus§ this in more dgtan, we restrict ourselves
samples were dipped into concentrated HCI solution for 30 40 the voltage regime corresponding to energies above the
to remove the native thin oxide lay&t.After rinsing the ~ Schottky barrier height at the Au-GaAs interface but below
samples with deionized water they were immediately transthe top of the AlGa, _,As barriers of the superlattice. As the
ferred into a evaporation unit. Finally an Au filg10o0 A)  total energy of an electron, we defite=E, +E;, where
was evaporated via a shadow mask. The size of the active: =%2k:/2m* andE,=#2kf/2m* .
area was 0.2 3 mn?. For a given sample bias, electrons at the Fermi energy of

Figure 2 shows BEEM spectra measuredlat300 and the tip have the largest transmission coefficient through the
100 K, which were obtained using a tunneling current of 5vacuum barrier. Thus, most of the tunneling current and
nA in both cases. As one can see, the |0W-temperaturg1erefore most of the BEEM current is expected to flow at
BEEM spectrum is shifted to higher voltages. The corre-the Fermi energy. In the limit of zero temperature, this will
sponding threshold voltages are 0.91 \at 300 K and 1.01 lead to zero BEEM current for Fermi energies below the
V at T=100 K, respectively. Two further features are evi- miniband position. As soon as the Fermi level crosses the
dent in these spectra. First, the measured threshold voltagBiniband position, however, the BEEM current is expected

for BEEM current detection is clearly below the calculatedt© increase. For Fermi energies above the upper edge of the
miniband, the BEEM current is expected to saturate, since

the high-energy electrons are blocked by theGd, ,As

sample bias IBEEM

7x10°12 T barriers and the electrons at the energetic position of the
6x10°13 superlattice miniband have always the same transmission co-
5x10713 | efficient. One mechanism, however, could in principle in-
< axioME crease the BEEM current with increasing bias: At higher bias
VE 3x10-13 yoltages and higher Fermi er?e_rgies, j[he number of elec_trons
w oxd0 1 | in the energy range of the miniband increases due to higher
- X ; possible values itie,. Due to parallel momentum conserva-
1x1078 tion laws, however, the BEEM current does not increase,
0} since the acceptance cone always limits Kyeregime for
Ax10 8 B electrons entering the semiconductor in the same way, no
08 09 1 11 12 13 14 matter how large the Fermi energy is.
, Experimentally, we do not observe a saturation in the
sample bias (V) BEEM current as a function of sample bias; we first assumed

FIG. 2. Measured and calculated BEEM spectra at temperatur@s of Fhat inelastic scattering _processes in th? first 300 A of GaAs
=300 and 100 K, respectively. The transmission factors of the Au-basdl fronF of the superlattice are responS|bI¢ for the observed
layer wast,=1.5% atT=300 K andt,=1.2% atT=100K, respectively.  linear increase of the BEEM current. Using the model of
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Smith and Kogar® however, we show below that the ob- —
served effect is quantitatively explained by electron refrac- [ Au: (1-3) :
tion at the Au-GaAs interface and an inversion of energetic GaAs : (4-6) @
distribution of the BEEM current. [
Smith and Kogaf? developed their model to describe the
BEEM spectra of buried heterostructures, such as the double
barrier resonant tunneling diode used by Sajetal® Es-
sentially, their model is a modification of the original Bell-
Kaiser modef. where the properties of the buried hetero-
structure are described by an additional transmission |
coefficient T(E, ,E;) introduced into the numerator of the 0.90 1.00 1.10 1.0 1.30
Bell-Kaiser formula. To analyze our superlattice data, we
also used Smith and Kogan'’s approach. As in their work, we
only considered tranSporF in i Va”.ey and hav_e. also in- FIG. 3. BEEM current distribution per energy intendilpeey /dE AE
cluded quantum-mechanical reflection. In addition, an eXxs 4 function of electron energy. The sample bias was 1.2 V. C(tyet)
perimentally measured voltage-dependent tip-sample separpresent the current distribution calculated on the Au side of the Au-GaAs
tion was included too. The transmission coefficient of theinterface for temperatures af=4, 100, and 300 K, respectively. Curves
superlattice was calculated numerically. (4)—(6) represent the corresponding current distribution in the GaAs.
Figure 2 shows the measured BEEM spectra as well as the
calculated spectra for temperaturesTof 300 and 100 K, (dlgggm/dE,)AE, , which is a measure for that amount of
respectively. The calculated curves show an excellent agreEEM current flowing in a given energy interval and thus
ment with the experimental data for electron energies beloweflects the energetic distribution of the ballistic electrons as
the ALGa, _,As barrier height. The almost linear behavior a function of electron energf, . For this calculation we
for the low-temperature spectrum is also nicely reproducedhave chosen a sample bias\6f 1.2 V, which corresponds
For electron energies above the, 8k, _,As barrier height, to a Fermi energy in the tip above the miniband position but
the calculated BEEM currents are too small. In our opinionbelow the AlGa, _,As barrier height. To show the influence
this clearly shows the influence of ballistic electron transporiof the refraction at the Au-GaAs interface, the current distri-
in higher valleys of GaAs, since a miniband existing in the bution was calculated on the Au- and GaAs side of the Au-
valley of the superlattice also coincides with the height of theGaAs interface. Figure 3 shows the result of this procedure.
Al,Ga _,As barriers in thd” valley. Curves (1)—(3) represent the energetic distribution of the
After we have demonstrated that the model of Smith andBEEM current in the Au film calculated for temperatures of
Kogan describes well the data obtained on our superlatticg =4, 100 and 300 K, respectively. Due to tk(?é’ restriction
sample, we now discuss the physical reasons for the almosgf; the so-called acceptance conthe distribution is rather
linear behavior of the low-temperature BEEM spectrum.narrow and most of the BEEM current flows close to the
This linear behavior has two origins. First, the superlatticerermi energy. Curvegl)—(3) illustrate the broadening of the
acting aski filter for ballistic electrons and, second, the current distribution with increasing temperatures.
parallel momentum conservation at the Au-GaAs interface at |n the GaAs, the current distribution is practically in-
the sample surface. We now consider a single electron witQerted, which can be seen in curvd$—(6) of Fig. 3. Due to
given ki and ki values in the Au film. If the electron k; conservation and “refraction” at the interface, a large
crosses the interface, the large mass difference between th@mber of electrons are transferred from high value& of
Au and the GaAs and parallel momentum conservation willin the Au film to lower values oE, in GaAs, which explains
lead to an electron refraction and, hence, to changds in why the expected saturation behavior of in the BEEM spec-
andE, , respectively. As the mass in GaAs is much smallerirum is not observed. If the sample bias is increased, an
than in Au an electron crossing the Au-GaAs interface willincreasing number of electrons are transferred to |cﬁ(f€ﬁs

dlgeew/dE | AE,

E, (V)

looseE, and gainE in GaAs according to values and, thus, the BEEM current in the energy window
formed by the superlattice miniband increases continuously,
EGaAs_ pAu_ pAU @_1) 1) leading to the almost linear increase of the BEEM current

L LT mr ’ with increasing sample bias. Again, curv@$—(6) illustrate

) ) . the broadening of the current distribution due to elevated

wherem is the free electron massy* the effective mass in temperatures.
GaAs, andE, =7k} /2m* is the component of electron en-  As shown above, our model gives an excellent description
ergy perpendicu_lar to the barrier;. AIthough the total energyf our data, although scattering processes were completely
of the electron is conserved, this behavior has a dramatigynored in our consideration. In the literature, however, elas-
influence on the transmission through the energy filtekic scattering processes such as multiple reflections inside the
formed by the superlattice. To be transmitted through thenetal bast—® were found to be important. By elastic scat-
superlattice, a proper value Bf****is required, but depend- tering processes, electrons can gain momerkunperpen-
ing on EF**°, this electron will have a totally different en- dicular to the superlattice, which in principle can explain the
ergy EZ in the Au film and will not be at the same energetic onset of BEEM current below the expected miniband posi-
position as the miniband in the superlattice. tion. By numerical simulations, however, we checked that

To demonstrate this influence of electron refraction in ascattering alone without refraction cannot explain the spec-
guantitative way, we have calculated the quantitytral behavior of our samples. Scattering alone just broadens
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the energetic distribution of the BEEM current, similar to theneling process between the tip and the InAs base. For tun-
way elevated temperatures affect the distribution in the Awneling processes, parallel momentum conservation laws are
film [see Fig. 3, curve$l)—(3)]. Thus, even strong elastic also valid, which, in planar tunneling theory, results in a
scattering will not lead to the “inversion” situatiofFig. 3,  rather broad energy distribution of electrons injected from a
curves (4)—(6)] provided by the refraction effect. For the high mass tip into the small mass base material.
calculated spectrum this means that one will in fact obtain an A different approach taken by Rubit al'’ circumvents
earlier onset of the BEEM current but only a broad stepthis problem directly. They have investigated quantized
instead of the experimentally observed linear behavior. ~ States inside a self-assembled quantum dot, but in their
Although, in general, th&; conservation rule is assumed sample, the quantum states were embedded in a surface
to be rigid, it is also sometimes a point of discussion in thedepletlon barrier and energ_et!cally Iocateq below the GaAs
literature. On the Au-Si system, e.g., there are hints khat conduction band. Thus, ballistic electrons in the Au base can
conservation must be relaxdbut most recent publications tunnel directly into or through the quantum dot states without
show that this is not necessary to explain the resalEo being diffracted before, which obviously yields a much bet-

heck the infl f rel " les ter energetic resolution. Of course, refraction will also occur
check the influence of relaxed conservation rules for our ¢ so0n as the electrons leave the dot and enter the GaAs

samples, we have also carried out a simulation where thgynqyction band. In this case, however, electron refraction

refraction effect was ignored and the conservation rules pas no influence on the BEEM current, since the electrons
were relaxed by relaxing the energetic limitations of the ac,¢ already in the collector electrode.

ceptance cone. As a result we obtained that even in the case |, symmary, we have investigated ballistic electron trans-
of a total relaxation of thd, conservation rule, a linear be- port through quantum states in buried GaAs@4 _,As su-
havior is not achieved and a broad step is always obtained iferjattices using ballistic electron-emission microscopy.
the calculated BEEM spectrum. _ Both at room temperature anf=100 K, the miniband of
From the aboveT arguments we conclude that the refractiof,g GaAs-AlGa_,As superlattice adds spectral features to
effect is the dominant mechanism in our sample and thajhe measured BEEM current and quantitative agreement be-
scattering or relaxe, conservation rules have only a minor yyeen the measured and calculated spectra was achieved us-
influence. On the basis of the above model, however, ONfyg the model of Smith and Kogan. It was also shown that
should be aware of some consequences for future BEEMarajie| momentum conservation at the Au-GaAs interface
experiments on “free-standing” subsurface structures suclieags to electron refraction and inverts the energetic distribu-

as superlattices or double barrier structures. Due to the trgion, of the ballistic electron current in the semiconductor. In
mendous broadening of the energetic BEEM current distrigyr gpinjon, the resulting loss in energetic resolution for

bution through electron refraction at the Au-GaAs interface,gggm experiments can only be avoided, if a direct coupling

resonant states in buried structures will only be visible ag)enyeen ballistic electrons in the metal base and the subsur-
weak peaks in the second derivative of the BEEM spectrumggq¢ quantum states is achieved.

The use of base materials with small electron mass such as

InAs?” can in principle help to circumvent this problem,  This work was sponsored by Oesterreichische National-
since, in this case, the current distribution is focused by rebank, Project No. 6277, and Gesellschaft Mikroelek-
fraction at the InAs-GaAs interface. However, one shouldtronik (GMe). The authors are grateful to E. Gornik for con-
keep in mind that in this case a problem exists for the tuntinuous support.
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