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Electron refraction in ballistic electron-emission microscopy studied
by a superlattice energy filter

J. Smoliner,* R. Heer, C. Eder, and G. Strasser
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Buried Al0.4Ga0.6As/GaAs superlattices on Au-GaAs Schottky diodes have been used as an energy filter to
study the energetic current distribution in ballistic electron-emission microscopy~BEEM! at room temperature
andT5100 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.
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Ballistic electron-emission microscopy1,2 ~BEEM! is a
useful tool to study the local properties of semiconduc
interfaces and buried structures. BEEM is a three term
extension of conventional scanning tunneling microsco
~STM!, where ballistic electrons are injected from a STM
into a semiconductor via a thin metal base layer evapora
onto the sample. The corresponding ballistic electron cur
as a function of sample bias is called BEEM spectrum an
measured via a backside collector contact. In the BE
spectrum, the onset bias of the BEEM current is only de
mined by the Schottky barrier height at the metal semic
ductor interface. The local resolution of these measurem
can be as good as 10 Å.

Originally, BEEM was only applied to determine meta
semiconductor Schottky barrier, heights and band-struc
properties.3,4 On GaP, e.g., the Schottky barrier heights fo
large number of metals were determined by Ludeke, P
etsch, and Samsavar5 and Prietsch and Ludeke.6 Later,
BEEM experiments were extended to higher bias voltage
study hot-electron effects such as impact ionization on G
~Ref. 7! and silicon.8 In the following, even a BEEM curren
induced adatom generation was observed.9 As such effects
are beyond the validity of the original Bell-Kaiser model,1,2

Monte Carlo calculations were used to analyze these
quantitatively.10

After the Monte Carlo techniques worked well in the hig
bias regime, they were also applied to model the BEE
spectra in a voltage range close to threshold. Close to thr
old, the Bell-Kaiser model1,2 is usually a good description o
the experimental data, however, it is not appropriate
samples on which elastic scattering in the metallic base p
a mayor role. This is of importance especially on the Au
~111! system, since here the electron needs a large transv
crystal momentum to enter the semiconductor.11,12 It was
also shown by Monte Carlo calculations that multiple ele
tron reflections inside the metal have a strong influence13,14

and that elastic scattering processes are the reason wh
spectra for Au on Si~111! and Si~100! look so similar.15

In addition to surface properties, subsurface sample p
erties were also investigated by BEEM. On
GaAs/AlxGa12xAs double barrier structure, e.g., it was po
sible to investigate the resonant states.16 On self-assembled
PRB 580163-1829/98/58~12!/7516~4!/$15.00
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InAs quantum dots,17,18 the BEEM current was found to b
enhanced, and even fine structure in the BEEM spect
was discovered and attributed to the quantized states in
the dot. Motivated by these results, Monte Carlo simulatio
of the BEEM spectra for such buried mesoscopic structu
were carried out in the following experiments.19

In our group, ballistic transport through the miniband o
GaAs-AlxGa12xAs superlattice was studied recently.20 A
miniband in a short period superlattice covers a rather br
energy range compared to a double barrier resonant tun
ing diode and, therefore, electron transport through its st
is more pronounced and better resolved. In our previ
work, we have shown that the miniband results in a BEE
current threshold clearly below the height of the AlxGa12xAs
barriers and the peak in the second derivative of the BE
spectrum was in good agreement with the calculated m
band position in the GaAs-AlxGa12xAs superlattice. In the
present work, we analyze the spectral features of the m
sured BEEM on Au-GaAs Schottky diodes with a buri
GaAs-AlxGa12xAs superlattice and show that due to paral
momentum conservation and electron refraction, the en
getic distribution of the BEEM current is inverted beyond t
Au-GaAs interface.

To study the energetic distribution of ballistic electrons
means of a superlattice energy filter, a 10 period 25-Å/30
Al0.4Ga0.6As/GaAs superlattice~SL! was grown by molecu-
lar beam epitaxy~MBE! on top of 600-Å undoped GaAs an
a highly dopedn-type collector region. To reduce the influ
ence of the interface, the SL was followed by 300-Å u
doped GaAs before finally capping it with an Au base lay
In order to provide ‘‘flatband’’ conditions at the Au/GaA
interface, ap-type d-doping (NA51.431012 cm22) was in-
serted between the superlattice and the highly doped co
tor region. For the formation of minibands in the superlatti
these flatband conditions are essential, since an already s
electric field can lead to localization effects in the superl
tice, thus breaking up the miniband into single states. T
flatband approach was first used by Sajotoet al.16 as well as
O’Sheaet al.,21 who studied single and double AlxGa12xAs
barriers buried in the semiconductor. Note that a (311A
substrate orientation was chosen to allowp-type doping us-
ing Si.
R7516 © 1998 The American Physical Society
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Figure 1 shows a self-consistently calculated conducti
band profile22 of our sample together with the experimen
setup. Due to the special sample design, only one minib
exists in the superlattice. All other minibands are energ
cally above the AlxGa12xAs barriers. The miniband cover
an energy range from 1.02 to 1.09 eV atT5300 K and a
range from 1.06 to 1.14 eV atT5100 K, respectively. As
shown below, excellent agreement between the calcul
and measured BEEM spectra is achieved for theses valu

To prepare the samples for BEEM, a In/Sn backside c
tact was first alloyed in forming gas atmosphere. Then
samples were dipped into concentrated HCl solution for 3
to remove the native thin oxide layer.23 After rinsing the
samples with deionized water they were immediately tra
ferred into a evaporation unit. Finally an Au film~100 Å!
was evaporated via a shadow mask. The size of the ac
area was 0.233 mm2.

Figure 2 shows BEEM spectra measured atT5300 and
100 K, which were obtained using a tunneling current o
nA in both cases. As one can see, the low-tempera
BEEM spectrum is shifted to higher voltages. The cor
sponding threshold voltages are 0.91 V atT5300 K and 1.01
V at T5100 K, respectively. Two further features are e
dent in these spectra. First, the measured threshold vo
for BEEM current detection is clearly below the calculat

FIG. 1. Self-consistently calculated conduction-band profile of the A
GaAs Schottky diodes with buried GaAs-AlxGa12xAs superlattice.

FIG. 2. Measured and calculated BEEM spectra at temperaturesT
5300 and 100 K, respectively. The transmission factors of the Au-b
layer wast051.5% atT5300 K andt051.2% atT5100 K, respectively.
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miniband position for the room-temperature spectrum. F
the low-temperature spectrum, this effect is also observ
but less pronounced. The second unusual effect is most
nounced in the low-temperature spectrum. In contrast to
GaAs reference samples where the BEEM current follow
I BEEM}(V2Vb)5/2 power law,24 the spectrum of the super
lattice sample is almost linear up to a sample bias of 1.3
Above that voltage, the electrons start to overcome
Al xGa12xAs barriers of the superlattice and the BEEM cu
rent approximately follows the 5/2 power law observed
our reference samples.

The difference between the measured threshold volta
and the calculated miniband positions is qualitatively easy
understand. We first consider the situation at zero temp
ture: At T50 K, the electron distribution is sharply limite
by the Fermi energy in the Au tip, and thus, the BEE
current will only be observed if the Fermi energy in the t
becomes higher than the miniband position. At elevated te
peratures, this is no longer true, and already atT5100 K, the
broadening of the Fermi distribution function provide
enough electrons for a BEEM current onset at voltages
meV ~'5 kT! below the miniband position. At room tem
perature, this effect is even more pronounced, so tha
BEEM current is already observed if the Fermi energy in
tip has overcome the Schottky barrier height at the Au-Ga
interface~0.92 eV!.

The spectral behavior of the BEEM current and especia
the linear increase above threshold, however, is intuitiv
unclear. To discuss this in more detail, we restrict oursel
to the voltage regime corresponding to energies above
Schottky barrier height at the Au-GaAs interface but bel
the top of the AlxGa12xAs barriers of the superlattice. As th
total energy of an electron, we defineE5E'1Ei , where
E'5\2k'

2 /2m* andEi5\2ki
2/2m* .

For a given sample bias, electrons at the Fermi energ
the tip have the largest transmission coefficient through
vacuum barrier. Thus, most of the tunneling current a
therefore most of the BEEM current is expected to flow
the Fermi energy. In the limit of zero temperature, this w
lead to zero BEEM current for Fermi energies below t
miniband position. As soon as the Fermi level crosses
miniband position, however, the BEEM current is expec
to increase. For Fermi energies above the upper edge o
miniband, the BEEM current is expected to saturate, si
the high-energy electrons are blocked by the AlxGa12xAs
barriers and the electrons at the energetic position of
superlattice miniband have always the same transmission
efficient. One mechanism, however, could in principle
crease the BEEM current with increasing bias: At higher b
voltages and higher Fermi energies, the number of electr
in the energy range of the miniband increases due to hig
possible values inEi . Due to parallel momentum conserva
tion laws, however, the BEEM current does not increa
since the acceptance cone always limits theki regime for
electrons entering the semiconductor in the same way,
matter how large the Fermi energy is.

Experimentally, we do not observe a saturation in t
BEEM current as a function of sample bias; we first assum
that inelastic scattering processes in the first 300 Å of Ga
in front of the superlattice are responsible for the obser
linear increase of the BEEM current. Using the model
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Smith and Kogan,25 however, we show below that the ob
served effect is quantitatively explained by electron refr
tion at the Au-GaAs interface and an inversion of energe
distribution of the BEEM current.

Smith and Kogan25 developed their model to describe th
BEEM spectra of buried heterostructures, such as the do
barrier resonant tunneling diode used by Sajotoet al.16 Es-
sentially, their model is a modification of the original Be
Kaiser model,2 where the properties of the buried heter
structure are described by an additional transmiss
coefficient T(E' ,Ei) introduced into the numerator of th
Bell-Kaiser formula. To analyze our superlattice data,
also used Smith and Kogan’s approach. As in their work,
only considered transport in theG valley and have also in
cluded quantum-mechanical reflection. In addition, an
perimentally measured voltage-dependent tip-sample sep
tion was included too. The transmission coefficient of t
superlattice was calculated numerically.

Figure 2 shows the measured BEEM spectra as well as
calculated spectra for temperatures ofT5300 and 100 K,
respectively. The calculated curves show an excellent ag
ment with the experimental data for electron energies be
the AlxGa12xAs barrier height. The almost linear behavi
for the low-temperature spectrum is also nicely reproduc
For electron energies above the AlxGa12xAs barrier height,
the calculated BEEM currents are too small. In our opini
this clearly shows the influence of ballistic electron transp
in higher valleys of GaAs, since a miniband existing in theL
valley of the superlattice also coincides with the height of
Al xGa12xAs barriers in theG valley.

After we have demonstrated that the model of Smith a
Kogan describes well the data obtained on our superla
sample, we now discuss the physical reasons for the alm
linear behavior of the low-temperature BEEM spectru
This linear behavior has two origins. First, the superlatt
acting ask' filter for ballistic electrons and, second, th
parallel momentum conservation at the Au-GaAs interfac
the sample surface. We now consider a single electron w
given k'

Au and ki
Au values in the Au film. If the electron

crosses the interface, the large mass difference betwee
Au and the GaAs and parallel momentum conservation
lead to an electron refraction and, hence, to changes ink'

andE' , respectively. As the mass in GaAs is much sma
than in Au an electron crossing the Au-GaAs interface w
looseE' and gainEi in GaAs according to

E'
GaAs5E'

Au2Ei
AuS m0

m*
21D , ~1!

wherem0 is the free electron mass,m* the effective mass in
GaAs, andE'5\2k'

2 /2m* is the component of electron en
ergy perpendicular to the barriers. Although the total ene
of the electron is conserved, this behavior has a dram
influence on the transmission through the energy fi
formed by the superlattice. To be transmitted through
superlattice, a proper value ofE'

GaAs is required, but depend
ing on Ei

GaAs, this electron will have a totally different en
ergyE'

Au in the Au film and will not be at the same energe
position as the miniband in the superlattice.

To demonstrate this influence of electron refraction in
quantitative way, we have calculated the quant
-
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(dIBEEM/dE')DE' , which is a measure for that amount o
BEEM current flowing in a given energy interval and th
reflects the energetic distribution of the ballistic electrons
a function of electron energyE' . For this calculation we
have chosen a sample bias ofV51.2 V, which corresponds
to a Fermi energy in the tip above the miniband position
below the AlxGa12xAs barrier height. To show the influenc
of the refraction at the Au-GaAs interface, the current dis
bution was calculated on the Au- and GaAs side of the A
GaAs interface. Figure 3 shows the result of this procedu
Curves ~1!–~3! represent the energetic distribution of th
BEEM current in the Au film calculated for temperatures
T54, 100 and 300 K, respectively. Due to theki

Au restriction
by the so-called acceptance cone,2 the distribution is rather
narrow and most of the BEEM current flows close to t
Fermi energy. Curves~1!–~3! illustrate the broadening of the
current distribution with increasing temperatures.

In the GaAs, the current distribution is practically in
verted, which can be seen in curves~4!–~6! of Fig. 3. Due to
ki conservation and ‘‘refraction’’ at the interface, a larg
number of electrons are transferred from high values ofE'

in the Au film to lower values ofE' in GaAs, which explains
why the expected saturation behavior of in the BEEM sp
trum is not observed. If the sample bias is increased,
increasing number of electrons are transferred to lowerE'

GaAs

values and, thus, the BEEM current in the energy wind
formed by the superlattice miniband increases continuou
leading to the almost linear increase of the BEEM curr
with increasing sample bias. Again, curves~4!–~6! illustrate
the broadening of the current distribution due to eleva
temperatures.

As shown above, our model gives an excellent descript
of our data, although scattering processes were comple
ignored in our consideration. In the literature, however, el
tic scattering processes such as multiple reflections inside
metal base11–15 were found to be important. By elastic sca
tering processes, electrons can gain momentumk' perpen-
dicular to the superlattice, which in principle can explain t
onset of BEEM current below the expected miniband po
tion. By numerical simulations, however, we checked th
scattering alone without refraction cannot explain the sp
tral behavior of our samples. Scattering alone just broad

FIG. 3. BEEM current distribution per energy intervaldIBEEM /dE DE
as a function of electron energy. The sample bias was 1.2 V. Curves~1!–~3!
represent the current distribution calculated on the Au side of the Au-G
interface for temperatures ofT54, 100, and 300 K, respectively. Curve
~4!–~6! represent the corresponding current distribution in the GaAs.
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the energetic distribution of the BEEM current, similar to t
way elevated temperatures affect the distribution in the
film @see Fig. 3, curves~1!–~3!#. Thus, even strong elasti
scattering will not lead to the ‘‘inversion’’ situation@Fig. 3,
curves ~4!–~6!# provided by the refraction effect. For th
calculated spectrum this means that one will in fact obtain
earlier onset of the BEEM current but only a broad s
instead of the experimentally observed linear behavior.

Although, in general, theki conservation rule is assume
to be rigid, it is also sometimes a point of discussion in
literature. On the Au-Si system, e.g., there are hints thaki

conservation must be relaxed,26 but most recent publication
show that this is not necessary to explain the results.15 To
check the influence of relaxedki conservation rules for ou
samples, we have also carried out a simulation where
refraction effect was ignored and theki conservation rules
were relaxed by relaxing the energetic limitations of the
ceptance cone. As a result we obtained that even in the
of a total relaxation of theki conservation rule, a linear be
havior is not achieved and a broad step is always obtaine
the calculated BEEM spectrum.

From the above arguments we conclude that the refrac
effect is the dominant mechanism in our sample and
scattering or relaxedki conservation rules have only a mino
influence. On the basis of the above model, however,
should be aware of some consequences for future BE
experiments on ‘‘free-standing’’ subsurface structures s
as superlattices or double barrier structures. Due to the
mendous broadening of the energetic BEEM current dis
bution through electron refraction at the Au-GaAs interfa
resonant states in buried structures will only be visible
weak peaks in the second derivative of the BEEM spectr
The use of base materials with small electron mass suc
InAs,27 can in principle help to circumvent this problem
since, in this case, the current distribution is focused by
fraction at the InAs-GaAs interface. However, one sho
keep in mind that in this case a problem exists for the t
u
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neling process between the tip and the InAs base. For
neling processes, parallel momentum conservation laws
also valid, which, in planar tunneling theory, results in
rather broad energy distribution of electrons injected from
high mass tip into the small mass base material.

A different approach taken by Rubinet al.17 circumvents
this problem directly. They have investigated quantiz
states inside a self-assembled quantum dot, but in th
sample, the quantum states were embedded in a sur
depletion barrier and energetically located below the Ga
conduction band. Thus, ballistic electrons in the Au base
tunnel directly into or through the quantum dot states witho
being diffracted before, which obviously yields a much be
ter energetic resolution. Of course, refraction will also occ
as soon as the electrons leave the dot and enter the G
conduction band. In this case, however, electron refract
has no influence on the BEEM current, since the electr
are already in the collector electrode.

In summary, we have investigated ballistic electron tran
port through quantum states in buried GaAs-AlxGa12xAs su-
perlattices using ballistic electron-emission microscop
Both at room temperature andT5100 K, the miniband of
the GaAs-AlxGa12xAs superlattice adds spectral features
the measured BEEM current and quantitative agreement
tween the measured and calculated spectra was achieve
ing the model of Smith and Kogan. It was also shown th
parallel momentum conservation at the Au-GaAs interfa
leads to electron refraction and inverts the energetic distri
tion of the ballistic electron current in the semiconductor.
our opinion, the resulting loss in energetic resolution f
BEEM experiments can only be avoided, if a direct coupli
between ballistic electrons in the metal base and the sub
face quantum states is achieved.

This work was sponsored by Oesterreichische Nation
bank, Project No. 6277, and Gesellschaft fu¨r Mikroelek-
tronik ~GMe!. The authors are grateful to E. Gornik for con
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