
Probing of InAs/AlSb double barrier heterostructures by ballistic electron
emission spectroscopy
J. Walachová, J. Zelinka, J. Vaniš, D. H. Chow, J. N. Schulman et al. 
 
Citation: Appl. Phys. Lett. 70, 3588 (1997); doi: 10.1063/1.119274 
View online: http://dx.doi.org/10.1063/1.119274 
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v70/i26 
Published by the American Institute of Physics. 
 
Related Articles
Template-based synthesis and magnetic properties of Mn-Zn ferrite nanotube and nanowire arrays 
J. Appl. Phys. 111, 026104 (2012) 
Self-assembled broadband plasmonic nanoparticle arrays for sensing applications 
Appl. Phys. Lett. 100, 031102 (2012) 
MBE growth of high electron mobility 2DEGs in AlGaN/GaN heterostructures controlled by RHEED 
AIP Advances 2, 012108 (2012) 
Noncatalytic chemical vapor deposition of graphene on high-temperature substrates for transparent electrodes 
Appl. Phys. Lett. 100, 022102 (2012) 
Experimental realization of the porous silicon optical multilayers based on the 1-s sequence 
J. Appl. Phys. 111, 013103 (2012) 
 
Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/ 
Journal Information: http://apl.aip.org/about/about_the_journal 
Top downloads: http://apl.aip.org/features/most_downloaded 
Information for Authors: http://apl.aip.org/authors 

Downloaded 31 Jan 2012 to 131.215.70.205. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1278148397/x01/AIP/Lakeshore_APLCovAd_728x90Banner_01_27_12/JAP_CoverAd_020112.jpg/774471577530796c2b71594142775935?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=J. Walachov�&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=J. Zelinka&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=J. Vani�&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=D. H. Chow&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=J. N. Schulman&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.119274?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v70/i26?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3678580?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3674982?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3679149?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3675632?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3673598?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov


Probing of InAs/AlSb double barrier heterostructures by ballistic electron
emission spectroscopy
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InAs/AlSb resonant tunneling heterostructures have been studied by ballistic electron emission
spectroscopy. Current thresholds attributed to quasibound states in the quantum well and emission
over the AlSb barriers are observed. The observed shape of thresholds is consistent with inelastic
processes in the InAs layers of the structures, where a high number of electron–hole pairs are
generated. A threshold consistent with the generation of electron–hole pairs in quantum well states
is observed. ©1997 American Institute of Physics.@S0003-6951~97!03626-7#
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Ballistic electron emission spectroscopy~BEES! is a po-
tentially useful technique for characterizing heterostructu
or BEES could be used to determine energy levels that
difficult to measure by other methods. BEES measurem
on double barrier tunneling structures have been reported
GaAs/AlGaAs structures.1,2 Thresholds in current–voltag
ballistic characteristics (I c–V) were observed at voltage
consistent with the quasibound quantum well state and
height of the AlGaAs barriers. These thresholds were
served at both 300 and 77 K.1,2

We report the BEES measurements on InAs/AlSb re
nant tunneling structures, which are of significant interest
the fabrication of high-speed circuits.3,4 We have examined
two structures that differ in quantum well thickness, i.e., d
ferent resonant state energies. These differences shou
manifested as different BEES thresholds. Furthermore,
narrow energy gap of InAs should yield strong electron–h
(e–h) pair creation, producing an additional BEE
threshold.5–8

Our BEES apparatus is described elsewhere.9 We used
the Mo tip prepared by etching in KOH solution. The samp
is biased during the measurement. The ratio of ballistic c
rent to tunneling current (I c /I t) is measured as a function o
the voltage, (V), between the tip and sample, reducing t
effects of instabilities in the tunneling current. (I t) is held
constant during the measurements. (I t) is held at approxi-
mately 1 nA, although it varies slightly from one characte
istic to the next. Each of the (I c /I t–V) characteristics pre
sented here is an average of 20 characteristics taken at
K. Increased averaging~to 40 scans! did not alter the ob-
served peak positions in any of our experiments. For e
single characteristic, a step size of 0.01 V over the ra
3588 Appl. Phys. Lett. 70 (26), 30 June 1997 0003-6951/97
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0.1–2.3 V is used, with each (I c /I t) value determined by
taking the average of 10 000 measurements. This proce
yields a measurement time of approximately 2 h per resulting
presented characteristic, so that to obtain the BEES spe
we use the same acquisition time as was reported for sim
measurements in Ref. 6. The zero for ballistic current is
fined as the value at the lowest bias used. Variations ac
the sample surface and with illumination have been stud

Prior to testing of the InAs/AlSb heterostructures, t
BEES apparatus was tested by comparing measuremen
an Au–GaAs(n) Schottky barrier sample to the publishe
BEES spectra, Ref. 10.

Two InAs/AlSb double barrier heterostructure samp
grown by molecular beam epitaxy, Sb640 and Sb663, h
been used to acquire the data presented here. The sam
were grown on~100!-oriented semi-insulating GaAs sub
strates. Growth commenced with a 150 nm GaAs buf
layer and continued with a five-period, 2 ML/2 ML, InAs
GaAs superlattice, 1mm InAs buffer layer, 2 nm AlSb bar-
rier, 4 nm ~sample Sb640! or 12 nm ~sample Sb663! InAs
quantum well, 2 nm AlSb barrier, and 3 nm InAs cap lay
All layers are nominally undoped; background doping of t
InAs layers is approximately 131016 cm23, n type. Sche-
matic band-edge diagrams of samples Sb640 and Sb663
provided in Fig. 1. The first and second quantum well ene
levels,E1 andE2 , are shown relative to the estimated Fer
level, EF , which lies 0.2 V from the bottom of the
conduction-band edge of bulk InAs. The energy gaps of In
and AlSb are labeledG1 andG2 , respectively. The height o
the AlSb barriers aboveEF is labeledEB .

Preparation of the samples for BEES measurements
performed as follows: A 10 nm Au layer was evaporated
/70(26)/3588/3/$10.00 © 1997 American Institute of Physics
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ultrahigh vacuum through a shadow mask placed on top
each sample. The ‘‘back’’ contact was made either direc
to the substrate, or to the 1mm thick InAs buffer layer after
removing the double barrier structure by etching. In a f
cases, the substrate was bombarded from the back side b
keV Ar1 at a dose of 1015 ions/cm2 to improve the back
contact. Silver paste was used to make a large back
contact to the substrate, while gentle silver springs were u
to make contacts to the InAs buffer layer and to the eva
rated Au layer.

Initial measurements were performed on sample Sb
in the energy region 0.7 to 1.7 eV. The shape of the thresh
most frequently observed in the energy region correspond
to the height of the AlSb barriers is shown in Fig. 2, whe
the labeledEB51.219 V is attributed to the height of th
barriers in the structure~see Fig. 1!. At different measured
places of the sample the voltage at which the current be
to increase significantly varies by less than60.05 V around
EB . The sharp peaks observed in the BEES spectrum h
been previously attributed to strong inelastic processes, s
as scattering ande–h pair creation, which result in a de
crease in the ballistic current with voltage significan
greater than the threshold. This was demonstrated exp

FIG. 1. Schematic band-edge diagrams corresponding to InAs/AlSb do
barrier heterostructure samples Sb640 and Sb663.G1 andG2 are the energy
gaps of InAs and AlSb, respectively.E1 andE2 are the first and second
resonant states.EB is the height of the AlSb barrier, andEF is the Fermi
energy.
Appl. Phys. Lett., Vol. 70, No. 26, 30 June 1997
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mentally and by Monte Carlo simulation~Refs. 5 and 11!. It
is expected thate–h pair creation occurs mainly in the InAs
layers of the structure due to the narrow energy gap of t
material.

Examples of measured BEES characteristics over
full voltage range are shown in Figs. 3 and 4 for samp
Sb663 and Sb640, respectively. The top characteristic in F

FIG. 3. BEES characteristics from Sb663. The top characteristic is from
sample prepared using the same procedure as described in the capti
Fig. 2; the characteristic below is from the sample with the back cont
made for a 1mm thick InAs layer. The arrows indicate anticipated thres
olds near the experimentally measured thresholds.G1 is the energy gap of
InAs.E1 andE2 are the first and the second resonant states,EB is the height
of the AlSb barriers, andEF is the Fermi energy. (I t) for the lower lying
characteristic is three times larger than for the top characteristic.

le

FIG. 2. BEES characteristic from Sb663 in the barrier energy regio
(I c /I t) is taken to be zero for eV50.7 eV. The sample was prepared b
evaporating 10 nm of Au on top of the sample, the back contact is made
the 50 keV Ar1 ion bombarded GaAs substrate. The threshold due to tra
port over the AlSb barriers is indicated by an arrow.
3589Walachová et al.
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3 is the ballistic current versus voltage characteristic
Sb663 prepared by making a back contact to the ion b
barded GaAs substrate. Figure 4 presents the characte
obtained from Sb640 prepared by making the ‘‘back’’ co
tact to the 1mm InAs buffer layer. Thresholds correspondin
to the height of the AlSb barriers are labeledEB above both
Figs. 3 and 4. Similar thresholds are expected when
Fermi energy of the STM tip is aligned with the ener
levels in the quantum well of the structure. These energ
are labeled asE2 in Fig. 3 and asE1 andE2 in Fig. 4. The
threshold nearE1 in Fig. 4 is more pronounced than th
threshold nearE2 ; however, the relative strength of thes
features has been observed to vary with the lateral pos
for the measurement. The thresholds corresponding toE1

andE2 have also been observed to vary by up to 0.1 V w
the lateral position. The results are in accordance with
expected influence of noise on room-temperature meas
ments of such low laying thresholds asE1 andE2 .

Three other thresholds are observed in Fig. 3 in addit
to those described above. These additional thresholds ar
served independent of the method used for back contac
the sample, and are most likely caused bye–h pair creation.
Three thresholds are marked with arrows at voltagesG1

1EF1E1 , 3/2G1 , and G11EF1E2 below the barrier
threshold in Fig. 3. The first and third of these thresholds
associated withe–h pair creation at the ground and fir
excited states in the well. The second threshold is associ
with the onset of impact ionization in semiconductors
3/2G1 ~Refs. 5 and 12!.

The thresholds are better observed when the ‘‘bac
contact is made to the 1mm InAs buffer layer of the sample
An example of the measurement on such a sample in
range of 0.1 to 1.5 eV is shown in the bottom of Fig.
(I t) for this case was 3 nA.

In contrast, we could not attribute any thresholds ass
ated withe–h pair creation below the barrier threshold fro
the sample with the thin~4 nm! InAs quantum well, as

FIG. 4. BEES characteristic from Sb640. The sample was prepared
evaporating 10 nm of Au on top of the sample, the back contact is mad
the 1 mm thick InAs layer below the double barrier heterostructure. T
arrows indicate anticipated thresholds near the experimentally meas
thresholds.G1 is the energy gap of InAs.E1 andE2 are the first and second
resonant states.EB is the height of the AlSb barriers, andEF is the Fermi
energy.
3590 Appl. Phys. Lett., Vol. 70, No. 26, 30 June 1997
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shown in Fig. 4. As the two samples differ only in InA
quantum well thickness, we conclude thate–h pair creation
in the sample with a 12 nm quantum well actually occurs
the well rather than in the InAs cladding layers.

The reliability of our results depends on the strength
the peaks in the ballistic current characteristics after in
vidual thresholds. The lowest ratio of the height of the pe
to background in the barrier region was observed for sam
with back contact to GaAs, and it was about 2. This ra
differs for different measured points because of the existe
of grains in the Au layer and partly because of inhomoge
ities of Au/InAs and InAs/AlSb interfaces. The lowest rat
was about 35% below the highest ratio for samples with
back contact made to GaAs. The observed ratio of the he
of the peak to background in the barrier region for samp
with the back contact made to the 1mm InAs buffer layer is
always higher than 2. The lowest value is 75% below
observed maximum value. The ratio for other peaks
creases with decreasing the ratio for the peak in the ba
region and vice versa.

In summary, this letter reports the BEES study of InA
AlSb double barrier heterostructures. We have successf
observed a few ballistic current features at room tempera
and in air. We are able to conclusively resolve the thresh
due to the AlSb barrier height and most of the measu
characteristics also yield thresholds in agreement with an
pated values for transport through resonant states of
structure, even though some of them are affected by no
An additional threshold is consistent withe–h pair creation
in InAs with energy 3/2G1 . Finally, we are able to identify
thresholds due to the creation ofe–h pairs at resonant en
ergy levels from a sample with a relatively thick InAs qua
tum well.

This work was supported in part by Czech Grant Agen
Project No. 202/94/1056.
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