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Ballistic electron emission luminescence
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We describe the design, fabrication, and operation of a GaAs-based heterostructure device which
emits band gap luminescence from solid-state tunnel-junction ballistic injection of electrons with
sub-bandgap energy. We find that, due to energy conservation requirements, a collector bias
exceeding a threshold determined by the Schottky barrier height and sample band gap energy must
be applied for luminescence emission. The consequences of these results for a hybrid
scanning-probe microscopy and spectroscopy combining both ballistic electron emission
microscopy and scanning tunneling luminescence are emphasized. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1584524#
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Since its invention in 1981, the scanning tunneling m
croscope~STM!1 has been improved and refined in vario
ways by adding extra channels of information and corre
ing it to the topography. For instance, the STM was co
verted to a three-terminal method by introducing a groun
third electrical contact to collect transmitted current in t
development of ballistic electron emission microsco
~BEEM! and its associated spectroscopy~BEES! by Kaiser
and Bell in 1988.2 Since then, BEEM/BEES has been wide
used to study metal–semiconductor interfaces and bu
heterostructures.3–7

Another extension of the STM has been in the direct
of optics, by including luminescence information associa
with either inelastic tunneling8 or impact ionization in a
semiconductor sample. This application is called scann
tunneling luminescence~STL!,9,10 and has been used exte
sively in microscopy mode to study surface plasmons
metal films11,12 and semiconductor minority carrie
recombination.13,14 It has also proved to be a useful spectr
scopic technique that is complementary to BEES.15

Because of the success of these two methods, and
clear benefit of adding extra channels of information to
STM, a hybrid microscopy which correlates topography w
not only transmitted current as in BEEM, but also with l
minescence like STL, would be very useful. This uniq
tool, called ballistic electron emission luminescence micr
copy, or BEEL microscopy, would be particularly advan
geous in the study of buried luminescent layers, just

a!Electronic mail: appeli@deas.harvard.edu
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BEEM allows the study of transport through buried semico
ductor heterostructures.

In this letter, we discuss the feasibility of this propos
method by examining the behavior of a BEEL device whi
employs the same luminescence mechanism as the S
based configuration. However, since the emitter currents
far greater than in a STM measurement,16,17 the device will
more clearly elucidate the parameters required for succes
BEEL microscopy.

Figure 1~a! shows a schematic BEEM/BEES conductio
band profile, with an unbiased collector. At an emitter vo
age (Vemitter) below the Schottky barrier~SB!, the tunneling
current is transferred to ground by the base contact. Ab
the SB threshold, a significant fraction (1023– 1021) of the
tunnel current travels ballistically through the thin base me
and into the semiconductor collector to ground.2 It seems
reasonable to expect that electrons ballistically injected
above the Schottky barrier into thep-type region of a semi-
conductor should recombine radiatively with holes and e
band gap (Eg) luminescence.

Although band gap luminescence is observed at volta
in the impact ionization regime15 ~whereeVemitter.Eg , far
above the SB!, ballistic electrons with energies just above t
SB, but significantly belowEg , cannot recombine radia
tively in a normally unbiased sample. To illustrate and e
phasize this point, we draw an analogy between ballis
electron emission with a tunnel junction~BEEM! and elec-
tron injection via internal photoemission~IPE!.18–21 In the
analogy we draw, instead of using an emitter voltage to g
electrons ballistic energy (eVemitter) as in BEEM, incident
photoexcitation is used to provide energy,hn, to the elec-
8 © 2003 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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trons. Clearly, the incident illumination injects photocurre
into the semiconductor only whenhn.SB, just as a tunne
bias results in injected current only wheneVemitter.SB.

Optical up-conversion fromEg.hn.SB photons to
higher-energy photons withhn'Eg does not take place in a
unbiased IPE device due to energy conservation.22 For the
same reason, a BEEL microscopy sample will not emit ba
gap luminescence when electrons with energies just over
SB are injected into the semiconductor, unless additional
ergy is added to the system. The difference in energy
tween the input energy from hot electrons, SB, and the o
put energy carried by emitted photons,Eg , is provided by
positively biasing the collector with respect to the ba
ground.

Figure 1~b! shows the schematic band diagram of
BEEL device. In contrast to the BEEM band diagram sc
matic @Fig. 1~a!#, the Al contact replaces the STM tip a
emitter, and the Al2O3 replaces the vacuum gap as a tunn
barrier. An independent collector bias, as discussed ea
can be applied and adjusted across the sample.

Our heterostructure device was grown via molecu
beam epitaxy with the following structure: heavily dop
p-type GaAs substrate, 300 nmp-type GaAs buffer layer
doped to 531018 cm23, 300 nm p-type Al0.30Ga0.70As
doped to 531018 cm23, 10 nm GaAs undoped quantum we
~QW!, 100 nm n-type Al0.30Ga0.70As doped to 2
31017 cm23, and a 20 nmn-type GaAs cap layer doped t
231017 cm23. All n-type doping is with Si, all epitaxia
p-type doping is with Be, and substrate doping is with Zn

FIG. 1. Schematic conduction band diagrams of the conventional ball
electron emission microscopy/spectroscopy system, with unbiased coll
~a!, and the BEEL device, with specifically doped heterostructure and bia
collector ~b!.
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The structure parameters were chosen to provide
n-type Schottky interface at the surface and a hole-rich
combination region in the otherwise undoped GaAs QW. T
n-type surface doping is required so that the injected e
trons have long lifetimes as majority carriers before reco
bining radiatively in the QW. Thep-type doping level be-
neath the undoped QW must be significantly higher than
of then-type region to compensate the electron population
the quantum well.

The wafer was processed using standard shadow-m
and photolithographic techniques. After cleaning the surf
with dilute NH4OH, 100 Å of Al was deposited via therma
evaporation at high vacuum to form a 5003500mm2 base
Schottky contact. To grow the tunnel oxide, the sample w
exposed for 90 s to an UV ozone lamp in air. Two 4
3100mm2 stripes of 1200 Å Al were deposited via therm
evaporation, partially on a 1000 Å Al2O3 insulator pad for
bonding. These conductors form two tunnel junctions on
base layer. The sample was then processed into device m
2 mm high and of area 90031000mm2 by patterning with
photolithography and etching with NH4OH/H2O2 /H2O 1:1:5
for 70 s.

Electrical contact to the collector substrate was made
cold pressing an In contact to the back surface. Wire bond
the two Al stripes provide emitter and base contact after
tunnel junction was shorted. All measurements were don
an optical cryostat at 150 K to reduce thermal Schottky le
age below the measurement sensitivity~10 pA!. The lumi-
nescence was collected with a 0.44 numerical aperature
and the spectra were recorded with a Thermo-Oriel MS2
spectrograph with a cooled charge coupled device cam
and a diffraction grating with 150 lines/mm and a bla
wavelength of 800 nm.

Electrons were injected into the collector by negative
biasing the emitter with respect to the base via an emi
voltage (Vemitter). A schematic conduction band diagram
this configuration is shown in Fig. 1~b!. The nonzero collec-
tor bias (Vcollector) and specifically doped heterostructure co
lector are the significant differences between this BEEL
vice and conventional BEEM@Fig. 1~a!#. Figure 2 shows a
surface plot of the collector current as a function of the t

ic
tor
ed

FIG. 2. Collector current (I collector) measured as a function of both emitte
bias (Vemitter) and collector bias (Vcollector) for the BEEL device. A Schottky
barrier of'0.8 V is evident at constant collector bias.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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independent parameters (Vemitter andVcollector) over the range
0.6,Vcollector,0.9 V and20.9,Vemitter,20.7 V, with 10
mV resolution. At a constantVcollector.'0.8 V, the collector
current (I collector) is zero forVemitter below the SB~'0.8 V!,
but increases past this threshold, as in BEES. For this dev
the emitter current varies between'2.5 mA at20.7 V and
'3.75 mA at20.9 V.

In Fig. 3, we present the magnitude of the band g
~approximately 1.5 eV! luminescence which was collecte
simultaneously with the collector current data shown in F
2. Luminescence is observed only whenVcollector exceeds a
threshold approximately equal to the difference between
SB energy and the emitted photon energy. This verifies
energy-conservation argument presented earlier.

We now discuss these results in the context of the de
opment of BEEL microscopy. The collector current in BEE
experiments on GaAs Schottky diodes is typically orders
magnitude lower~1–10 pA in the range studied! than ob-
served in the heterostructure device ('10 nA) presented in
this work. It is clear from a correlation of Figs. 2 and 3 th
the efficiency of luminescence emission and collection is
the order of 1 – 10 photons s21 nA21. To obtain a reasonabl
signal/noise ratio, a BEEL system in microscopy mode m
therefore collect luminescence for much longer than 1 s at
each point in a raster scan. Typical microscopy scans hav
the order of 104– 105 measurement points. At these efficie
cies, one image would take many hours.

In the device, the Al emitter shadows the luminescen
Since the STM uses an atomically sharp emitter probe
higher collection efficiency is expected. However, there
other ways to increase signal and reduce the required
for image collection. The collection efficiency can be im
proved by using one or more high numerical aperture fib
in close proximity to the tunnel point,23 or by using a thinner
base metal layer to reduce signal attenuation. Also, if sp
troscopic analysis is not required, the emitted luminesce
can be directly detected using a photomultiplier or avalan
photodiode. Such an arrangement would provide sign

FIG. 3. Ballistic electron emission luminescence as a function of both e
ter bias (Vemitter) and collector bias (Vcollector) for the BEEL device. Signifi-
cant band gap luminescence is observed just above the Schottky barrier
luminescence was taken simultaneously with the collector current
shown in Fig. 2.
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cantly higher signal by circumventing the relatively lo
throughput of the spectrograph. The luminescence efficie
may also be improved by cooling the sample to temperatu
lower than those used in the present work. Increasing
luminescence signal by two orders of magnitude by imp
mentation of these concepts will allow feasible measurem
of a BEEL microscopy image in'100 s, a typical time for a
topographic STM scan.

In conclusion, we have reported on progress toward
development of a microscopy which combines the featu
of both BEEM and STL. This alternative STM-base
method, BEEL microscopy, requires a specifically doped h
erostructure sample and the addition of a collector b
which exceeds the threshold determined by conservatio
energy in the system. We expect that if the luminesce
collection efficiency can be improved beyond what these
tial device-mode observations suggest, this microscopy co
be particularly useful in spatially resolved studies of op
cally active layers such as quantum wells.
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