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Spectrally resolved luminescence from an InGaAs quantum well induced
by an ambient scanning tunneling microscope

M. Kemerink,a) J. W. Gerritsen,b) P. M. Koenraad, H. van Kempen,b) and J. H. Wolter
COBRA Inter-University Research Institute, Eindhoven University of Technology, P.O. Box 513,
NL-5600 MB, The Netherlands

~Received 27 July 1999; accepted for publication 12 October 1999!

Spectrally resolved scanning tunneling microscope-induced luminescence has been obtained under
ambient conditions, i.e., at room temperature, in air, by passivating the sample surface with sulfur.
This passivation turned out to be essential to suppress the local anodic oxidation induced by the
tunneling current. From the dependence of the luminescence signal on tunneling current and
voltage, we find that the passivation solution and post-passivation annealing temperature strongly
modify the surface density of states~SDOS!. More specifically, we found evidence that, after
annealing at 400 °C, no SDOS is left above the bottom of the conduction band. For annealing at
200 °C, the SDOS is found to be extended up to 1.060.2 eV above the bottom of the conduction
band. In all cases, the passivated~001! surface appears to be completely pinned. ©1999 American
Institute of Physics.@S0003-6951~99!01949-X#
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The booming number of scanning probe techniques
enormously increased the potential for nanoscale exp
ments in the past decade. However, the complicated na
of many of these techniques has often prevented a w
spread usage. This holds specially for scanning tunne
microscope~STM!-induced luminescence~STL! on III/V
semiconductors, being an ideal tool for studying structu
and optical properties simultaneously.1,2 The main problems
encountered with STL on this material system are the
tremely low count rates and surface oxidation. The form
usually inhibits spectral resolution if practical integratio
times are required, while the latter often forces one to use
ultrahigh vacuum system.

A well-known solution of the surface oxide problem
ambient STM experiments is sulfur passivation.3 The price to
be paid is that one has to tunnel through a largely unkno
surface density of states~SDOS!, that depends on the sulfu
solution in which the sample is dipped4 and the temperature
during the following, optional, annealing step.5 Since the
pinning of the Fermi levelEF at the surface depends on th
surface DOS, this is also largely unknown.

No spectrally resolved STL measurements on III/
have been reported which were taken under ambient co
tions using a reasonable, i.e., in the nA range, tunneling
rent. However, photon-mapping6 and time-resolved7 STL
measurements on GaAs surfaces under, respectively, HV
ambient conditions were reported. Finally, Wenderoth, G
gor, and Ulbrich8 demonstrated STL under ambient cond
tions, using a 1–2 nm thick gold layer to passivate the Ga
surface.

In this letter, we report on spectrally resolved STL on
sulfur passivated, single AlGaAs/InGaAs quantum w
~QW! under ambient conditions. Moreover, we show that
integrated intensity versus tip-sample voltage curves can
rectly be related to the surface DOS, which is found to
pend critically on the passivation procedure.

a!Electronic mail: m.kemerink@phys.tue.nl
b!Also at Research Institute for Materials, University of Nijmegen, Toern

iveld, 6525 ED Nijmegen, The Netherlands.
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The active structure is grown by molecular-beam epita
on top of an undoped GaAs substrate and a short-period
perlattice. It consists of a single 83 Å wide In0.10Ga0.90As
well layer, embedded between two 450 Å wide center B
doped Al0.25Ga0.75As barrier layers. The structure is cappe
by 170 Å undoped GaAs. The hole concentration in the w
is 631015m22. A Ni/Zn/Au contact was used as anode du
ing STM experiments. From room temperature photolum
nescence it is found that the well luminescence is situa
around 920 nm. The sample has been characterized in d
in an earlier publication.9

We found that the unpassivated surface is rapidly etc
away at the required biases due to local anodic oxida
~LAO!.10 Apart from giving rise to a highly unstable tunne
ing current, the LAO process also etches away the ac
layers within minutes when the scan mode is disabled. I
worthwhile to point out that we succeeded in observing
STL signal without passivating the surface by removing
native oxide with ammonia and immediately placing t
sample in the STL setup. Probably this is due to the re
tively slow growth rate of native oxide layers, after the fir
GaAs layer has been oxidized.11 The sulfur passivated sur
faces, on the other hand, are fully inert to LAO at all appli
biases. Consequently, the tunneling current is also far m
stable. Before passivation, the native oxide is removed
stirring the sample for 2 min in a 1:10 HCl (37%):H2O
solution. Afterwards, the sample is directly plunged into t
passivation solution, which is either a supersaturated solu
of Na2S in iso-propanol~samples I, II, and III! or ~NH4!2S in
H2O ~sample IV!. After 2 min the sample is rinsed with
de-ionized water and dried. Finally, samples II and III we
annealed for 10 min at 200 and 400 °C, respectively.

STL experiments inplanar configuration~see inset of
Fig. 1! were performed under ambient conditions, using
home-built STM that has been described earlier.12 Negative
tip-sample biasesVt , ranging from22 to 25 V, were ap-
plied with tunneling currentsI t up to 10 nA. From topology
measurements, it was confirmed that no modification of
surface arose during tunneling. Nevertheless, the STL m

-

6 © 1999 American Institute of Physics
IP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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surements were performed while scanning, and a new
on the sample was used after each measurement. The em
light was collected with a fiber bundle and analyzed with
0.25 m monochromator in combination with a cooled
charge coupled device camera. The typical separation
tween the fiber end and the tunneling contact was
60.5 mm. With a total fiber area of 0.16 mm2, this gives a
detection angle of 0.0960.05 Sr.

The STM tips were electrochemically etched from 0.1
mm Pt wire. Etched tips were chosen to avoid the risk
loosing luminescence signal due to blocking of light by t
bulk of the tip, which may well occur for thicker cut tips
The tips were prepared in a four-step process, as descr
by Libioulle et al.13

Figure 1 shows the STL signal from the InGaAs QW
various tip-sample biases. It should be noted that no lu
nescence from the GaAs layers was detected. From the
grated intensity we can deduce an effective electron
photon conversion efficiency of the order of 231028. Since
this is several orders of magnitude lower than the estima
quantum efficiency of the QW, we conclude that the major
of the injected electrons is lost in nonradiative recombinat
channels. The absence of a Stark shift for all samples
either be interpreted in terms of a full pinning ofEF by
surface states or in terms of screening by the topmost do
layer. The doping density in the top barrier is 131016m22,
which can, assuming a zero SDOS, maximally screen a
sample voltage of 0.5 V. From self-consistent envelope fu
tion calculations,9 we estimate the Stark shift between t
spectra atVt522.5 V andVt524.5 V to be of the order of
20 nm, in the absence of Fermi level pinning. Our data sh
that the Stark shift, if present at all, is maximally about 2 n
This allows us to conclude that the pinning ofEF is, at least,
almost complete for all samples studied. Similar results w
found by Gwo et al. for the S-passivated GaAs~110!
surface.3

The STL intensity of all samples is plotted versusI t in

FIG. 1. STL signal from sample III at variousVt and I t510 nA. The inte-
gration time is 10 min. The insert schematically depicts the setup whic
operated in ambient.
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Fig. 2. To facilitate comparison of samples, the intensit
are normalized on the value at 10 nA. No significant diffe
ences in absolute intensity between the samples could
determined, because of the relatively large uncertainty in
solid detection angle. It is, however, clear from Fig. 2 th
the intensity versus current curves are qualitatively the sa
for all samples. We interpret the apparent non-linearity
terms of saturation of a nonradiative recombination chan
which is illustrated in the insert of Fig. 2. For low curre
densities, all injected electrons are trapped in nonradia
recombination centers. At high enough currents, the tr
saturate and electrons are able to reach the quantum
were they can recombine radiatively. The ionized Berylliu
dopants are tentatively assigned as the nonradiative tr
which makes the areal trap densitynt5331015m22, i.e.,
half the 2D hole concentration since only the traps betw
the surface and the QW are to be taken into account. The
in Fig. 2 is a fit to the data based on this model, using for
time constants~as defined in the insert of Fig. 2! t115t21

510212s, which we kept equal for simplicity, andt1252.5
31029 s; The time constant for radiative recombinatio
from the well,t22, is not incorporated since we assume th
the carrier capture of the QW does not depend on the oc
pation of carriers in the well. The current to the well,I 21, is
therefore simplyI 215eNb /t21, with Nb the number of car-
riers in the bulk. The current to the traps,I 11, is I 11

5eNb(12 f t)Nt /t11, with f t the occupancy of the availabl
traps. The number of available trapsNt is taken asNt

5pr 2nt , with r the average radial distance the electro
travel before they are trapped by either the traps or the Q
which we fixed on a value of 100 nm.14 Although the good
agreement with the experimental data is apparent, the u
parameter values should only be regarded as indicative o
order of magnitude. The reason is that the model is not s
sitive to their absolute values, but only to their mutual rati
However, it is important to note that the onset current, wh

is
FIG. 2. Integrated STL intensity~normalized! vs I t at Vt523.5 V. The line
is calculated from a three-level rate-equation model. Insert: Illustration
the rate-equation model.Nt is the number of available traps, thet i j are
relaxation times.
IP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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is basicallyNtt12(56 nA for the parameters used!, is inde-
pendent of the surface treatment. Therefore, we conc
that, after sulfur passivation, the main part of the nonrad
tive recombination centers is not located at the surface bu
the bulk. This is in accordance with the assumption that
ionized Be atoms are the main trapping centers.

Significant differences between the samples anneale
200 and 400 °C become visible when the integrated S
signal is plotted versus tip-sample bias~Fig. 3!. Both
samples show a linearly increasing intensity once the b
voltage exceeds an onset value. We estimate the onset v
of Vt to be 22.460.2 and22.160.2 V for samples II and
III, respectively. This difference can be understood in ter
of the surface density of states. It is known that after ann
ing at 360 °C or higher, the surface is covered by a mo
atomic layer of S atoms that are bound to Ga atoms.5 The
corresponding SDOS was calculated in Ref. 5 and found
be extended from approximately 1.3 eV below to 0.5
above the top of the valence band. Electrons injected into
conduction band (Vt,1.4 V) are thus not hindered by thes
surface states. The onset voltage should therefore corres
to ballistic injection of electrons over the Al0.25Ga0.75As bar-
riers. Theoretically, this mechanism is expected to have
onset around21.8 eV. Although in reasonable agreeme
the present data do not unambiguously support this prop
tion.

When ~part of! the sulfur atoms are As bound, which
the case for unannealed or low-temperature annealed
faces, the SDOS is drastically different. The calcula
SDOS of a S monolayer on an As-terminated surface5 is
extended from about 2.2 eV below the top of the valen
band to 1.2 eV above the bottom of the conduction ba
Electrons injected in this range are likely to be trapped a
the STL signal will be weak or absent. From the onset vo
age of luminescence, we estimate that the top of the SD
lays 1.060.2 eV above the bottom of the conduction band,
agreement with the theoretical result of Ref. 4.

FIG. 3. Integrated STL intensity of samples II and III vsVt . The lines guide
the eye at low biases.
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Note that for biases larger than the onset value, a q
dratic dependence of the integrated intensity versus bia
expected, due to the requirement of momentum conserva
for electrons being injected over a barrier.15 In the case of the
Ga–S terminated surface, the relevant barrier is locate
the GaAs–AlGaAs interface, whereas in case of the As
terminated surface, the sample surface itself is the relev
barrier. However, the scatter in the data of Fig. 3 does
allow us do draw any firm conclusions concerning the pow
of the voltage dependence of the intensity. We do wan
stress that the intensity differences between samples II
III at low biases are significant and have been reproduced
several spots on the same sample and on two sets of sam
prepared on different days.

In summary, we have shown that under ambient con
tions, the STM can be used to induce luminescence fr
III/V semiconductors by passivating the sample surface w
sulfur. Independent of the followed passivation procedu
the Fermi level is pinned by the surface density of states
addition, we found evidence that annealing the passiva
sample at 200 °C for 10 min leaves a surface that cons
mainly of S atoms bound to As, which has a SDOS tha
extended up to 1.060.2 eV above the conduction band edg
Similarly, a 400 °C anneal appears to give rise to a stron
reduced SDOS, which is attributed to dominance of S–
bounds at the surface. We believe that these results can b
great interest for future research, in which optical propert
of semiconductor nanostructures are investigated with
nometer resolution.

The research of Dr. M. Kemerink has been made p
sible by a fellowship of the Royal Netherlands Academy
Arts and Sciences.
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