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Scanning tunneling spectroscopic monitoring of
surface states role on water passivation of InGaAs
uncapped quantum dotsy

M. J. Milla, ©*2 |. Hernandez-Rodriguez,® J. Méndez,” Jorge M. Garcia,® J. M. Ulloa®
and A. Guzman?®

A detailed local analysis of the impact of water coverage on the density of surface states in IngsGagsAs
surface nanostructures is reported by spectroscopy monitoring the surface conductivity at the
nanometer-scale. A correlation between the changes of the surface conductivity and the variation of the
density of surface states under different environmental conditions is found in terms of /-V characteristics
and scanning tunneling spectroscopy. From dry to humid conditions the surface conductivity of a three-
dimensional IngsGag sAs uncapped nanostructured surface increases monotonically with the reduction
of the density of available surface states. In contrast, neither the electrical properties nor the density of
electrically active surface states of a surface quantum well exhibit any significant dependence on the
external moist conditions. The adsorption of water molecules onto the surface passivates the surface
states leading to an improvement in the electron transport. These results clearly reveal that the density
of surface states depends on the dimensionality of a nanostructured surface and demonstrate the
important role of these states for nanoengineering sensing devices.

Introduction

Surface states, arising from the termination of a bulk crystal, are
key characteristics of semiconductor surfaces. Such states give
rise to spatially located electronic states within the midgap.
These localized states are suggested to act as nonradioactive
recombination and trapping centers playing a critical role on
the determination of the macroscopic property changes related
to variations in the environment." Recently, changes in the
piezoelectric  signal, surface conductivity and photo-
luminescence with different surrounding conditions have been
reported for different surface semiconductors such as ZnO
nanowires,” graphene,* carbon quantum dots (QDs)* and III-V
surface QDs (SQDs).»*** This high reactivity to environmental
agents makes surface solid state semiconductors well-suited
materials for the development of sensing applications. The
presence of a nanostructured surface, characterized by the
existence of surface states and strain relaxation, provides an
exceptional tool to nanoengineer sensing devices.

Qualitative interpretations based on surface states passivation
have been proposed as the main physical phenomena to such
environmental response. The effect of changing the density of
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surface states at the atomic scale directly influences the macro-
scopic physical properties. However, the evolution of such local-
ized states is not evident yet. Local techniques generally based on
scanning probe microscopy (SPM) systems are usually employed
for surface characterization."*> Particularly, scanning tunneling
microscopy and spectroscopy (respectively STM and STS) are
excellent techniques for such purpose. In particular, STS allows
probing local electronic properties down to the atomic scale.****

In this work, we address the role of surface states on the
physical properties of surface III-V semiconductor nanostructures
by spectroscopically monitoring their electrical response under
different water vapor concentration. We compare the electrical
and spectroscopic response to moist conditions of the same
material (InysGaysAs) engineered into surface quantum well
(SQW) and SQD. The conductivity of the samples as a function of
the external humidity is measured both in a macroscopic and
a nanoscopic scale. Macroscopic conductivity is examined evalu-
ating the current-voltage (I-V) characteristics under different air
humidity conditions. The local conductivity properties are deter-
mined by STS measurements varying the water coverage of the
sample. We report a significant change in the local -V response of
SQD compared to that of SQW, which is attributed to passivation
of active surface states.

Materials and methods

Two samples are compared to demonstrate the differences on
their surface states density and thus, their dissimilar response
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to external conditions. One sample contains an unburied
In, 5Gag sAs QD layer and the other sample consists of a surface
Iny 5Gag sAs QW. The samples were grown in a RIBER-32 solid-
source molecular beam epitaxy (MBE) on a n-doped GaAs(100)
substrate. Following the oxide desorption, a 1.5 um GaAs buffer
layer was grown at 590 °C and 1 ML per s. Then, an uncapped
Iny 5Gay sAs QW or QD layer was grown at low temperature (430
°C) and slow growth rate (0.07 ML per s). The amount of
deposited material was 2.8 ML (below the critical thickness, 4.4
ML) in the case of the SQW and 6 ML for the SQD. The QD layer
was formed by the Stranski-Krastanov method. Iz situ reflection
high-energy electron diffraction (RHEED) was used to monitor
the growth.

The IngsGagsAs surface nanostructures were structurally
characterized by atomic force microscopy (AFM) in tapping
mode using diamond-coated Si tips. Fig. 1 shows a histogram of
the nanostructure height in a 1 um? area of the AFM images for
the SQD and SQW (insets (a) and (b) respectively). The counts do
not correspond to the number of QDs since the step used to
scan the surface is much smaller than the QD diameter. SQW
sample presents a nearly flat surface, with a maximum height
and mean roughness of 0.9 nm and 0.3 nm, respectively.
Nonetheless, the SQD sample exhibits an ensemble of nano-
structures showing a high degree of homogeneity and a large
density (7.1 x 10'° ecm™?) with an average height of 6.1 + 0.2 nm
and lateral diameter of 34 £+ 2 nm.

Concerning the electrical characterization, we performed I-V
measurements using a semiconductor parameter analyzer
(HP4145). Two 150 um-side Ti/Au metal contacts of (10/130 nm)
were deposited on the surface of the sample separated by 70 pm.
These contacts were not annealed to avoid metal diffusion into
the bulk and thus, to ensure the conduction through the
surface. A macroscopic surface differential conductivity was
obtained from the derivative of the I-V characteristics measured
between those contacts. The samples were placed in an opaque
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Fig. 1 Histogram of the height in a 1 pm? area of the AFM images for
the SQD and SQW (a) SQD sample exhibits a high degree of homo-
geneity and a large surface density (7.1 x 10° cm™2), and they have on
average a 6.1 + 0.2 nm height and a 34 + 2 nm lateral diameter (b)

SQW sample presents a nearly flat surface, with a maximum height and
mean roughness of 0.9 nm and 0.3 nm, respectively.
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and hermetically sealed box especially designed for such anal-
ysis.”® The electrical measurements were carried out at
a temperature of 24 °C, under light conditions to ensure the
presence of photoexcited electron-hole pairs® (source: blue
LED, ~2.7 eV, at 7.4 pW) and under different relative humidity
(RH) conditions from 0% to 70%.

Nanoscopic studies were carried out using an Omicron VT-
STM microscope in an Ultra-High Vacuum chamber with
a base pressure of 1 x 10 *° mbar and using control electronics
and software from NANOTEC."® Tungsten tips were used after in
situ cleaning and re-sharpening treatments."” Spectroscopic
measurements were performed by acquiring I-V plots over
micrometer-size regions and extracting averages from homo-
geneous areas. In the STM configuration the contact to the
sample is through tantalum wires that press the sample against
the sample-holder. Therefore the measured conduction is the
tunneling from the tip to the sample just under the tip, plus the
surface conduction (parallel to the plane) from that point until
the contact to the tantalum wire, and then the conduction
through the contact. The main difference between the macro-
scopic and nanoscopic measurements is that in the macro-
scopic experiments there are two contacts and in the STM
configuration one contact and the tunneling junction. Surface
conduction is therefore present in both scenarios. Special
attention was paid®® to avoid artifacts related to strong tip-
surface interactions during the STS. The surface density of
states (DOS) was calculated from the normalized derivative of
the I-V characteristics,' while the conductance was obtained
from the slope at the origin.

Results and discussion

At negative bias voltage applied to the tip, the normalized
derivative corresponds to the density of empty surface states
(Fig. 2(a)). The sample under study is exposed to water obtained
from a deoxygenized pure water crucible. The pressure of the
chamber rises to 5 x 10~ % mbar during the exposure.

The STS I-V characteristics are performed in an array of 512
x 512 points within the acquired micron-sized STM image. An
average of STS spectra is performed over areas in order to
enhance the signal-to-noise ratio (see Section A in the ESIY).
Fig. 2(b) and (c) present the I-V curves obtained for SQW and
SQD samples respectively and their evolution when increasing
the exposure to water. The tunneling current concerns the
contribution of both: the states of the nanostructure itself and
the surface states.” All the -V measurements show a rectifying
behavior with predominant conduction at negative bias (respect
to the tip), associated with injection of electrons into the empty
states of the sample. For this reason it is represented only the
negative axis of the plot. The water dose is calculated from the
water pressure (5 x 10~% mbar) and the exposure time using the
Langmuir definition, i.e., one monolayer (1 ML) is adsorbed in 1
second at a pressure of 10~ ® mbar, assuming a sticking coeffi-
cient of 1. Several water doses up to 2000 L were tested (Fig. 2).
The conductance of the In,;GaysAs SQD (measured as the
derivative at zero) exhibits a continuous increase with the water
dose, reaching a metallic-like behavior at 2000 L. Normalized

This journal is © The Royal Society of Chemistry 2017
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Fig.2 (a) Scheme of the STM/STS measurements. (b), (c) /-V plots and (d), (e) normalized derivative (density of states) obtained for SQW and SQD

for different water dose (in Langmuir). A negative bias was applied to the tip, consequently the normalized derivative shown in (d) and (e)

correspond to the density of empty surface states.

derivatives' (proportional to the density of surface states) of
SQW and SQD are addressed in Fig. 2(d) and (e) respectively for
the different water dose (see Fig. S-2, in the ESI{). No clear
tendency for the SQW sample is observed. In contrast, the SQD
sample exhibits a reduction of the density of states with water
adsorption. Considering the Fig. 2(e) for 0 L and 500 L two peaks
can be observed, at approximately —600 mV and —1300 mV.
Increasing the water exposure from 1000 L to 2000 L the first
peak almost disappears and the second has a reduction
together with a slight shift to higher voltage values. According to
these results, the contribution of the states of the nanostructure
to the tunneling current is weaker than that coming from the
passivation of surface states. Without water, it is shown already
a tunneling current different to zero, so that, even if there are
unoccupied surfaces states acting as trapping centers, they do
not completely prevent tunneling. However, when increasing
the water coverage we observe a clear increase in the tunneling
current, attributed to the occupation of the surface states and
then the ease flow of carriers. The fact that current is strongly
affected by the environment points to a dominant role of
surface states, since the effect of environment on QD levels
should in principle be much weaker. Besides, this correlates
with the density of states, calculated as the integral of these
plots, has a clear decrease with water dose.

The evolution of the density of states can be observed in
Fig. 3(a) and (b) where we have represented the density of states
for sixteen different spectroscopic images taken in the SQD
(blue squares) and SQW (red circles) samples for each water
dose. The average values are plotted as solid black squares in
the case of SQD and as solid black circles in the case of SQW,

This journal is © The Royal Society of Chemistry 2017

together with the dispersion error bars. Two different states in
the spectra of the density of surface states in the case of SQDs
can be recognized. One of them affected by the water level and
the other unaffected. Under dry conditions, the SQD sample
presents a higher density of empty surface states than the SQW
sample. Upon water exposure, two different behaviors can be
observed for SQD and SQW samples when varying the water
pressure in the chamber. On one hand, the SQW sample shows
a small change of the density of surface states with water
adsorption. On the other hand, the density of surface states of
the SQD sample decays when the water coverage is increased.
These spectroscopic data are sensitive to local variations of
conductivity in a surface partially covered with water, which
explains the high dispersion of the experimental points in some
cases. For example, at 2000 L (see Fig. 3(a)), a dispersion of the
density of states is viewed, showing the partially surface
coverage with water. The higher values corresponds to local
areas where the QDs are clearly resolved (approx. 6 a.u.), and the
lower density of states (approx. 3 a.u.) corresponding to fully
water covered areas, where the QDs are not visible as it can be
observed in Fig. 3(c). In Fig. 3(d) we show a spectroscopic image
obtained from the normalized derivative at each point and
extracting the value of the density of states at —1.5 V. It is clearly
observed how the water covered areas present a decrease in the
density of states, viewed as darker areas in the image. Finally, at
2000 L and furthermore time after closing the water valve
(Section B in the ESIt) the data dispersion is reduced, and we
measure low density of states together with STM images pre-
senting no features at all. This reduction of the dispersion
points out to be an effect of the water diffusion, but also part of

RSC Adv., 2017, 7, 33137-33142 | 33139
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Fig. 3 Variation of the density of unoccupied surface states as a function of the water dose in Langmuir (L) of (a) SQD and (b) SQW sample. Solid
lines are a plotted as a guide to the eye. The guide to the eye of SQD results is plotted also in (b) as a dotted line for comparison. Increasing the
water dose yields to a reduction of the density of surface states in SQD sample, in contrast, they remain nearly constant in the SQW sample. (c)
Topography of the SQD sample. STM image corresponding to an area partially covered with water molecules. (d) Spectroscopic image obtained
simultaneously with (c) and extracted from the normalized derivative at —1.5 V.

it could came from the STM tip, as it produces a shadow effect
to the water adsorption or sweeping out the water from the
scanning region.

A comparison of the macroscopic and nanoscopic response
when exposing the two samples to different water containing
atmospheres is illustrated in Fig. 4. The surface conductivity of
SQW and SQD samples obtained from I-V characteristics
measured between contacts is shown in Fig. 4(a). The values was
recorded at V = —1.5 V as a function of the RH in the envi-
ronment from 0% to 70% in steps of 10% RH. According to
these findings, once more, a high importance of the surface
morphology on the electrical response can be inferred. The
SQW sample does not exhibit any noticeable variation when
increasing the RH in the surrounding. Conversely, the SC of the
SQD sample gradually rises with RH. From 0% to 70% of RH, SC
exhibits an increment of about 85 times compared to dry
conditions. Fig. 4(b) illustrates the local conductivity of the
SQW and SQD samples measured by STS, as a function of the
water coverage in Langmuir (L). Parallel to the macroscopic
result, the SQW sample shows a small variation of the SC with
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Fig. 4 Comparison of the macro and nanoscopic conductivity for

different moist conditions. (a) Variation of the surface conductivity of

SQW and SQD samples measured between contacts at —1.5 V as

a function of the RH in the environment. (b) Variation of the local

conductivity with the water dose as measured by STS.
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increasing the water dose, while the SC of the SQD clearly rises
with water adsorption. This enhancement is particularly
prominent for a water coverage of 500 L.

The higher surface-to-volume ratio of the SQD sample
compared to that of the SQW sample, along with the higher
surface complexity of the former sample lead to a larger density
of surface states and thus, to a higher surface sensitivity.
Increasing the RH in the environment enhances the partial
pressure of water vapor surrounding the sample and thus, the
probability of water adsorption onto the surface.

The adsorption of water molecules onto the surface may alter
the physical properties of the surface. In fact, the impact of such
physisorption process on the optical and electrical properties
has been recently reported, attributing the improvement to the
surface passivation”*>**** or oxidation** and therefore, to the
reduction of the density of active surface states after water
adhesion. Passivation and oxidation are two processes that take
place on the surface and may alter the physical properties of the
surface nanostructures. The former refers to the filling of the
surface states decreasing the density of active centers, thus
making less sensitive the surface to external change and
consequently, improving the physical properties. Although
leading to the same result, the second does not consider the
mentioned surface states but a formation of a thin oxide layer
(apart from the native oxide) that prevents changes arising from
external interactions. The main difference of the two process is
the reversibility: passivation is a reversible process whereas
oxidation is non-reversible.”® In our case, we have already re-
ported that the changes shown in the physical properties (i.e.
photoluminescence at room temperature and surface conduc-
tivity) of the InGaAs nanostructures are reversible, meaning that
after a certain time or vacuum treatment, the sample recovers
the initial as-grown characteristics.”® Therefore, we can assume
as more likely the passivation process to be the main respon-
sible for the surface reactivity of our system. The reactivity

This journal is © The Royal Society of Chemistry 2017
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shown by surface semiconductor nanostructures enables the
selective adsorption of the molecules in the surroundings.”®
Such states stem from different events taking place at the
surface during surface formation, including, among others,
relaxation and reconstruction processes, unsaturated bonds,
crystal discontinuities and imperfections. The characteristics of
these localized states depend not only on the material compo-
sition but also on the crystallographic orientation and surface
dimensionality.**” In 1998, Saito et al. reported the existence of
surface states within the midgap for InAs SQDs by using theo-
retical calculations based on the Keating potential for the strain
calculations.?® Besides, it has been also shown that the nature
and the density of such localized states change with the external
conditions. The position of such surface states within the
bandgap depends on the material itself and on the environ-
ment. So that, surface states can be acceptor- or donor-like and
the net configuration into a system may alternate into more
donor-like or acceptor-like from as-grown to treated sample,
respectively.”®* Indeed, oxidation process has been found to
influence in the nature of the surface states, causing a transition
from donor to acceptor-like states and vice versa.>*

Our local spectroscopic results show that the surface states
in the InGaAs surface nanostructures are observed when
tunneling into the empty states, and as a consequence, we can
infer that such traced states behave as acceptor-like. Besides, no
energy shift in the photoluminescence at room temperature is
observed when changing the environment,* thus indicating no
change in the nature of the localized states from donor- to
acceptor-like.>* Consequently, passivation can be considered as
the main process affecting our nanostructures. Therefore,
assuming passivation and acceptor-like states, one can consider
that, initially, the surface states are empty and in the proximity
to water molecules, they attract such molecules to the surface.
Water molecules, defined as donor molecules,* are finally
adsorbed into the surface, passivating the non-radiative active
centers and improving the optical and electrical properties.
Besides, STS findings reveal that in fact, the density of surface
states depends on the surface morphology since under dry
conditions the density of surface states of a SQD sample is
larger than that of SQW. Furthermore, regarding the nature of
the surface dimensionality, these results also portray a different
evolution tendency of the density of the surface states with the
external conditions. SQD sample exhibit a significant decay of
the density of the surface states when increasing the water
coverage. On the contrary, the density of surface states in the
SQW sample remains nearly unchangeable even at high water
pressure in the chamber. This matches well with the results
obtained for the electrical results. In the case of the SQD
sample, when enhancing the amount of water molecules in the
surrounding the adsorption process turns more likely, passiv-
ating the surface states and therefore reducing the number of
available states as found from the STS measurements, resulting
in an increase of the SC. Moreover, the negligible variation of
the SC in the case of the SQW sample is tightly related to the
unchangeable density of surface states obtained from the local
analysis.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

Conclusions

In conclusion, we conducted a nanoscopic and macroscopic
comparison of the electrical response of an IngsGagsAs SQW
and an Iny 5Gag sAs SQD under different humidity conditions.
The results highlight the importance of the surface morphology
and the variation of the density of surface states for sensing
applications. The SQW sample does not exhibit any noticeable
SC change when increasing the moisture in the atmosphere;
whereas the SC of the SQD sample shows an increase of more
than one order of magnitude when changing the RH from 0% to
70%. The STS analysis shows a perfect correlation with the SC
findings. Considering an increment of the water pressure in the
chamber above 500 L, a negligible variation of the density of
surface states was found in the case of SQW sample compared
to that shown by the SQD sample. Assuming acceptor-like
states, the density of surface states of SQD gradually decays
when enhancing the water coverage pointing to the adsorption
of water molecules as the main drive force for the passivation
process and thus, for such exceptional properties. These results
clearly demonstrate the effect of the surface states on the
sensitivity of the sample to environmental changes and the
great suitability of InysGaysAs SQD nanostructures for the
development of humidity sensor devices.
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