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In order to better understand dopant incorporation in quantum dot infrared photodetectors, the
application of cross-sectional scanning capacitance microscopy �SCM� has been used to investigate
carrier occupation/distribution in a multilayer InAs /GaAs quantum dot �QD� heterostructure for
different doping techniques. The doping schemes in the QD structure include direct doping �in InAs
QD layers� and remote doping �in GaAs barrier layers�, each with different doping concentrations.
The SCM image suggests that large band bending occurs due to highly doped, remote-doping layers,
thereby causing electron redistribution in direct-doping layers. The experimental result is supported
by a band structure calculation using the Schrödinger–Poisson method by NEXTNANO3. © 2008
American Institute of Physics. �DOI: 10.1063/1.2889938�

In order to decrease dark current density and to improve
spectral response tunability of InAs /GaAs quantum dot in-
frared photodetectors �QDIPs� at higher operation tempera-
ture, it is critical to understand how dopants are incorporated
into and transport in quantum dot �QD� active regions. In
our previous studies, polarization-dependent Fourier trans-
form infrared �FTIR� spectroscopy, temperature-dependent
dark current measurements,1–3 and capacitance-voltage
spectroscopy4 have been used to study Si dopant incorpora-
tion in InAs /GaAs QDIPs. However, the information ob-
tained from these studies is based on macroscopic electrical
and optical characterization techniques. Microscopic, spatial
information on dopant incorporation in QDs is still lacking.
Scanning capacitance microscopy �SCM� has been used as a
promising tool for high-resolution, two-dimensional dopant
distribution mapping in a variety semiconductor structures,
especially Si-based5,6 devices due to the low defect density
of the silicon oxide layer. Recently, the SCM technique
has been used for doping studies in III-V compound
semiconductor7,8 devices, as well. This application has been
more challenging due to the relatively high defect density in
III-V semiconductor oxide layers. However, a thin native ox-
ide layer formed in ambient condition has been reported for
a SCM scan on a GaAs /AlGaAs laser mesa buried in GaInP
by regrowth.9 While some works have been conducted to
study planar QDs using SCM in both vacuum10 and
ambient11 conditions, the SCM technique has not been used
in a cross-sectional study of doping in QD structures. The
current work is unique in the sense that �i� cross-sectional
SCM mapping of dopant distribution in a multilayer QD
sample provides a spatial representation of dopant incorpo-
ration relevant to QDIP operation and �ii� the heterostructure
of the multilayer InAs /GaAs QD sample is designed to en-
able a comparison between direct doping in InAs QD layers
and remote doping in GaAs barrier layers featuring different

doping concentrations. This application of cross-sectional
SCM to evaluate doping in a QD heterostructure demon-
strates a technique to enable better understanding of the dop-
ing effect on carrier occupation and transport in QDIPs.

A multilayer InAs /GaAs QD heterostructure was de-
signed and grown on a semi-insulating �100� GaAs substrate
by solid source molecular beam epitaxy �MBE� using a Riber
2300 system and standard growth techniques.12 First, an un-
doped 50 nm Al0.5Ga0.5As marker layer was grown between
two undoped 120 nm GaAs buffer layers to provide a refer-
ence for selective etching. Next, six single InAs QD layers
with different doping schemes and doping concentrations
were grown. Each single QD layer was separated by a
120 nm GaAs barrier layer. The bottom three dot layers were
directly doped in the InAs QDs, while the top three dot lay-
ers were remotely doped over 4 nm thickness in the GaAs
barrier 2 nm above the InAs QD layer. With the exception of
the remotely doped GaAs spacer layers, all other GaAs lay-
ers in the heterostructure were undoped, with unintentional
p-type doping levels on the order of 1014 / cm3.13 The doping
concentrations for both the direct- and remote-doping QDs
were selected such that the nominal QD carrier occupations
in the three dot layers were 12, 6, and 2 electrons/dot, re-
spectively, from bottom to top. Therefore, the corresponding
doping concentrations were calculated by considering the
QD surface density, measured to be �1011 dots /cm2 by
atomic force microscopy �AFM�. For the direct-doping lay-
ers, the doping concentrations in the 2.2 ML �or �6.6 Å�
InAs QDs were 2.04�1019 /cm3 �12 electrons/dot�, 1.02
�1019 /cm3 �6 electrons/dot�, and 3.4�1018 /cm3 �2
electrons/dot�. For the remote-doping layers, the doping con-
centrations in the 4 nm GaAs spacer layers were 3
�1018 /cm3 �12 electrons/dot�, 1.5�1018 /cm3 �6 electrons/
dot�, and 5�1017 /cm3 �2 electrons/dot�. Finally, a thick
�1 �m� GaAs cap layer was grown on top of the structure to
protect the QD layers from damage during the cleaving pro-
cess. A schematic diagram of the heterostructure for the bot-
tom six QD layers is shown in Fig. 1.
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After MBE growth, the sample was cleaved and etched
for 15 s using 1:40 �volume� hydroxylamine �30 wt % � and
hydrogen peroxide �35 wt % �.14 The etching rate for InAs
QD layers �less than 1 nm /s� is lower than the etching rate
for GaAs barrier layers �about 2 nm /s�. Therefore, the InAs
QD layers are higher than the GaAs barrier layers on the
etched heterostructure cross section. An Ohmic contact was
formed between the etched cross-section sample and a gold
plated Si substrate using a melted indium dot at 300 °C. A
Veeco NanoScope V scanning probe microscope was used to
conduct both cross-sectional AFM and SCM imaging in this
experiment. The cross-sectional AFM was used for a refer-
ence comparison to the SCM-generated image. Figure 2�a�
shows a tapping mode AFM image �2�2 �m2� of the etched
cross-sectional surface of the QD heterostructure, and Fig.
2�b� shows the cross-sectional height profile along the
dashed line shown in the AFM image. The contrast in the
cross-sectional AFM image results from the different etching
rates between InAs and GaAs, with the bright areas corre-
sponding to InAs and the dark areas corresponding to GaAs.
The InAs QD layers and the 120 nm GaAs barrier layers are

observed clearly from the AFM image. However, it is impor-
tant to note that the bottom GaAs buffer layer appears to
have a different etching rate compared to the subsequent
GaAs barrier layers. This difference in contrast could be due
to the presence of the Al0.5Ga0.5As marker layer, which could
have some impact on the etching rate of the GaAs buffer
layers.

The cross-sectional SCM measurements were carried out
on the same sample surface area, using native oxide on the
sample surface as a thin insulator layer.9 Fig. 3�a� shows the
cross-sectional SCM image �0.8�1.75 �m2�, which was ob-
tained by raster scanning the tip from the left to right, in the
growth direction, beginning at the bottom of the image
shown. Doped-diamond-coated n-type Si cantilevers with
25 nm radius of curvature and a spring constant of 3 N /m
under contact mode scanning were used in the SCM mea-
surement. The measurements were performed under dark
conditions in the dC /dV mode with a 2 V dc bias voltage
and a 0.15 V ac modulation voltage with 45 kHz modulation
frequency. It is important to note that the magnitude of the
SCM signal measured in dC /dV mode should be inversely
proportional to the free carrier concentration in the region,
i.e., bright regions correspond to low-doped areas and dark
regions correspond to high-doped areas.6 However, depend-
ing on the sample surface and scanning conditions, a phe-
nomenon known as contrast reversal can occur. This SCM
artifact will be discussed in more detail later with respect to
Fig. 3.

The QD layers in Fig. 3�a� have been identified by com-
parison to the cross-sectional AFM image of Fig. 2 and are
indicated by arrows. Figure 3�b� shows the SCM signal
cross-sectional profile along the dashed line in Fig. 3�a� and
QD layers are also identified by arrows. It is important to
bear in mind that in the case of remote doping, electrons in
the GaAs spacer layer transfer to the nearest InAs QD layer
since the InAs QDs provide the lowest available energy
states. As a result, for both direct-doping and remote-doping

FIG. 1. Schematic diagram of InAs /GaAs QD heterostructure grown by
MBE for cross-sectional SCM measurement. The numbers in the circles on
the left of the figure show the doping concentration �measured by number of
electrons provided for each dot� of each individual layer.

FIG. 2. �a� Cross-sectional AFM image �2�2 �m2� of etched QD hetero-
structure for comparison to measured SCM profile and �b� corresponding
cross-sectional height profile of the InAs and GaAs layers along the dashed
line shown in �a�.

FIG. 3. �a� Cross-sectional SCM image �0.8�1.75 �m2� of etched QD
heterostructure. �b� SCM signal profile along the dashed line in �a�. �c�
Calculated bandstructure obtained from 3D effective-mass Schrödinger–
Poisson method using the NEXTNANO3 semiconductor nanostructure simula-
tion package developed by Walter Schottky Institute. The numbers under the
band structure show the doping concentration �measured by number of elec-
trons provided for each dot� of each individual layer.
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cases, the QD layers have higher free electron concentration
than the surrounding GaAs barrier layers. Therefore, Figs. 2
and 3 clearly demonstrate that the bright SCM regions cor-
respond to QD layer positions, where high doping is ex-
pected, and the dark SCM regions correspond to GaAs bar-
rier positions, where low doping is expected. This result is
contrary to the behavior expected from SCM measurements
in the dC /dV mode and can be explained by contrast rever-
sal, where the magnitude of the SCM signal is proportional
to the free electron concentration in the corresponding
region.

There are two primary effects leading to contrast rever-
sal in dC /dV SCM images, namely, surface defects and dop-
ing concentration. Both of these effects can combine to flat-
ten the measured C-V curve in low-doped regions only so
severely that the measured curve becomes inverted, resulting
in contrast reversal.15–17 While this artifact is undesirable, it
is not always possible to choose measuring conditions, espe-
cially the dc voltage, to avoid the contrast reversal effect.15

Surface defects resulting from surface roughness and low-
quality surface oxides strongly indicate the occurrence of
contrast reversal in SCM measurements.16 Compared to con-
ventional Si oxides, such surface defects are much more
likely to occur in the native GaAs oxide used in this experi-
ment due to the height variation of the sample cross section
resulting from the selective etching, and due to the high sur-
face state density of semiconductor-oxide interface trapping
charges in the GaAs oxide. The doping concentration
below which contrast reversal occurs in low-doped regions
is 1017 /cm3.15 This turning point is consistent with the
sample heterostructure in which the undoped GaAs barrier
layers have extremely low free carrier concentrations
��1014 /cm3�13 and the InAs QD layers have doping concen-
trations �5�1017 /cm3.

Therefore, the SCM image demonstrates contrast rever-
sal and shows the strongest signal for QD layer 4 �12
electrons/dot, remote doping�, followed by QD layers 3
�2 electrons/dot, direct doping� and 5 �6 electrons/dot, re-
mote doping�. The same features are observed consistently in
several scans at different locations. However, the strong
SCM signal which appears at the position of QD layer 3
conflicts with the lower doping concentration of 2 electrons/
dot. This contradiction suggests electron redistribution may
exist in this structure. In order to verify electron redistribu-
tion in the sample, the band structure was calculated from the
three-dimensional �3D� effective-mass Schrödinger–Poisson
method using the NEXTNANO3 semiconductor nanostructure
simulation package,18 as shown in Fig. 3�c�. The structural
and doping information used in the calculation are based on
the parameters of the actual sample. In the calculation, the
InAs QD has a dome shape, a height of 6 nm, and a base
diameter of 25 nm. The doping position was also specified
according to the actual doping position, either direct doping
in the QD layer or remote doping in the GaAs barrier for
corresponding QD layers. The doping concentration was de-
termined in such a way that the QD in each layer can have 2,
6, or 12 electrons, respectively, according to the actual
sample configuration. The simulated band structure shows
that a large band bending occurs at the remote-doping posi-
tion with the highest doping density. A significant band bend-

ing �210 meV� originates from QD layer 4, thereby pulling
down the conductive band edge of nearby QD layers �layers
3 and 5�. As a result, the electrons in this multilayer QD
heterostructure are relocated at the QD layers with lower
conduction band energy. Therefore, the electrons originally
provided by the higher doping concentration in the direct-
doping layer �12 electrons in the QD layer 1 and 6 electrons
in the QD layer 2� are relocated at QD layer 3, with the
lowest conduction band energy. This interpretation is consis-
tent with the SCM image, which shows strongest signal and
highest electron concentration in QD layer 3.

Thus, the SCM image and the corresponding band struc-
ture calculation lead to a better understanding of doping in
QD structures. Namely, electrons provided by direct doping
in QDs can be relocated easily due to band structure changes,
and such transport may be one of the sources of dark current
in QDIPs. Therefore, the cross-sectional SCM technique
could be very important in optimizing the doping techniques
used during MBE growth of QDIPs in order to enhance de-
vice performance.
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