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We measured the quantum-confined conduction band minimum �CBM� energy in the wetting layer �WL�
around and behind cleaved self-assembled In0.4Ga0.6As quantum dots �QDs� using cross-sectional ballistic
electron emission microscopy �XBEEM� at room temperature. With the probe tip positioned over a QD, the
dependence of the measured CBM energy on the reverse bias confirmed that XBEEM measured the CBM
energy in the wetting layer at the backside of the QD and not in the QD itself. Measurements indicated that the
CBM of the quantum-confined wetting layer is approximately 90 meV below the GaAs CBM, and that this
conduction band offset is not substantially affected by pinning effects at the metal/semiconductor interface. The
amplitude of the BEEM current entering a WL was also observed to decrease once the deposited thickness of
an In0.4Ga0.6As or InAs layer exceeded a certain threshold, consistent with a reduction in the WL thickness
after large-scale QD formation takes place.
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I. INTRODUCTION

Quantum dots �QDs� are under active investigation for
applications ranging from laser diodes to single-photon
sources1–4 and have also been proposed as good candidates
for nanodevices especially in the developing field of the
quantum information processing.5–7 Quantum dots also pro-
vide an excellent system to study the fundamental physical
properties of systems exhibiting carrier confinement in zero
dimensions.8 For QDs formed during strained-layer growth
via the Stranski-Krastanow growth mode, a two-dimensional
�2D� “wetting layer” �WL� initially forms, and subsequently
evolves into three-dimensional islands, producing the quan-
tum dots.9 However, an extended WL remains after the QDs
have formed that should behave as a laterally inhomoge-
neous 2D quantum well �QW� and should affect the elec-
tronic properties of the embedded QDs. Since optical spec-
troscopy measurements have confirmed that the WL indeed
affects the electronic properties of the self-assembled
QDs,10–13 it is important to characterize the electronic prop-
erties of the �inhomogeneous� WL itself with high spatial
resolution.

In this paper we report the electronic measurements of the
position-dependent conduction band minimum �CBM� en-
ergy of the WL �both at the metal/WL interface and at the
QD/WL interface at the back side of cleaved In0.4Ga0.6As
QDs� and the CBM of the surrounding metal/GaAs host in-
terface, using cross-sectional ballistic electron emission mi-
croscopy �XBEEM� on a Schottky contact made to a cleaved
QD sample. By applying a reverse bias to the Schottky con-
tact and measuring the resulting effect on the measured local
Schottky barrier height �SBH�, we can distinguish the depth
at which the “high point” occurs in the CB profile beneath

the probe tip, and we find that when the probe tip is located
over a cleaved QD this high point occurs at the backside of
the In0.4Ga0.6As QD. A comparison of these measurements
indicates that conduction band offset between the GaAs host
and the quantum-confined wetting layer is �90 meV, and
that this offset is not substantially modified by Fermi-level
pinning effects at the metal/semiconductor interface. We also
observed that an applied reverse bias strongly increases
transmission through most of the measured QDs but does not
substantially affect hot-electron transmission through the sur-
rounding metal/GaAs interface.

II. EXPERIMENT

The sample analyzed was grown by metal-organic vapor
phase epitaxy and consisted of a sequence of three
In0.4Ga0.6As QD layers and four InAs QD layers as indicated
in Table I. The details of QD growth have been reported
previously.13,14 For this specific structure each QD layer was
embedded in GaAs by growing a 50-nm-thick layer �doped
at 5�1016 /cm3 n type� on each side of the QD layer. The
capping layer eliminates the strain field of the underlying
QDs, limiting their impact on subsequent QD layers.15 Adja-
cent QD/GaAs structures were separated by marker layer of
Al0.3Ga0.7As �1�1017 /cm3 n-type doping� of thickness vary-
ing from 80 nm �closest to the GaAs substrate� to 30 nm
�closest to the top capping layer�. The variable Al0.3Ga0.7As
thickness allows us to unambiguously identify each QD layer
in the BEEM images. This sequence of layers was grown on
a 500 nm GaAs buffer layer �2�1015 /cm3 n type� grown on
a GaAs substrate �2�1017 /cm3 n type� and was capped with
a 1500 nm top GaAs layer �5�1016 /cm3 n type�.
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In order to make the XBEEM measurements, the sample
was prepared in a similar way as previously described for
XBEEM measurements of AlGaAs/GaAs quantum well
samples.16 It was cleaved ex situ and quickly inserted into a
deposition chamber and pumped to 2�10−7 torr, and a
7-nm-thick Au film was thermally evaporated through a
shadow mask to form 300 �m diameter Schottky barrier
contacts. Figure 1 shows a side view schematic of the result-
ing sample. The sample was then introduced in a modified
UHV Omicron variable temperature scanning tunneling mi-
croscope �STM�. Room-temperature BEEM was used to lo-
cate and image the subsurface QDs and the adjacent layers in
a manner similar to that discussed in Ref. 16.

In BEEM, the hot electrons are injected into the Au metal
film using the STM tip which is held at bias −VT �tip voltage�
with respect to the metal film. If the Au film is sufficiently
thin, the injected hot electrons having energies equal or
larger than local Schottky barrier height can reach and sur-
mount the barrier in order to enter the conduction band of the
semiconductor. These electrons are collected as a BEEM col-
lector current IC. By positioning the tip at a certain location
and measuring a BEEM IC-VT curve �also known as a BEEM
spectrum� the local SBH can be determined as �SB=eVTH,
where VTH is the BEEM threshold voltage for observing IC,
and e is the elementary charge. The Bell-Kaiser �BK�
model17 with a one threshold fit for the BEEM IC-VT curves
was used to determine VTH.

III. RESULTS AND DISCUSSION

Figure 2�a� shows a 1 �m�1 �m area BEEM image of

the metal/cleaved QD interface, showing all seven QD lay-
ers, with the GaAs substrate to the left and the GaAs capping
layer to the right. The GaAs and InGaAs/InAs QD layers
have lower local SBH than the AlGaAs layers and so show
up as bright regions in BEEM images. Starting from this
large area image we can identify and zoom-in on a particular
QD layer when acquiring subsequent images. All the detailed
QD data in the rest of this paper were measured over QD
layer No. 2 from Table I, corresponding to the second bright
layer from the left in Fig. 2.

In order to locate particular QDs, we measured a closeup
BEEM image of the metal/cleaved QD interface, as shown in
Figs. 3�b� and 3�c�. The tip was held at VT=1.15 V when it
was scanned from left-to-right �LtoR� for Figs. 3�a� and 3�b�
but was held at VT=0.80 V when it was scanned from right-
to-left �RtoL� for Fig. 3�c�. All images were recorded with a
tunnel current IT=20 nA. For Fig. 3�b�, the tip voltage VT
=1.15 V is larger than the SBH for all parts of this sample
so BEEM current is observed everywhere. However, en-
hanced current is seen over regions with lower SBH, allow-

TABLE I. Deposition thicknesses of the QD layers. Layer num-
bering starts from the buffer layer toward the cap layer.

Layer No. Material
Thickness

�nm�

1 In0.4Ga0.6As 1.56

2 In0.4Ga0.6As 2.04

3 In0.4Ga0.6As 3.00

4 InAs 0.297

5 InAs 0.656

6 InAs 0.595

7 InAs 0.543

GaAs QW Wetting layer

Au

Al0.3Ga0.7As Al0.3Ga0.7As

In0.4Ga0.6As QD

GaAs QW Wetting layer

Au

Al0.3Ga0.7As Al0.3Ga0.7As

In0.4Ga0.6As QD

FIG. 1. Schematic diagram �not to scale� of one cleaved
QW/QD layer surrounded by AlGaAs layers.
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FIG. 2. �Color online� BEEM image of the seven GaAs QD
layers listed in Table I, recorded with tunnel current IT=20 nA and
tip voltage VT=1.1 V. Layer No. 1 in Table I corresponds to the
leftmost layer observed in the image. The brightest, intermediate,
and dimmest parts of each layer correspond to the InGaAs �or
InAs�, GaAs, and AlGaAs regions, respectively.
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FIG. 3. �Color online� �a� LtoR STM image of the Au top film
and �b� simultaneous BEEM image measured with VT=1.15 V of a
portion of QD layer Nos. 1 and 2, and �c� interleaved right-to-left
�RtoL� BEEM image of the same region measured with VT

=0.80 V.
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ing us to easily distinguish the AlGaAs layers �the darkest
regions with the smallest BEEM current�, the GaAs layers
�intermediate current�, and the InGaAs QD layer �brightest�.

In order to more clearly image the cleaved wetting layer
and the InGaAs/InAs QDs, the tip voltage was reduced to
VT=0.8 V in the RtoL BEEM image, as shown in Fig. 3�c�.
In this case the injected hot electrons were able to surmount
the Au/InGaAs SB, but not the SB of Au/GaAs or Au/
AlGaAs, which have SBHs of �0.90 eV and �1.085 eV,16

respectively. This allows us to clearly distinguish individual
InGaAs QDs from the surrounding InGaAs wetting layer.
After we have identified regions with enhanced BEEM cur-
rent, we then positioned the tip at specific locations, and
measured a set of ten successive BEEM IC-VT curves, which
were averaged together �to improve signal-to-noise ratio� and
were fit to determine the local SBH. Figure 4 shows typical
BEEM spectra measured in layer No. 2 over �from left to
right� a QD, the surrounding WL and GaAs regions of the
sample, respectively, showing progressively higher SBHs of
0.787 eV, 0.818 eV, and 0.911 eV, respectively.

Figure 5 shows a larger area BEEM image of a different
part of this same In0.4Ga0.6As QD layer, indicating measured
local SBHs at different locations along the QD layer. It can
be observed in Fig. 5 that regions with enhanced BEEM
current tend to have lower SBHs than regions with lower
BEEM current. We attribute regions with the lowest SBH to
be QDs and other regions along the QD layer to be the re-
maining WL. We later describe a procedure that uses BEEM
to determine the physical depth of particular QDs.

It is important to understand that the measured SBH rep-
resents the highest energy point in the conduction band pro-
file between the metal interface and the semiconductor bulk,
and is in general located at some depth below the physical
metal/semiconductor interface. For a uniform metal/
semiconductor Schottky contact, this nonzero depth is due to
the well-known effect of “image force lowering” �IFL�,18

which causes the high point in the CB profile to be located at
a certain depth that is less than 2 nm for typical metal/GaAs
Schottky barriers. IFL also causes this high-point energy to

be lower than the “intrinsic” SBH by an amount ��IF
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is the depletion electric field near the metal/semiconductor
interface, ND is the doping concentration, �SB is the intrinsic
Schottky barrier height, NC is the effective density of states
in conduction band, VR is the applied reverse bias, and �s is
the semiconductor permittivity.18 For a uniform Au/GaAs in-
terface with �SB	0.90 eV and ND	5�1016 /cm3 substrate
doping, we expect ��IF	35 meV for VR=0 V, with an
additional lowering of ����IF�	8 meV if VR is increased to
1 V. The IFL effect due to the applied bias is illustrated in
Fig. 6�c�.

However, if the substrate has structure below the metal
interface �due, for example, to a buried p-n junction19 or
epitaxial layers20� then the high point in the CB profile can
be substantially deeper. This is illustrated in Fig. 6, which
assumes that an interface to a different material with a higher
CB �by an amount �CB� that exists at a physical depth d
below the metal interface. Figure 6 shows two possible situ-
ations. Case A 
Fig. 6�a�� assumes that d is sufficiently large
and/or �CB is sufficiently small that the high point in the CB
still occurs close to the metal interface. In contrast, Case B

Fig. 6�b�� assumes that the high point is located at the physi-
cal depth d with a peak barrier height �back when VR=0 V,
which is equal to the energy of the CBM of the WL at that
depth. These two situations will behave differently under an
applied reverse bias. In Case A, an applied reverse bias will
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FIG. 4. �Color online� Typical BEEM spectra measured in layer
No. 2 with a tunneling current of 20 nA over �from left to right� a
QD, the surrounding WL and GaAs with SBHs of 0.787 eV, 0.818
eV, and 0.911 eV respectively.
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FIG. 5. �Color online� BEEM image of part of layer No. 2,
showing locations of local BEEM IC-VT measurements and deter-
mined local SBHs.
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produce only a small additional barrier lowering as discussed
above for the case of a uniform Schottky contact. In Case B
however, there should be a larger lowering with applied re-
verse bias 
see Fig. 6�c��, by an amount,

��back 	 d�E , �2�

where �E is the change in the depletion field in the vicinity
of the QD.

In this experiment, we first determined whether the SBH
measured over specific cleaved QDs falls into Case A or
Case B �i.e., whether the high point of the CB profile is at the
metal interface or at the backside of the QD� by measuring
the change in SBH due to an applied reverse bias. In those
cases where we determine that the high point is at the back
side of the QD, we then use the measured lowering to esti-
mate the physical depth of a cleaved QD using Eq. �2�.

The experiment was conducted as follows: �i� we identi-
fied the locations of candidate QDs from RtoL images such
as Fig. 3�c�, �ii� we positioned the STM tip over QDs and
measured BEEM IC-VT curves with VR=0 V and VR=1 V,
�iii� for comparison, we made the same measurements at

specific locations in the surrounding GaAs QW region, away
from the InGaAs wetting layer. A “set” of ten I-V’s was
measured at a particular location, averaged together to re-
duce noise, and fit with the BK model to determine the local
SBH. The fitting range used to extract the SBH was from 0.5
to 1.05 eV for the data taken away from the QDs. We se-
lected this fitting range in order to avoid the second threshold
of �1.2 eV corresponding to the L point of the GaAs con-
duction band.17 The fitting range used to extract the SBH was
from 0.5 to 0.9 eV for the data taken over the QDs. The
arrows in Fig. 7 show three QD locations where BEEM spec-
tra were measured. Figure 8�a� shows typical measured
BEEM IC-VT curves away from the QDs over a GaAs region
for VR=0 V �blue data points� and VR=1 V �red data
points� while Fig. 8�b� shows corresponding curves mea-
sured over QD No. 1 in Fig. 7. When the tip is over the GaAs
the applied reverse bias caused less than a 5 meV change in
threshold voltage and almost no change in BEEM current
amplitude when VR was increased from 0 to 1 V. In contrast,
when the tip is over a QD 
Fig. 8�b��, we observe a signifi-
cant reduction �50 meV in threshold voltage and a marked
increase in amplitude. Away from the QDs, the average value
of the SBH at VR	0 V bias was 0.913	0.002 eV while
the average value of the SBH at VR	1 V at the same loca-
tions was 0.911	0.004 eV. These values were based on a
total of 150 IC-VT curves taken at five different locations,
first measured at VR=0 V and then repeated at 1 V, with all
stated uncertainties determined from statistical fluctuations
of repeated measurements at the same tip location. These
measurements indicate that away from the QDs the SBH at 1
V is lower by only �2	4 meV as compared to the SBH at
0 V, roughly consistent with that expected from image force
lowering.

Over the three separate QDs indicated in Fig. 7, the mea-
sured SBHs for VR=0 V were 0.778 eV, 0.807 eV, and 0.798
eV, respectively, with a typical statistical uncertainty of 4
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FIG. 6. �Color online� �a� Energy-level diagram with the high
point of the SBH at the front side of the quantum dot. �b� Energy-
level diagram with the high point of the SBH at the back side of the
quantum dot. The energy-level diagram does not include image
force lowering at the metal/semiconductor interface. �c� Closeup
view illustrating the IFL effect at the front side of the QD and
�
back at the back side of the QD due to a reverse bias.
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FIG. 7. �Color online� Interleaved RtoL BEEM image of a por-
tion of QD layer No. 2 measured with VT=0.80 V. The marks show
the positions where BEEM spectra were measured.
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meV while the measured SBHs at the same locations for
VR=1 V were 0.739 eV, 0.776 eV, and 0.750 eV, respec-
tively, with a typical uncertainty of 14 meV. All three dots
had significantly reduced SBHs when VR was increased to 1
V, with the reduction ranging from �30 to 50 meV.

These measurements indicate that all three QDs fall under
Case B as defined above, with the high point in the CB
profile occurring at the back side of the QD. This has several
consequences on our interpretation of the data. First, it indi-
cates that when the tip is over a QD, the measured SBH
represents the CBM energy of the wetting layer immediately
behind the QD and not to the CBM of the QD itself. Hence,
the relatively low SBHs of 0.78–0.80 eV measured over the
QDs are larger than the actual CB energy in the dots. Sec-
ond, it indicates that we should be able to use Eq. �2� above
to estimate d, which is the physical depth of the dots. Using
Eq. �2�, dots No. 1, 2, and 3 in Fig. 3�c� were found to have
physical depths of �6 nm, �6 nm, and �9 nm, respec-
tively. Based on transmission electron microscope �TEM�
images such as shown in Fig. 9, we know that the typical
width of the QDs in layer No. 2 during growth is about 10
nm, and so the expected depth of a cleaved QD �in the di-
rection perpendicular to the cleaved surface� should be in the
range of 0–10 nm. We see that the measured physical depths
of the cleaved QDs are consistent with the expected value.

In addition to the significant reduction in SBH with a 1 V
reverse bias when the tip was over a QD, we again note that
the BEEM current amplitude was also substantially enhanced
over the QD while the reverse bias had little effect on either
the BEEM current amplitude or SBH when the tip was over
the GaAs region away from the QDs. While we do not yet

have a detailed model to explain why the BEEM current
should be so strongly enhanced by the applied reverse bias
when the tip is over a QD, we do note that a reverse bias will
lower the conduction band in the semiconductor and hence
make available extra states for inelastic scattering of injected
hot electrons. When the tip is away from the QDs, the high
point in the conduction band profile is located very close to
the metal interface �as discussed above� so almost all of these
extra states will be located deeper in the GaAs than this high
point. In this case the extra states would not significantly
increase the probability of collecting the injected hot elec-
trons since almost all electrons that travel beyond the high
point would have been swept into the substrate by the deple-
tion field and collected anyway. However, when the tip is
located over a QD, the high point is located substantially
deeper into the substrate ��6–9 nm by the above esti-
mates�, so the extra states resulting from the applied bias
would enhance inelastic scattering of electrons to the bottom
of the QD conduction band, where they could be held in
metastable QD states and “leak” into the WL and be col-
lected as enhanced BEEM current. Quantitative modeling is
still needed to evaluate this proposed enhancement mecha-
nism.

An important finding of our measurements is the determi-
nation of the conduction band minimum energy offset be-
tween the GaAs and the wetting layer. The measured CBM
energy when the tip was located over the wetting layer but
beside the locations of the QDs �see Fig. 5�, was
CBMbeside	0.822	0.012 eV �these estimates were based
on a total of 300 IC-VT curves taken at 30 different WL
locations� while the measured CBM with the tip over the
GaAs region away from the wetting layer is
0.913	0.002 eV. Therefore, the conduction band minimum
energy offset between the GaAs and the wetting layer is
approximately 90 meV. We note that since the WL is an
electron quantum well, then this measured CB offset in-
cludes the quantum confinement energy of electrons in the
WL quantum well.16

We also note that if Fermi-level pinning at the Au/WL
interface is different from the pinning at the Au/GaAs inter-
face, it is possible that this measured CB offset could be
shifted slightly from the true value.21 To confirm that such a
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FIG. 8. �Color online� �a� Averaged BEEM spectra over GaAs regions away from the QDs at 0 V bias �square� and 1 V reverse bias
�circle�. �b� Averaged BEEM spectra taken over InGaAs No. 1 at 0 V bias �square� and 1 V reverse bias �circle�.

FIG. 9. Transmission electron microscope image of cleaved QD
layer No. 2.
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shift is significant, we also estimated this CB offset using a
different procedure that should be almost independent of any
differences in the Fermi-level pinning at the Au/WL and Au/
GaAs interfaces. As described above, when the tip was lo-
cated over several QDs, we actually measured the CBM of
the wetting layer at the back side of these QDs and also the
approximate depths where these measured “high points” of
the CBM profiles were determined. Since we also know the
approximate electric field close to the metal interface 
from
Eq. �1��, we can extrapolate to estimate what the CBM of the
wetting layer at the metal interface would have been if the
QDs had not been present, using the expression: CBMextrap
	CBMback+ �qEd�d−�
IF. Using this procedure, the ex-
trapolated CMB for the three QDs discussed above were
found to be 0.817, 0.829, and 0.840 eV. We see that these
values are close the average value CBMbeside	0.82 eV
measured when the tip was over the WL.

The correspondence between CBMextrap and CBMbeside is
significant because CBMextrap was based on measured CBMs
where the high point of the CB profile was at a depth of
�6–9 nm from the metal interface while CBMbeside was
based on measured CBMs where the high point of the CB
profile was very close to the metal interface. Since these
measured depths �6–9 nm� are significantly larger than the
typical 1 nm width of the WL, then the CBM energy at this
depth should be only weakly dependent on the narrow �1
nm� strip of interface states along the metal/WL interface.
The physics behind this is essentially the Tung effect22 for a
strip of different barrier height. In particular, using Eq. �8�
from Ref. 22, which assumes an infinite strip of width W
with a difference in barrier height of �� compared to the rest
of the interface, the change in potential energy at a depth z
directly below the center of the strip is given by

�PE 	
2��

�
tan−1�W/2

z
� . �3�

Assuming a wetting layer width of W	1 nm 
estimated
from the TEM images taken on this sample� and a depth of
�6–9 nm below the metal/WL interface, then the shift in
potential at this depth due to the strip of interface states
would only be ��2 /��tan−1�1 /14�, or at most 5% relative to
the shift right at the metal/WL interface. Since CBMextrap
and CBMbeside are found to be comparable to each other, we
can concluded that any difference in interface pinning be-
tween the Au/WL and Au/GaAs interfaces does not produce
a significant shift in the measured 90 meV CBM offset as
compared to the true CBM offset.

As mentioned in the introduction, the QD/wetting layer/
GaAs systems have been heavily investigated using optical
spectroscopy techniques including photoluminescence �PL�.
For example, Schmidt et al.23 reported an average difference
of �80 meV between the GaAs band-edge transitions and
those involving the InAs wetting layer for an InAs QD sys-
tem at room temperature, and Leon and Fafard24 reported a
difference of �130 meV at 77 K for an In0.6Ga0.4As QD
system. While these offset voltages are similar to the
�90 meV average offset measured here by BEEM, it is dif-
ficult to directly compare these results, both because the

exact composition and QD density and structure may vary
for different samples, and because PL and BEEM probe dif-
ferent processes. In particular, PL measures optical transi-
tions involving both CB electrons and valence-band �VB�
holes, both of which might have different energies between
the GaAs and the WL. These optical transitions could also
include mixed transitions, for example, between the CB of
the WL and the VB of the GaAs. In contrast, BEEM only
probes the conduction band, and so can more directly mea-
sure the CB offset between GaAs and the WL. BEEM also
has �10–20 nm spatial resolution while PL and most opti-
cal techniques usually average over a much larger area.

Finally, we note that in Fig. 2 the third QD layer �counting
from the left-hand side of Fig. 2� has smaller BEEM current
amplitude than either the first or second QD layer, even
though it has a significantly thicker layer of deposited
In0.4Ga0.6As �3.00 nm for layer No. 3 vs 2.04 nm for layer
No. 2 and 1.56 nm for layer No. 1�. We also note analogous
behavior for the pure InAs layer No. 5 which has smaller
BEEM amplitude than layer Nos. 6 and 7 even though it has
a thicker layer of deposited InAs �0.656 nm for layer No. 5
vs 0.596 nm for layer No. 6 and 0.546 nm for layer No. 7�.
At first glance this is puzzling since we would naively expect
that a layer with more deposited In would be physically
thicker and/or have a lower SBH and so would have larger
BEEM current amplitude.

However, it is known that beyond a deposited layer thick-
ness rapid QD growth depletes In from the WL at a faster
rate than it is deposited such that the In content of the WL
actually decreases.13 This would result in a reduced physical
thickness and/or reduced concentration in the WL, both of
which would suppress the BEEM current amplitude. A re-
duced WL thickness would reduce the cross-sectional area
for hot electrons to enter the WL from the Au film and so
would reduce BEEM current.25 A reduction in BEEM current
would also result from an increased SBH, due either to an
increased CBM in the InGaAs WL �if the In concentration is
reduced� or by increased quantum confinement �if the WL
thickness is reduced�. Hence the observed reduction in
BEEM current in layer No. 3 �compared to layer Nos. 1 and
2� and in layer No. 5 �compared to layer Nos. 6 and 7� can be
explained in a natural way by a reduction in In content in the
WL due to large-scale QD growth. This directly shows that
the WL becomes “electrically thinner” following large-scale
QD growth.

IV. CONCLUSIONS

In summary, we measured the conduction band minimum
energy in the wetting layer around and at the physical depth
of cleaved In0.4Ga0.6As quantum dots using XBEEM. The
reduction in the measured barrier height due to the applied
reverse bias confirms that XBEEM measured the conduction
band minimum energy in the wetting layer at the backside of
the quantum dots. We used the measured conduction band
minimum energies to estimate the physical depth of the
cleaved quantum dots. We found that SBH over the QDs
were reduced by �30–50 meV due to the applied bias, giv-
ing an estimated depth d	6–9 nm of the backside of the
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QDs, consistent with the known size of these QDs. We also
found an offset of 90 meV between the conduction band
minimum energy of the wetting layer and GaAs, including
any quantum confinement energy of the electrons in the WL.
By comparing the CBM energy in the wetting layer mea-
sured beside the QDs to the extrapolated CBM energy based
on the measured CBM energy at the back side of the QDs,
we conclude that the measured 90 meV offset is not signifi-
cantly shifted by any differences in Fermi-level pinning at
the Au/GaAs and Au/WL interfaces. The amplitude of the
BEEM current entering a WL was also observed to decrease
once the deposited thickness of the In0.4Ga0.6As or InAs
layer exceeded a certain threshold, consistent with a deple-

tion of In from the WL after large-scale QD formation takes
place.
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