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We measure the spatial distribution of the local density of states (LDOS) at cleaved surfaces of
InAs=GaSb isolated quantum wells and double quantum wells (DQWs) by low-temperature scanning
tunneling spectroscopy. Distinct standing wave patterns of LDOS corresponding to subbands are
observed. These LDOS patterns and subband energies agree remarkably well with simple calculations
with tip-induced band bending. Furthermore, for the DQWs, coupling of electronic states between the
quantum wells is also clearly observed.
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Scanning tunneling microscopy and spectroscopy (STM
and STS) allow us to map the local density of states
(LDOS), or probability amplitude (squared wave function)
of electrons, in nanostructures [1,2]. By applying these
techniques on semiconductors, the spatial distribution of
LDOS showing the wave features of electrons has been
observed around atomic steps, impurities, and in quantum
dots [3–7]. However, attempts at imaging LDOS inside a
semiconductor quantum well, which is one of the most
fundamental quantum structures, have had limited success
so far, showing only weak features that might be attributed
to standing waves [8]. Imaging of LDOS in real space with
nanometer resolution in heterostructures has been strongly
desirable for investigating fundamental physics as well as
improving device performance.

We investigate the electronic structure of InAs=GaSb
heterostructures by low-temperature (LT-) STS on a
cleaved surface. The InAs=GaSb system has a distinct
energy band structure in which the conduction band edge
of InAs can lie lower in energy than the valence band edge
of GaSb. Unique physics phenomena, such as the compen-
sated quantum Hall effect, are known to arise in this system
owing to hybridization of the conduction and valence
bands, making real-space analysis of the wave functions
of particular interest [9,10].

In this Letter, we show spatially and energetically re-
solved, vivid and clear standing wave patterns of LDOS
corresponding to the subbands in InAs=GaSb heterostruc-
tures. In isolated quantum wells (QWs), step-function
characteristics of the density of states (DOS) for two-
dimensional (2D) electronic states with expected confine-
ment energies confirm our results. Furthermore, as a first
step for applying this technique to currently used hetero-
structure devices with wave function coupling over layers,
we image LDOS for double quantum wells (DQWs).
Electronic states spread over the two layers are imaged
and clear evidence of the coupling is observed. Applying
this technique to other heterostructures will open further

analysis, which cannot be achieved by conventional trans-
port or optical characterization.

For QW samples, three types of multi-QWs with differ-
ent InAs=GaSb layer thickness (6 nm=7 nm, 12 nm=
16 nm, 17 nm=23 nm) were grown by molecular beam
epitaxy on an undoped InAs (001) substrate. The GaSb
barriers of these QWs are thick enough to isolate the
electrons in each InAs well. All interfaces between InAs
and GaSb were grown as InSb-like interfaces to obtain high
quality InAs=GaSb heterostructures [11]. The schematic
energy band profile is shown in Fig. 1(a).

The sample was loaded into an ultrahigh vacuum (UHV)
chamber (<2� 10�10 Torr) and cleaved to obtain a clean
(110) surface. It is known that no surface pinning states
within the energy band gap are formed on the clean (110)
surface of III-V compound semiconductors. [2–4,12–14].
Then, the sample was transferred to the stage of the LT-
STM without breaking the UHV condition and cooled
down to T � 4:8 K (kBT � 0:4 meV) to achieve high
energy resolution.

Scanning was performed in UHV of the order of
10�11 Torr. Topographic images were obtained in constant
current mode to distinguish QW structures. Figure 1(b)
shows typical empty state topographic images of the
6 nm=7 nm QWs. The sample bias voltage is V � �1 V
and the feedback current is I � 0:1 nA. The clear atomi-
cally resolved image indicates that the tip condition is
sufficient to characterize the LDOS at nm scale. The height
difference between InAs and GaSb apparent from the
contrast is not a real topographic feature, but attributed to
the difference in electronic structure, such as band gaps,
band edge alignments, and the number of states contribut-
ing to tunneling [14]. Figure 1(c)–1(e) shows typical large
area topographic images at V � �1 V (filled state) for
each sample. No atomic steps were observable over large
areas. The segregation and roughness at the interfaces, and
the fluctuation of the layer thickness are small, reflecting
the high quality of the heterostructures.
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The differential tunneling conductance signal (dI=dV)
was obtained using a lock-in amplifier with a small modu-
lation of V (10 mVpp, 700 Hz). Here, STS spectra represent
the normalized differential conductance [�dI=dV�=�I=V�],
which is known to be proportional to LDOS, as a function
of V corresponding to the energy from the Fermi level [2].

Figure 2(a) and 2(b) show �dI=dV�=�I=V� curves as a
function of V at the center of the InAs and GaSb layers,
respectively, for the 17 nm=23 nm QWs. Blue regions cor-
respond to the band gap. For the InAs layer, the conduction
band bottom lies below the Fermi level at V � 0 V, be-
cause electrons are accumulated in the InAs layer due to
charge transfer from the GaSb. In contrast to the InAs
spectrum, the valence band top for the GaSb almost co-
incides with the Fermi level position, because the valence
band, which has a flatter dispersion relation, can accom-
modate holes accumulated in the GaSb layer within a small
energy interval [10].

The spatial variation of the STS spectra for the
17 nm=23 nm QWs is shown as a function of the relative
position along the growth direction in Fig. 2(c). The red
(blue) regions show higher (lower) normalized differential
conductance corresponding to high (low) LDOS. The dis-
tinct energy band profile shown in Fig. 1(a) is well repro-
duced in Fig. 2(c).

Now, we focus on electronic structure in the InAs con-
duction band region [circle in Fig. 2(c)]. Figure 3(a) shows
STS spectra with higher spatial and energy resolution for
each V from 0.01 V to 0.9 V with a step of 0.01 V, which is
also shown in the color scale plot of Fig. 3(c). The number
of oscillations in LDOS increases with V (energy), indicat-
ing that there are standing wave patterns due to the con-
fined subbands in the QW. Figure 3(d) shows the DOS
obtained by integrating the LDOS over the QW region.
Steplike features are observed when the number of LDOS
oscillations increase, as shown by lines in Fig. 3(c) and
3(d). This is characteristic of a 2D extended system where
each subband contributes a constant DOS leading to steps,
in turn verifying that they are not states localized at the
cleaved surface.

Similarly, for the 12 nm=16 nm QWs, clear standing
wave patterns were also observed in Fig. 3(e). The en-
ergy levels for each subband are higher and the en-

ergy differences between subbands are larger than those
for the 17 nm=23 nm QWs, demonstrating the stronger
confinement [Fig. 4(b)]. For the 6 nm=7 nm QWs, the
boundary between the ground and second subbands is
observed clearly in this energy region [Fig. 3(f)]. The
second subband in each InAs layer starts at different en-
ergy due to monolayer-scale layer thickness fluctuations
(�	 0:02 eV).

We now compare the STS spectra with a simple calcu-
lation for a single quantum well. A sheet carrier density of
1� 1016 m�2, which is a typical value for InAs=GaSb
heterostructures, is taken for 17 nm=23 nm and
12 nm=16 nm QWs, and zero for 6 nm=7 nm QWs [15].
The band nonparabolicity is taken to be m
�E� �
m
bulk�1� 2E=Eg�, where m
bulk � 0:023m0 is the effective
mass at the conduction band bottom of bulk InAs, E is the
energy measured from the InAs conduction band bottom,
and Eg � 0:42 eV is the InAs band gap energy. The InAs
conduction band bottom is set to be 0.15 eV below the
Fermi level [9]. Using a total potential barrier height of
0.96 eV (GaSb band gap is 0.81 eV), we calculated the
subband energies, wave function distribution, and potential
profile solving the Schrödinger and Poisson equations self-
consistently. Since each subband possesses 2D transla-
tional kinetic degrees of freedom, subbands from the first
(ground) to the nth contribute to the tunneling at the
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FIG. 2 (color). Normalized differential tunneling conductance
[�dI=dV�=�I=V�] as a function of the sample bias voltage (V) at
the center of an InAs layer (a) and a GaSb layer (b) for
17 nm=23 nm QWs. The data were averaged along lines parallel
to the interface. Blue regions show the band gap. (c) Color
contour plot of the spatial variation of the STS spectra.

 

FIG. 1 (color). (a) Schematic band dia-
gram of an InAs=GaSb heterostructure.
Colored regions show the band gap.
(b) Typical small area topographic image
(empty state) on a cleaved cross section
of InAs�6 nm�=GaSb�7 nm� quantum
wells (QWs). Sample bias voltage is V �
�1 V. Feedback current is I � 0:1 nA.
(c)–(e) Typical large area topographic
images (filled state) for 6 nm=7 nm,
12 nm=16 nm, 17 nm=23 nm QWs.
V � �1 V, I � 0:1 nA. The scale is
the same for all three images.
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voltage corresponding to the nth subband. Therefore, the
nth LDOS spectrum can be considered as a sum of the
squared wave functions for the contributing subbands.
Figure 3(b) shows the calculated LDOS spectra for a
17 nm=23 nm QW as a function of the position along the
growth direction with the conduction band potential pro-
file. The calculated LDOS spectra reproduces the shape of
the observed STS spectra in Fig. 3(a) well.

Calculated subband energies for each QW are shown in
Fig. 4(a)– 4(c). Observed subband energies are also plot-
ted. For all subbands, observed energies are larger than the
calculated energies and the difference becomes greater
with increasing subband indices. In Fig. 4(d), the differ-
ence is plotted as a function of the energy. The difference is
increasing linearly.

To explain the energy difference between the above
calculation and the observation, consideration of tip-
induced band bending is essential [2–4,12,13]. For
samples with an unpinned Fermi level on the cleaved
(110) surface, the spatial charge distribution near the sur-
face is modified by the electric field from the STM tip. We
calculated this effect of the tip-induced band bending using
a simple one-dimensional model [13,16] with reasonable
values for fitting parameters (work function of the tungten
tip: 5.0 eV [17], the tip-sample distance: 1.00 nm [13],
donor density for InAs: 1� 1024 m�3, and acceptor den-
sity for GaSb: 1� 1024 m�3 [18] ). Since the effective
diameter of the STM tip is approximately 100 nm, which
is much greater than our QW thicknesses, the band bending
should be present continuously over the entire observed
region [19]. Therefore, we calculated the effect for the
InAs and GaSb layers independently and took an average
as plotted in Fig. 4(d). The calculation coincides with the
observed energy difference [20], showing that the observ-
able LDOS originate from the 2D electronic states influ-
enced by the tip-induced band bending.

In order to test the imaging for coupling between the
electronic structures of two neighboring InAs QWs, we
have investigated LDOS in DQW samples with slight
asymmetry in the well widths. The slight asymmetry sim-
plifies the identification of observed subbands and the role
of coupling since the subband degeneracy is lifted and it
becomes clear which QW mainly contributes to the result-
ing coupled subbands. The STM topographic image for a
DQW shown in Fig. 5(a) indicates asymmetric wells with
4.8 and 5.4 nm thicknesses and a 0.9 nm thick GaSb central
barrier layer. The STS spectra are shown in Fig. 5(b). In

 

FIG. 4 (color). (a)–(c) Comparison between observed and
calculated subband energies. (d) The differences between ob-
served and calculated subband energies as a function of the
observed subband energy. Tip-induced band bending as a func-
tion of V calculated for InAs and GaSb independently (dotted
lines) and averaged (dashed line).
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FIG. 3 (color). (a) High spatial and energy resolution STS
spectra for 17 nm=23 nm QW, focusing on the white dotted
circle in Fig. 2(c). �dI=dV�=�I=V� curves are plotted for each
V with a step of 0.01 V. (b) Calculated LDOS spectra taken to be
the sum of the squared wave functions for subbands. The
conduction band potential profile modulated by the electron
accumulation in the well is overlaid. (c) Enhanced STS spectra.
In the InAs layer, oscillation minima in �dI=dV�=�I=V� curves as
a function of the position along the growth direction at each V
are set to zero. The subband indices are indicated. (d) Experi-
mentally deduced electron density of states: each �dI=dV�=�I=V�
curve in (a) is integrated over the quantum well. (e) Enhanced
STS spectra for 12 nm=15 nm QW. (f) STS spectra for
6 nm=7 nm QW.
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contrast to the isolated QWs, standing wave patterns ex-
tend over both InAs layers. The pattern changes abruptly
at 0.06, 0.14, 0.46, and 0.60 V shown by solid lines,
which indicate the onset of the subbands. Representative
�dI=dV�=�I=V� curves for each subband at the arrowed
voltages are shown in Fig. 5(c). The number of peaks in
the LDOS pattern is two for the ground and second sub-
bands, three for the third subband, and four for the fourth
subband. The DOS is weighted to the right (thicker) well
for the ground subband, and to the left (thinner) well for the
second subband.

Figure 5(d) shows calculated squared wave functions
(red solid lines) and energies (offset) for each subband
using a rectangular DQW potential. The averaged tip-
induced band bending [Fig. 4(d)] is included in the energy
scale. The observed �dI=dV�=�I=V� curves in Fig. 5(c)
agree well with the calculated LDOS spectra (dashed lines)
for the coupled DQW rather than independent single QWs,
verifying that the observed LDOS directly reflects the wave
functions of a coupled system, distributed over both QWs.

In conclusion, we have investigated the local electronic
structure in InAs=GaSb isolated QWs and DQWs by LT-
STS on a cleaved cross sectional surface. Expected energy
band profiles were clearly seen in the STS spectra. Clear
images of standing waves of LDOS corresponding to the
subbands were obtained as a function of the energy. The
standing wave patterns agree remarkably well with the
calculated LDOS. For QWs, the observed subband ener-
gies were well explained by a single quantum well model

with tip-induced band bending. For a DQW slight differ-
ence in the InAs well thicknesses is reflected in the asym-
metric STS spectra. The coupling effect between the InAs
wells was clearly observed.
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FIG. 5 (color). (a) STM topographic image of a DQW (V �
�1 V). (b) STS spectra. (c) �dI=dV�=�I=V� curves at voltages
arrowed in (b) (offset). Red dashed lines are calculated LDOS.
(d) Calculated squared wave functions (solid lines) and subband
energies (offset) for the DQW (red). Those for 4.8 nm (green
dashed line) and 5.4 nm (blue dashed line) single QWs are also
shown for comparison.
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