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The knowledge of the band alignment in semiconductor heterostructures is 

crucial, as it governs carrier confinement with many impacts on the 

performances of devices. By controlling the direction of the current flow in 

in-plane In0.53Ga0.47As/InP heterostructure nanowires, either horizontally 

along the nanowires or vertically into the InP substrate with low temperature 

multiple-probe tunneling spectroscopy, a direct measurement of the band 

offsets at the buried In0.53Ga0.47As/InP heterointerface is performed. Despite 

the unavoidable processing steps involved in selective area epitaxy, 

conduction and valence band offsets of 0.21 ± 0.01 eV and 0.40 ± 0.01 eV 

are respectively found, indicating the formation of an interface with a quality 

comparable to two-dimensional In0.53Ga0.47As/InP heterostructures.  
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Selective area epitaxy (SAE), which relies on the controlled growth of semiconductor materials 

into a pattern transferred from a dielectric mask, has been essential to the continuous miniaturization of 

optoelectronic devices.1 Photonic integrated circuits have largely benefited from this technique,2,3 through 

the monolithic integration of III-V compounds onto silicon substrates.4,5 Moreover, progresses in the 

control of the growth within the exposed regions of the substrate and its inhibition on the dielectric mask 

enable the creation of scalable and complex planar interconnected structures suitable for the transfer of 

quantum information.6,7,8,9,10 While the key assets of SAE to produce devices reside in a limited number 

of processing steps and a significant reduction of threading dislocations in lattice mismatch systems, the 

lithographic process is bound to bring some contamination before the growth resumes. Stacking faults 

might also exist when materials with large lattice mismatch are integrated.11 Both effects can alter the 

chemistry of heterointerfaces, with a strong impact on the band discontinuities. 

To measure the band discontinuities of semiconductor heterostructures, a wide variety of 

techniques have been developed, including transport measurements, photoemission and optical 

spectroscopy.12 Of particular interest for confined structures is the use of scanning probe microscopy, 

which enables a direct access to the band alignment with high spatial resolution.13,14,15,16 For III-V 

heterostructures, scanning tunneling spectroscopy (STS) requires to cleave the material and expose a 

{110} face, which is naturally passivated.17,18 However, in recent years, it has been shown that STS can 

also resolve the band offset for buried heterointerfaces.19,20 Such an approach is valid, when the conduction 

(CB) or valence (VB) band edges of the material exposed to the probe is higher or lower than the edges 

of the material underneath, so that the top material is electronically transparent to the tunneling electrons 

within a limited energy window. For SAE nanowire networks engineered for quantum computing, the 

nanowires (NWs) usually consist of narrow band gap materials.8,9,10,21,22 Hence, it makes this condition 

obsolete and calls for the design of experimental schemes suitable for the band offset measurement of 

buried heterointerfaces. 

Here, as a prototypical example, we investigate the band discontinuities of In0.53Ga0.47As NWs 

grown by SAE on an InP (001) substrate. This heterostructure with a type I band alignment was thoroughly 

characterized for quantum wells23,24,25,26 and is of current interest in III-V transistor technologies 

integrated on Si.27 Moreover, In0.53Ga0.47As NWs have recently been grown on InP using SAE.28,29,30 By 

implementing a technique based on multiple-tip STS to study the heterojunction parameters, we show that 

the CB and VB offsets of the buried In0.53Ga0.47As/InP interface can be accurately determined. The 

measured band offsets are consistent with the ones encountered for two-dimensional lattice-matched 

In0.53Ga0.47As/InP heterostructures. Such a result indicates that the procedure to remove the oxide and 
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 3 

produce a clean and ordered InP surface in the mask opening, without the need of an intermediate buffer 

layer, is effective and gives rise to the formation of high quality interfaces. 

As SAE involves a growth inside apertures defined in a dielectric mask, a 30 nm-thick SiO2 layer 

was deposited by plasma enhanced chemical vapor deposition on p-type InP (001) substrates with a Zn 

concentration of 3x1018 cm-3. The samples were further covered with a resist, which was modified with e-

beam lithography to design apertures of different sizes and geometry. To transfer these patterns, the SiO2 

layer was etched in two steps: first, by means of reactive ion etching, and, following the resist removal, 

by a smooth chemical etching with diluted hydrofluoric acid. The thickness of the remaining SiO2 mask 

outside the apertures was about 10 nm. Then, the wafer was loaded into the growth reactor and annealed 

under ultra-high vacuum (UHV) at 200°C for one hour. The InP surface inside the mask apertures was 

deoxidized and cleaned using atomic hydrogen under As4 flux. Lattice-matched In0.53Ga0.47As NWs to 

InP, with a nominal thickness of 20 nm, were grown with molecular beam epitaxy  at a growth rate of 0.2 

ML.s-1, a temperature of 480°C and a V/III flux ratio of 2.5.28 Finally, the NWs were capped with a thin 

amorphous As layer to protect them from reaction with air during their transfer. 

Prior to the analysis of the NWs with UHV scanning electron microscopy (SEM) and scanning 

tunneling microscopy (STM) (Nanoprobe, Scienta Omicron), the As capping layer was removed by 

annealing the samples at 320 °C, monitoring the As desorption with mass spectroscopy. For all STM 

experiments, the SEM was used to locate the NWs and guide the coarse approach of the STM tips towards 

the NWs, avoiding any harmful landing on the SiO2 surface. Once the NWs had been characterized in 

UHV at a temperature of 5 K, they were further observed with tapping mode atomic force microscopy 

(AFM) under standard atmospheric conditions (D3100, Bruker). In order to precisely determine the 

geometry of the facets, cross-sections were prepared by milling thin slices, perpendicular to the NW main 

axis, with the use of a focused ion beam machine. The slices were analysed with scanning transmission 

electron microscopy (STEM) using a Cs-probe corrected FEI Titan 80-200 microscope and an accelerating 

voltage of 200 kV.   

For this study, we considered single [𝟏𝟏̅𝟎]-oriented NWs or [𝟏𝟏̅𝟎]-oriented NWs belonging to 

crossbar structures, all having a width of 500 nm and a length of 10 m. As shown from the analysis of 

the morphology in Figure 1, the NWs have a trapezoidal shape with a (001) top facet and two tilted side 

facets. As both facets make an angle of ~19.5° with the plane parallel to the substrate, they correspond to 

{114} side facets. Based on the homogeneous AFM contrast of the [𝟏𝟏̅𝟎]-oriented NW seen in Fig. 1(b), 

the top facet is rather flat, which is confirmed by the atomically-resolved STM image of Fig. 1(c). It 

consists of terraces and islands, separated by single atomic step height. Their surface show [𝟏𝟏̅𝟎]-elongated 

rows of small bright protrusions. This structure is consistent with an As-rich (2x4) reconstruction,31 which 
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 4 

is expected for an InGaAs (001) surface after the sublimation of the amorphous As protecting layer.32,33 

Moreover, the study of the InGaAs/InP interface by cross-sectional STEM reveals an atomically sharp 

interface with well-matched atomic columns between the InP substrate and the InGaAs NW (Fig. 1(e)), 

in agreement with the intended growth of lattice matched In0.53Ga0.47As NWs. 

The high quality of the interface and the clean and well-ordered (001) top facet of the In0.53Ga0.47As 

NWs serve as a good test bed for the investigation of the In0.53Ga0.47As/InP heterointerface with multiple-

probe tunneling spectroscopy (see the supplementary material for the experimental details). As shown in 

Figure 2, two different configurations in the position of the electrical ground contact were studied. For the 

first one (Fig. 2(a)), the electrical ground contact is provided by a tungsten tip pressed onto the top facet 

of the NW (the substrate is disconnected from the ground). This ground contact was established by first 

approaching one of the two tungsten tips of the multiple-probe STM using the distance regulation of the 

STM control system, followed by a push down of the tip onto the NW top facet in the feedback-off mode. 

At contact, the monitored current exhibits a significant jump. The second tip on the NW is kept in the 

constant-current STM mode and is separated from the tip in contact with the top facet of the NW by a 

distance varying between 0.9 m and 1.5m. Aplying the voltage to the tunneling tip and the ground to 

the tip in contact, a current flows parallel to the [𝟏𝟏̅𝟎] direction. It is mostly confined in the NW (Fig. 2(b)), 

due to the potential barrier existing at the heterointerface (see Figure 3). Sweeping the bias forward and 

backward yields reproducible dI/dV spectra (upper curves in Fig. 2(e)). The positive and negative branches 

correspond to tunneling into and out of the CB and VB respectively. They are separated by a zero 

conductance region (ZCR) of 0.81 ± 0.01 V, defined as the region where the tunneling current reaches the 

experimental noise level. 

Although not visible as peaks in the dI/dV characteristics, the existence of the surface states related 

to the As-rich (2x4) reconstruction of the (001) facet is disclosed by the position of the Fermi level at zero 

volt relative to the band edges. More precisely, the measured energy position of the Fermi level of 0.17 ± 

0.01 eV above the VB edge points to a pinning of the Fermi level by intrinsic defects behaving as surface 

donors.34 The related surface states are known to provide a significant conductivity when measured with 

four-probe STM.33 Moreover, this surface pinning along with the high doping of the InP substrate causes 

the formation of an accumulation of holes in the InGaAs layer towards the heterointerface, which is also 

conductive (Figure 3(a)). As a result, the electrical resistance between the point of the surface facing the 

tunneling tip apex and the tip in contact with the top facet is much smaller than the tunneling resistance. 

As the potential mostly drops across the tunneling junction, the ZCR measured by STS corresponds to the 

band gap of the NW.35 The experimental value agrees well with the bulk band gap of In0.53Ga0.47As at low 

temperature, 0.816 eV.36  
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 5 

In the second configuration (Fig. 2(c)), only one tunneling tip is used and the substrate is connected 

to the ground. The current of tunneling electrons flows now from the tunneling tip across the 

In0.53Ga0.47As/InP heterointerface to the backside electrical ground contact (Fig. 2(d)). Again, the dI/dV 

spectra show two branches corresponding to tunneling into and out of CB and VB at positive and negative 

bias respectively (lower curves in Fig. 2(e)). But marked differences exist as compared to the spectra 

measured using the two-tip configurations. The ZCR is slightly wider when the forward bias sweep, 

starting at positive bias, is considered (0.92 ± 0.01 eV). Also, the dI/dV signal is noisy at the top of the 

VB and exhibit a hysteresis, making the ZCR much larger in the backward bias sweep. Then, onsets, 

corresponding to a sudden increase of the tunneling current, are observed in the CB and VB as marked by 

the downward pointing arrows at bias of 0.92 V and -0.71 V respectively. The onset measured at positive 

bias is specific to the single-tip configuration, as the dI/dV and I(V) characteristics measured with two tips 

monotonically increases in the same voltage range (see the supplementary material, Fig. S3).   

In contrast to the two-probe tunneling spectroscopy, the electrical contact is located at the back of 

the InP substrate. As the Fermi level is pinned at the top facet of the  In0.53Ga0.47As NW, the high doping 

of the InP substrate imposes a downward bending of the bands across the heterointerface to satisfy the 

condition of electroneutrality at zero volt (Fig. 3(a)). The depletion of free holes in the InP side of the 

heterojunction leads to the formation a space charge region, which can be modeled by a tunneling junction. 

Hence, the In0.53Ga0.47As NW is coupled to the STM tip and the p-type doped InP substrate via two tunnel 

junctions. In this geometry, the applied voltage is distributed across both tunneling junctions and the width 

of the zero-conductance region is related to the band gap by the lever arm, which corresponds to the ratio 

between the potential drop across the NW-tip junction and the applied voltage. Based on the width of the 

ZCR and the measured band gap from the two-tip configuration, a lever arm of 0.88 is obtained. 

At high positive bias, tunneling electrons from the tip are transferred to the Bloch states of the 

InGaAs NW, which are coupled to the InP substrate. The electrons can therefore reach the CB of the InP 

substrate (Fig. 3(b)). When the bias is reduced and the tip’s Fermi level becomes lower than the onset of 

the  band discontinuity between the InGaAs and InP layers, the electrons cannot escape to the CB of InP 

any more (Fig. 3(c)). At a temperature of 5K, the only exit path is to recombine with the free holes in the 

VB of the InGaAs NW.33 This transition in the current flow translates into a change in the slope of the 

dI/dV signal, as observed at +0.92 V (highlighted by a vertical arrow in Fig. 2(e)). Therefore, the 

difference of bias measured between the inflection point and the bottom of the CB gives access to the CB 

offset. Due to the partial drop of the applied bias in the InP space charge region, the CB offset is obtained 

by multiplying this difference with the lever arm, yielding 0.21 ± 0.01 eV. Such a value is consistent with 

the band offsets measured in two-dimensional In0.53Ga0.47As/InP heterostructures with other 
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 6 

techniques,23,24,25 although some small deviations might exist depending on the quality of the 

heterointerface.26 

At negative bias, electrons tunnel out from the VB states of the NW into empty tip states. The 

electrons leave behind empty states (holes). For the energy window defined by the VB offset of the 

heterojunction, the probability to refill these states with electrons tunneling from the InP VB through the 

space charge might be smaller than the probability to tunnel across the NW-tip junction (Fig. 3(d)). As a 

result, the NW gets charged with holes, accounting for the appearance of noise and the clear hysteresis 

observed between the forward and backward voltage sweeps.37,38 When the bias decreases further, the VB 

states of the NW become coupled with those of the InP substrate and electrons do not have to tunnel across 

the space charge layer, making the transport more efficient (Fig. 3(e)). Hence, the difference of bias 

between the top of the VB and the inflection point measured at negative bias provides the height of the 

band discontinuity in the VB. Converting this difference into energy yields a VB offset of 0.40 ± 0.01 eV, 

in agreement with the literature.25 Adding both, the CB and VB offsets, to the measured band gap of the 

NW (0.81 eV) gives an energy of 1.42 eV, which corresponds to the band gap of InP at low temperature.20  

While the measurement of the apparent band gap with the single-tip configuration is found to be 

the same at different positions of the NW within the precision of ±0.01 eV, variations slightly larger than 

the experimental precision exist for the onsets related to the band offsets. As observed in Fig. 2 and S2 

(see supplementary material), fluctuations of the conduction and valence band offsets, not larger than 0.23 

eV and 0.44 eV respectively, can be found here and there, calling for future works involving additional 

experimental techniques to correlate these shifts with the structural properties of the buried interface.  

In summary, In0.53Ga0.47As NWs were grown by SAE on a p-type InP (001) substrate. Although 

the heterointerface is located around 20 nm below the top facet of the NW, our experimental scheme 

provides a direct access to the band offsets. The method relies on the experimental knowledge of the 

potential distribution, which is essential to convert the measured voltage separations into the band offsets, 

a property which cannot be obtained with single-probe tunneling spectroscopy only. It is suitable for NW, 

but it could be applied to two-dimensional heterostructures as well. As in both configurations, only one 

tip is tunneling, the scanning ability of the tunneling tip opens the door to map electronic inhomogeneities 

at the heterointerfaces with a high spatial resolution. 

See the supplementary material for the experimental details about the STS experiments, the 

determination of the band offsets and additional spectra measured with the single or two-tip configuration. 
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Figure captions 

 

FIG. 1. (a) Schematic of the InGaAs NWs grown by selective area epitaxy on an InP(001) surface. (b) 

AFM image of two NWs arranged in a crossbar structure. (c) High resolution STM image of the InGaAs 

(001)-(2x4) reconstruction observed on the top facet of the NW grown along the [1-10] direction. (d) 

Cross-sectional STEM image of the InGaAs/InP heterostructure acquired across the InGaAs NW as 

defined by the dashed segment in (b). (e) High resolution STEM image of the InGaAs/InP heterointerface. 

 

FIG. 2. (a), (c) SEM images and (b), (d) schematics of the current paths for two-tip and single tip 

spectroscopy. (e) dI/dV spectra acquired with two-tip (upper curves) and single-tip (lower curves) 

spectroscopy at two different locations on the top (001) facet of an In0.53Ga0.47As NW at 5 K. The different 

transport regimes I, II, III, IV, described in figure 3, are separated by the conduction EC and valence EV 

band edges and vertical arrows. The tilted downward and upward curved arrows indicate the forward and 

backward voltage sweeps respectively. Feedback parameters for the upper curves: Vs = +0.8 V, It = 60 

pA; for the lower curves: Vs = +1.0 V, It = 30 pA. 
 

FIG. 3. (a) COMSOL-simulated band diagram of the metal-vacuum-In0.53Ga0.47As/InP junction at 5 K for 

zero bias. The values of the Fermi level pinning at the surface of the NW, the band gaps of the InGaAs 

NW and the InP substrate, the conduction and valence band offsets deduced from the measurements are 

indicated. (b-e) Band diagrams corresponding to the different transport regimes found in single-tip 

tunneling spectroscopy. The conduction and valence band are labelled CB and VB respectively. The 

arrows highlight the transfer of charge carriers. The nature of the charge carriers is indicated, when the 

transfer involves a two-step process or a charging effect. 
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