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Abstract: 

Template assisted selective area growth techniques have gained popularity recently for their ability to grow 

epitaxial materials in geometries defined by prefabricated dielectric templates. Such dielectric templates 

can be used to grow nanostructured devices, eliminating the need for post-processing, thus avoiding 

material damage induced by various etching processes. However, parasitic growth on the dielectric mask, 

sometimes much larger than the grown nanostructures, provide significant hurdles to etching vias and 

making contacts and electrostatic gates to these nanostructures. Here, we demonstrate a novel process flow 

to etch off the parasitic growths without affecting the nanostructures in In0.53Ga0.47As confined epitaxial 

lateral overgrowth (CELO) samples with heavy parasitic growth. Thereafter, successful fabrication of 

ohmic contacts on these nanostructures with precise alignments is demonstrated. Shubnikov-de Hass 

oscillations observed in low temperature magnetotransport measurements are analyzed to estimate effective 

mass, carrier density and mobilities in doped InGaAs CELO structures.   

 

 

Semiconductor nanostructures have attracted interest in recent years for their novel electronic1 and 

optical properties2. Quantum confinement effects, which dominate in the sub-micron length scales of the 

nanostructures, have potential applications in diverse fields such as quantum computing3–5, high speed 

transistors6–11, spintronics3,12,13 and on-chip integrated photonic circuits14–16. It is essential to fabricate high-

quality nanostructures with custom geometries and integrate them on a wide range of substrates for optimal 

performance of such quantum devices. To this end, confined epitaxial lateral overgrowth (CELO)  has 
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emerged as one of the most promising techniques for growing defect-free nanostructures on lattice 

mismatched  substrates17,18. CELO is a bottom-up template-assisted growth method that uses epitaxial 

selective area growth on substrates with prefabricated dielectric templates. Selective area growth restricts 

nucleation of precursors to the dielectric-free areas of the substrate19. The templates act as defect filters 

using aspect ratio trapping and thereafter confine the growth and its direction on the substrate. CELO thus 

allows the growth of nanostructures in pre-determined custom geometries and orientations, eliminating the 

need for post-growth processing. Channel dimensions can be scaled down to tens of nanometers, without 

the challenges of dry-etch induced defects, which are common for top-down fabrication routes. As a result, 

CELO has the potential to fabricate high quality photonic lasers14, transistors20 and devices to study 

quantum transport in low-dimensional nanostructures21,22. 

Despite its benefits, CELO growths often exhibit unwanted III-V nucleations (Fig. 1A) on the 

dielectric mask, also known as parasitic growth23. Growing CELO nanostructures with no parasitic 

nucleations is challenging and often requires constraining the growth parameters within a narrow window. 

However, the growth conditions required for achieving high quality growths might often fall outside this 

narrow set of conditions required for perfect selectivity. Parasitic growths affect the growth rates of the 

nanostructures inside the CELO templates by acting as a nucleation sink. Epitaxial growths of a few 

hundred nanometers inside the CELO templates often result in parasitic nucleations that are tens of microns 

in size24. Further, clear and precise alignment marks are essential for device processing requiring sub-

micron alignments. Preferential nucleation of parasitic growths on rough edges of the patterned dielectric 

often cover these alignment marks completely. This renders alignment, along with further processing of 

CELO structures nearly impossible. In addition, due to the rough oxide topography resulting from 

nucleations, there is a high failure rate in forming metal contacts to the nanostructures. Hence, a process 

for preferential removal of parasitic growths would allow a much larger growth window for optimization 

to be explored and still allow for device processing.  

Because parasitic growths impede CELO device fabrication, they inherently limit characterization 

of materials grown using this technique. This is problematic because material properties in nanostructures 

often deviate significantly from those of  planar epitaxial structures grown under similar conditions25–27. 

For example, depending on growth conditions, CELO-grown III-V materials exhibit variations in defect 

densities28 , spatial gradients in ternary compositions and facet specific group-III incorporations29,30. As a 

result, electrically characterizing CELO nanostructures is crucial for both understanding material qualities 

and optimizing growth conditions. Therefore, removal of parasitic growths can enable reliable fabrication 

of device structures for electrical characterization of CELO nanostructures. 



Removal of parasitic growths post growth is however nontrivial. A conventional wet etch does not 

preferentially remove parasitic growths, because it will also etch the devices. Likewise, highly anisotropic 

plasma-based dry etches can result in significant damage to the sample active region (Fig 2). In this letter, 

we demonstrate a rapid, yet gentle multi-step etch process, which removes the parasitic growths while 

leaving the growths inside the template undisturbed. Here, we combine dry and wet etching, while using a 

conformal oxide as a protective layer for the nanostructures. This etch process produces CELO samples 

with a smooth surface topography and restores usability of alignment marks previously covered with 

parasitic growths. This process flow is generalizable to any CELO-grown materials for which a reliable wet 

etch is known. 

With the successful removal of parasitic growths, it is now possible to fabricate devices to extract 

material parameters through electrical measurements.  In this study, we explore the technologically relevant 

InGaAs system. This material’s high electron mobility and direct bandgap makes it attractive for a wide 

range of electronic and photonic applications, especially for telecommunications, high frequency 

electronics and topological quantum computing. Electrical transport measurements at low temperatures can 

allow us to extract parameters important for the use of InGaAs in semiconductor nanowire networks for 

Majorana fermions31, spin field effect transistors 32–34, high-performance nanoelectronics35, terahertz 

detectors36 or optoelectronic devices37. Here, we demonstrate fabrication of ohmic contacts and perform 

low temperature magneto-transport on InGaAs CELO samples free of parasitic growths. From the observed 

Shubnikov de Haas (SdH) oscillations, we extract doping concentration, effective mass and quantum 

mobility in these nanostructures. These measurements clearly reveal variability in growth and material 

qualities.  Thus, the use of our etching process flow allows one to grow a wider range of III-V materials 

and their heterostructures using the CELO geometry, optimize the material quality, and fabricate electronic 

and photonic devices with greater control. 

CELO templates were fabricated by depositing a 5 nm Al2O3 etch stop layer using atomic layer 

deposition and a 20 nm bottom dielectric SiO2 via plasma-enhanced chemical vapor deposition (PECVD). 

Seeds were lithographically defined, and a 50 nm sacrificial chemically semi-amplified positive electron-

beam resist (CSAR) resist layer was spin coated and patterned using electron beam lithography (EBL). 

Next, hydrogen silsesquioxane (HSQ) was spin coated as the 100 nm top dielectric, in which source holes 

were lithographically defined. The sacrificial layer was removed with 1-methyl-2-pyrrolidone stripper 

(NMP) followed by remote oxygen plasma at 350°C. A final tetramethylammonium hydroxide (TMAH) 

wet etch removes the alumina layer exposing the seed, and a dilute HF dip is executed before growth. 

Growth using Metal Organic Chemical Vapor Depositions (MOCVD) was done in a horizontal reactor 

using trimethylindium (TMIn), trimethylgallium (TMGa), tertiarybutylphosphine (TBP), 



tertiarybutylarsine (TBA) with H2 as carrier gas. The samples were grown at 600°C, with a group III flux 

of 5 × 10–6 mol/min and a V/III ratio of 570. For the samples discussed in the study, the growth was initiated 

with a few monolayers of InP, before switching the growth to n-doped InGaAs. Si doping is incorporated 

in the InGaAs layer with a disilane flux of 1.43 × 10-8mol/min. More details on the fabrication, growths and 

structural characterization of CELO can be found in other references24,30.Planar epitaxial Si-doped InGaAs 

samples for carrier density comparison was grown at 600°C, with a group III flux of 3.82 × 10–5 mol/min, 

a V/III ratio of 8.8 and a disilane fluxes of 1.43 × 10-8mol/min.  

The procedure used for parasitic growth removal is shown schematically in Fig 1. After rinsing the 

sample in acetone and isopropanol, 6nm aluminum oxide (Al2O3) was deposited on the sample in an atomic 

layer deposition (ALD) chamber using a trimethylaluminum-water (TMA-H2O) recipe at 300° C. This 

conformally coats the sample including the outside surface of the growth inside the CELO templates and 

the parasitic growth (Fig 1C). The samples are then etched in an inductively coupled plasma (ICP) chamber 

using BCl3 /Cl2 chemistry for 15 seconds with an approximate etch rate of 80nm/min.  Since ICP etching 

is highly anisotropic, the etch removes Al2O3 that are in line of sight of the ions that are accelerated towards 

the bottom cathode. Al2O3 that covers the outer surfaces of the overgrowths inside the CELO templates, 

thus remain protected from the ion beams by the thick silicon dioxide on top of it (Fig 1D). This also applies 

to Al2O3 that is underneath the parasitic growths and thus are protected from the incoming ions. The ICP 

etching effectively exposes the top of the parasitic growths while keeping the nanostructures of interest 

inside the cavity protected by Al2O3. 

 Using a wet etch these parasitic growths were etched away without affecting the overgrowths in 

the CELO templates (Fig 1E). For InGaAs etch we used a H3PO4/H2O2/H2O (1:1:20) etch for 12 minutes 

to etch away the parasitic growths (Fig 1E). For CELO having InGaAs growths ending with a thin InP 

layer, we used a 30 second dilute HCl (HCl: H2O 1:1) etch for 30 seconds before etching the InGaAs. After 

careful inspection of the samples to make sure that all parasitic growths have been etched completely, the 

samples were put into AZ 300 MIF (Metal Ion Free 0.261N Tetramethylammonium hydroxide) developer 

solution for 5 minutes to etch away any remaining Al2O3 (etch rate of 1.6nm/min) and rinsed in acetone 

and to clean any residues.  The samples are thus clean of any parasitic growths and with the original 

overgrown structures intact (Fig 1F). Dark outlines are sometimes observed after the entire cleaning process 

in the positions where the parasitic growths initially existed. These are believed to be local changes in the 

oxide due to parasitic growths nucleations. These are of negligible thickness and usually do not pose any 

problems while aligning samples or depositing contacts.  

The alignment marks, free of all parasitic growths, can now be used in the electron beam 

lithography tool to etch vias or align contacts on these CELO growths. Using an EBL process with CSAR, 



vias were defined (Fig 1G). The vias were etched in the silicon dioxide top layer of the CELO templates, 

using a CHF3/CF4/O2 recipe in the ICP (Fig 1H). After cleaning the samples using plasma ashing and 

solvent rinse, contacts were patterned using a bilayer resist process. The resist stack consists of 100nm of 

copolymer EL9 (Ethyl Lactate 9%) and 400nm of PMMA 950K. A 30s dilute HCl (1:10) etch was 

performed immediately before the metal deposition to etch any remaining oxides. The metal stack consisted 

of 10nm of Ti followed by 10nm of Palladium and 200nm of Au deposited by electron beam evaporation 

(Fig 1I).  

Fig 2 shows the samples before (Fig 2A-2C) and after (Fig 2D-2F) the wet etching process was 

performed. Most of the parasitic growths are etched out by this process. Large micro-wire parasitic growths 

(Fig 2C) are also completely removed (Fig 2F).  The contrast from the InGaAs growth inside the templates 

remains unchanged in the optical microscope and SEM images, indicating that the CELO growths inside 

the templates are unaffected by this etching process. We compared the effects of our etching process to a 

conventional plasma assisted dry etch using a methane/hydrogen/argon chemistry in a Reactive Ion Etcher 

(RIE). Although, RIE based etches work partially in removing the parasitic growths, the etch rates of such 

dry etches were found to be low and the time to completely remove thick parasitic growths (which are often 

tens of microns thick) was found to be consistently long (>30-40 minutes). Even though the nanoscale 

growths of interest are supposed to be protected by a top oxide layer during the plasma etch, atomic force 

microscopy (AFM) scans revealed that a 20-minute RIE etch results in an extremely rough oxide (Fig 2H). 

Such plasma processes are known to introduce highly mobile defects in semiconductors38 and deteriorate 

the quality of the exposed oxide and are thus generally unfavorable. Similar AFM scans on our wet etch 

process shows that the root mean square roughness of the oxide, after undergoing such a process is 

considerably lower (Fig 2G).  

To characterize the material properties of these nanostructures after sample cleaning and fabrication 

of devices, we use two-terminal magneto-transport measurements (in both two-probe and four-probe 

configuration) instead of conventional Hall measurements. Such transport measurements can help reveal 

variations in electrical properties of these nanostructures grown under different growth conditions, as well 

as spatial variations in a single sample.  Given the small dimensions of the nanostructures, two-terminal 

devices offer advantages in terms of fabricating reliable contacts39,40, compared to a conventional Hall 

device which requires at least four terminals. Geometries of contacts fabricated on the InGaAs 

nanostructures, are shown in Fig 3. The devices were measured in a Quantum Design Physical Property 

Measurement System (PPMS). The devices were wirebonded to a PPMS puck using a 25𝜇𝑚 gold wire. 

The devices were found to be extremely sensitive to electro-static discharge, so extreme caution was taken 

to ground the sample while bonding and transfer. The InGaAs devices were measured using standard low 



frequency lock-in technique at temperatures ranging from 2K to 50K. The contacts were found to be ohmic 

at all temperatures from 300K to 2K (Fig S1.A). The resistance of the device increases with decreasing 

temperatures (Fig S1.B).  

Longitudinal resistance Rxx was measured as a function of a perpendicular magnetic field (applied 

out of plane to the sample surface) at 2K. The resistance exhibits positive magnetoresistance with well-

defined superimposed oscillations at high fields. Measurements corresponding to two different samples 

grown under the same growth conditions and similar Si doping concentrations are shown (Fig 4). Sample 

1 (Fig 4A-C) was measured using a 4-probe configuration, while sample 2(Fig 4D-F) was measured in a 2-

probe configuration (for 2-probe configuration, total line resistance of 4kΩ is effectively added to the device 

resistance). A parabolic background is observed in the magneto-resistance plots (Fig 4A,4D) which 

typically arises from the Drude conductivity being inversely related to (1+ (𝜇𝐵2)), 𝜇 being the mobility and 

B the magnetic field.  A 3rd order polynomial background subtraction is performed to analyze the observed 

oscillations (Fig 4B,4E).  At B (>2T), Δ𝑅𝑥𝑥 oscillates periodically in 1/B. This can be interpreted as 

Shubnikov de-Haas oscillations due to the formation of Landau levels (LL) in high magnetic field. Fast 

Fourier analysis of the oscillations (Fig 4C,4F) reveals frequencies of BF=39T and BF=45T corresponding 

to the sample 1 and sample 2, respectively. Assuming a spherical Fermi surface, the Fermi wavevector 

corresponding to these two frequencies are 𝑘𝐹1 = 0.3463𝑛𝑚−1 and 𝑘𝐹2 = 0.3695𝑛𝑚−1 with 

corresponding doping levels of 1.4 x 1018 𝑐𝑚−3 and  1.9 x 1018 𝑐𝑚−3 respectively. These two samples 

were expected to show similar behaviors because of the same growth conditions, but surprisingly revealed 

variabilities of doping incorporations between different growth runs – underscoring the importance of 

characterizing CELO growths. The expected doping concentration based on the Si flow rates in the 

MOCVD is extracted from room temperature Hall measurements on planar samples. It is not 

straightforward to compare doping densities from planar growth to CELO nanostructures, since CELO 

growths typically require a significantly lower group-III flux compared to planar epitaxial growth, to lower 

parasitic growth rates. The planar sample was grown with the same disilane flux as for the CELO samples 

(1.43 × 10-8 mol/min) but with a lower V/III ratio. The doping concentration measured in this sample was 

2.53 x 1018 𝑐𝑚−3. Since Si doping in planar InGaAs growths decreases significantly with increasing V/III 

ratio41, the Si incorporation at a V/III ratio comparable to a CELO growth is likely lower than this number. 

As a result, Si doping incorporation in InGaAs CELO appear to be comparable to doping incorporation in 

planar epitaxial growths.  

The electron effective mass in these nanostructures can be obtained from the temperature 

dependence of SdH oscillations in Δ𝑅𝑥𝑥. The amplitude of the SdH oscillations decreases with increasing 

temperature but the oscillations are observed distinctly till 50 K (Fig 5A). Taking the resistance values at 
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Here, kB is the Boltzmann constant, me is the rest mass of an electron, m* is the dimensionless effective 

cyclotron electron mass, i.e. m*=m/me where m is the mass of electrons in InGaAs, T is the temperature in 

Kelvin, ℏ =
ℎ

2𝜋
 , h being the Planck constant and e is the charge of an electron in Coulombs. Fitting the 

temperature dependence of the peak amplitude to the LK equation (Fig 5B), the effective mass is estimated 

to be m=0.075*me. This value is higher than the value of electron effective mass in In0.53Ga0.47As (0.040 

*me for InGaAs lattice matched to InP 43). The increase in electron effective mass can be because of 

combination of factors such as higher band parabolicity due to quantum confinement in the 

nanostructures44,45, penetration of electron wavefunction into the barrier oxide layers46 or possible higher 

subband occupations47. The scattering time 𝜏 can be extracted from the slope of the plot of Ln(
Δ𝑅𝑥𝑥𝑠𝑖𝑛ℎ(Χ)

Χ
) 

vs 1/B for the peaks in Δ𝑅 (Fig 5C). This slope corresponds to (−
𝜋.𝑚

𝑒.𝜏
 ). The slope value of -45.9 

corresponds to an estimated quantum lifetime of 𝜏 = 2.919 𝑒−14𝑠  and a Dingle temperature TD = h/ (4π2 x 

kB τ), of 41.6 K.  These values of effective mass and scattering time corresponds to a quantum mobility of  

𝜇 =
𝑒.  𝜏

𝑚∗.  𝑚𝑒
=684 

𝑐𝑚2
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and a scattering length of 

𝑙𝐹 = 𝜏 ×
ℏ .  𝑘𝐹

𝑚
= 15.6 nm 

The low scattering length and low mobility points to the presence of a large number of defects in this 

particular sample. This correlates well with transmission electron microscopy studies of these 

nanostructures exhibiting high density of stacking faults at a high growth temperature28. Low field Δ𝑅𝑥𝑥 

data, show signatures of weak localization (WL) in both samples (Fig S2) which also indicates the presence 

of disorder in these nanostructures. 

In summary, in this letter, we have demonstrated a gentle wet etch process which removes microns 

of parasitic growth in InGaAs CELO, without affecting the nanostructures of interest. Even with samples 

that had poor selectivity and had alignment marks completely covered by parasitic growths, this process 

flow allowed us to achieve perfect alignment of vias and fabricate contacts on these nanostructures. The 



method described here, is generic and can be used for CELO growth of most material on a suitable substrate. 

Since parasitic growths can be effectively removed post-growth with this process, the constraint of being 

in the narrow window of CELO growth to achieve perfect selectivity becomes less critical. In order to 

extract important material parameters, we fabricated two-terminal devices to perform electrical 

measurements in magnetic fields upto 14T. This avoids the unreliability of contacts when four or more 

contacts need to be fabricated for conventional Hall devices. Low-temperature magneto-transport showed 

well formed Shubnikov de-Haas oscillations in the longitudinal resistance of these nanostructures, from 

which approximate doping concentrations were extracted. The dopant incorporations were found to be 

comparable to the values measured from planar InGaAs growths. We demonstrated how growth 

variabilities from different growth runs with similar parameters can be extracted using these measurements. 

We also extracted effective mass, carrier scattering lifetimes and quantum mobilities from analysis of the 

SdH oscillations. Our work establishes that the etching process combined with low temperature two 

terminal characterization is extremely useful in characterizing material parameters for CELO 

nanostructures that might be otherwise difficult to analyze.  
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FIGURES: 

 

 

Figure 1: (A) shows the 3D schematic of InGaAs CELO growth along with a parasitic growth. (B) shows 

a cross section schematic taken along the red dashed line in (A). (C)-(I) shows the process flow for 

selectively cleaning parasitic growth and fabrication of vias and contacts 

 



 

Figure 2: (A), (B), (C) show a CELO InGaAs sample and (D), (E), (F) the corresponding samples after the 

cleaning processes described in the text. (A) and (D) are SEM images while (B),(C),(E),(F) are optical 

microscope images. Green circles in (D) show where parasitic growths were before the cleaning process. 

Dashed box in (F) shows a region (different from C) where a parasitic microwire growth existed before 

etching. (G) shows the surface of the SiO2 after the wet etch process. (H) shows the SiO2 surface after 20 

minutes of exposure to MHA plasma etch in the RIE. 

 



  

Figure 3:(A) False color SEM images of contact with device (B) magnified SEM image of InGaAs CELO 

device (marked in green) with etched vias and contacts  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 4: Low temperature magneto-transport. (A-C) shows measurements for sample 1 and (D-F) shows 

measurements of sample 2. (A,D) shows longitudinal magnetoresistance for sample 1. (B,E) shows data 

in (A,D) after background subtraction, respectively. SdH oscillations are visible in both samples. (C,F) 

shows the FFT of the oscillations for the two samples. Peaks are observed for subband oscillations 

corresponding to 39T and 45 T for sample 1 and 2. These correspond to doping concentrations of 

1.4x1018cm-3 and 1.9x1018 cm-3 respectively. Sample 1 was measured in 4-probe configuration while 

sample 2 was measured in 2-probe configuration (with 4kΩ series line resistance). 

 

 

 

 

 

 

 

 

 



 

Figure 5: (A) shows the background subtracted magnetoresistance for sample 1 (Fig 4A-C) in inverse field 

at temperatures from 2K to 50K. (B) Fit of peak amplitude to Lifshitz-Kosevich equation to extract effective 

mass of m=0.075*me. (C) shows the Dingle plot extracted from peak amplitudes in (A). Slope from linear 

fits gives quantum scattering lifetime and quantum mobility.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary information: A gentle parasitic growth removal process to 

enable low temperature magneto-transport characterization in confined 

epitaxial lateral growth of InGaAs 

 

 

Figure S1: (A) I-V curves at different temperatures (B) Resistance vs Temperature curve for longitudinal 

resistance measured in 2-probe configuration for sample 2. 

 

 

Figure S2: Longitudinal magnetoresistance of sample 2, measured in 2-probe configuration showing 

peaks at low field (<1T) pointing to signatures of weak localization in the sample. The peak amplitude 

decreases with increasing temperatures. 

 


