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The transport properties of in-plane InGaAs/InP core-shell nanowires with 

raised contacts grown by selective area molecular beam epitaxy are 

investigated through the characterization of MOSFET devices with gate 

length down to 30nm. 
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ABSTRACT 

Three-dimensional nanoscale crystal shaping has become essential for the precise design of advanced electronic and quantum devices 

based on electrically gated transport. In this context, III-V semiconductor-based nanowires with low electron effective mass and strong 

spin-orbit coupling are particularly investigated because of their exceptional quantum transport properties and the good electrost atic 

control they provide. Among the main challenges involved in the processing of these nanodevices are (i) the ma nagement of the gate 

stack which requires ex-situ passivation treatment to reduce the density of traps at the oxide/semiconductor interface, (ii) the ability to 

get good ohmic contacts for source and drain electrodes and (iii) the scalability and reliabili ty of the process for the fabrication of complex 

architectures based on nanowire networks. In this paper, we show that selective area molecular beam epitaxy of in -plane InGaAs/InP 

core-shell nanowires with raised heavily doped source and drain contacts can address these different issues. Electrical characterization 

of the devices down to 4K reveals the positive impact of the InP shell on the gate electrostatic control and effective electr on mobility. 

Although comparable to the best reported values for In(Ga)As nanostructures grown on InP, this latter is severely reduced for sub-100 

nm channel highlighting remaining issue to reach the ballistic regime.  

KEYWORDS 

Molecular Beam Epitaxy, core-shell nanowire, selective area growth, effective electron mobility 

 

1. Introduction 

During the last fifteen years, many research efforts have targeted the 

fabrication of efficient MOSFETs based on low effective mass III-V 

materials that could reduce the power consumption of CMOS 

devices. Among these developments, metal-organic based nanoscale 

selective area epitaxy has demonstrated its efficiency for the 

integration of III-Vs on silicon [1-3], for the gate stack engineering 

[4], for self-aligned contact definition [5] or for the elaboration of 

quantum confined nanostructures [6-8]. More recently, molecular 

beam epitaxy (MBE) has also proven its usefulness for fabricating 

InAs or InSb in-plane nanowires (NW) [9-14] that combined with 

the in-situ deposition of an aluminum superconducting shell could 

produce hybrid mesoscopic devices for quantum bit manipulation 

[15]. Thus, even if silicon has remained the material of choice for 

CMOS, the technological breakthroughs that have been developed 

offer an interesting playground for the fabrication of nanoscale 

devices based on III-V materials with strong spin orbit coupling for 

quantum technologies. In this frame, MBE grown InGaAs presents 

an interesting trade-off between electron effective mass, spin orbit 

coupling and structural quality because it can be associated with 

lattice matched InP barrier and semi-insulating substrate and can be 

grown in the form of in-plane nanostructures with good electrical 

properties [16].  In this paper, we show that surrounding the 

InGaAs in-plane nanowire core by an InP shell results in a low 

interface trap density at the oxide/semiconductor interface without 

any ex-situ passivation treatment. Together with raised source and 

drain Si doped InGaAs contacts the resulting nanostructure turns out 

to be an efficient MOSFET with a scalable gate length down to 30 

nm. Electrical characterization of the transistors is performed down 

to 4K and we particularly investigate the impact of the gate length 

on the gate coupling efficiency and the effective electron mobility. 

 

2. Experimental 

The fabrication of the three-dimensional (3D) architectures of 

InGaAs/InP in-plane NWs requires a two-step selective area MBE 

growth. Semi-insulating InP (001) substrates are first patterned with 

a silicon dioxide mask following the process described in [17]. 3 µm 

long and 1 µm down to 50 nm wide openings in SiO2 oriented both 

in [110] and [1-10] directions are defined for the first epitaxy. After 

in-situ III-V native oxides removal by annealing the sample at 500°C 

under atomic hydrogen and arsenic flux, in-plane InGaAs NWs are 

grown selectively with respect to the silicon dioxide mask using 

atomic hydrogen assisted MBE [16]. An InP shell with a 10 nm 

nominal thickness is then added after transfer of the sample under 

ultra-high vacuum in another MBE system equipped with a 

phosphine thermal cracker cell. Details about the selective area 

MBE growth conditions for the InGaAs and InP layers can be found 

in references [13] and [18] respectively. The nominal deposited 
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thickness of undoped InGaAs and InP are respectively 30 and 10nm. 

 
Figure 1. SEM images after different steps of the device fabrication: after 

selective area MBE of in-plane InGaAs/InP core-shell nanowires inside 100 nm 

wide openings in the SiO2 layer (a), after the deposition of a HSQ ribbon on the 

array of in-plane InGaAs/InP nanowires (b), after regrowth of InGaAs:Si raised 

contacts, source and drain pads deposition and HSQ removal (c and d), zoom on 

the channel part after removing the 30 nm wide HSQ ribbon (e), and gate metal 

deposition on multi- (f) or single-NW (g) transistors . Scheme of the longitudinal 

cross-section of the devices (hf). 

 

Scanning Electron Micrograph (SEM) of an array of in-plane core-

shell nanowires grown inside 100 nm openings can be seen on figure 

1a. After growth, a part of the nanostructures is masked using 

hydrogenosilsesquioxane resist (HSQ) ribbons (figure 1b). These 1 

µm down to 30 nm wide ribbons are patterned with the spin-coating 

of an 80 nm thick layer of Dow Corning XR-1541 resist, e-beam 

exposure and tetramethylammonium hydroxide based development. 

A subsequent 200°C annealing under N2/H2 is performed before the 

introduction of the sample into the outgazing chamber where it is 

annealed under ultra-high vacuum for 90 minutes. After III-V native 

oxides removal as for the first epitaxy, the HSQ ribbons serve as a 

dummy gate for the subsequent selective area MBE growth of 

silicon doped InGaAs contacts with nominal thickness and doping 

of 30nm and 2x1019 cm-3 respectively.  After source and drain 

metal contact deposition using standard e-beam lithography, HSQ 

ribbons are removed using a buffered hydrofluoric acid solution 

(figures 1c-e). A 7 nm thick Al2O3 layer is then deposited using 

Atomic Layer Deposition at 300°C in a Benecq TFS200 system. 

Eventually a Ti/Au gate metallization is performed to obtain 

MOSFET devices (figures S1a and S1b). The longitudinal 

dimensions of the devices are schemed in figure 1f.   

Transmission Electron Microscope cross sections are performed 

after the whole process by means of Focus Ion Beam (FIB) etching. 

The STEM studies are carried out on a Titan Themis 200 (FEI) 

microscope equipped with a spherical aberration corrector on the 

probe and the EDX analysis system super X (0.7 sr solid angle of 

collection). The accelerative voltage was 200 kV. The (half) 

convergence angle of the probe was 17.6 mrad and the probe current 

85 pA. 

Figure 2. High Angle Annular Dark field (HAADF) image of the channel cross-

section of an InGaAs/InP core-shell nanowire grown inside a 100 nm wide 

opening along [110] (a). The dash line indicates the position of the line scan of 

the composition profile given in graph (b). Detailed chemical composition of the 

NW: Indium (c), Gallium (d), Aluminum (e), Phosphorus (f), Arsenic (g) and 

Oxygen (h). The scale bar is 20 nm. 

 

3. Results and discussion 

The scanning transmission electron micrograph (STEM) and EDX 

chemical analysis of the cross sections taken off in the channel area 

of transistors grown inside 100 nm wide openings reveal that along 

[110] direction (figure 2), the InGaAs core exhibits a half cylinder 

shape with a radius of approximately 50 nm whereas the InP shell is 

roughly delimited by a semi-hexagonal contour formed by (1-10), 

(111) and (001) facets. The composition profile of III and V elements 

constituting the structure and deduced from EDX analysis indicates 

that the indium content in the InGaAs core is about 60% at the basis 

but evolves to 70-75% at the extreme top of the nanostructure (figure 

2b). The rounded shape of the InGaAs core with the absence of a 

well-defined top (001) facets is quite different than the one observed 

for shell-free In0.53Ga0.47As in-plane nanowires grown with the same 

conditions [16]. This difference is probably resulting from strain 

induced indium migration from side facets to the top one. 

In the [1-10] direction (supporting information SI-1, figure S1.1), 

the shape of the InGaAs core is quite similar but the composition 

grading is reversed since a slight decrease of the indium content is 

observed from the bottom to the top of the core (figure S1.1b).  

Concerning the InP shell, it forms mainly (111) facets with a 

preferential deposition of InP on the top leading to a triangular shape 

for the nanostructure. The prevalence of these facets can be 

attributed to the different InP surface energies between (111)A, (001) 

and (111)B facets [18]. For larger openings (w=500 nm and w=1 µm), 

we assume that InGaAs exibits mainly a (001) surface (supporting 

information SI-1, figure S1.2). 
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Figure 3. Transfer characteristics at VDS=50mV of single in-plane InGaAs/InP 

NW MOSFET grown inside mask openings oriented in the [110] crystal direction 

with different width w and a gate length of 500nm in logarithmic (a) and linear 

(b) scales. Evolution of the threshold voltage with respect to the width of the 

opening for both orientations (c). 

Figure 4. Drain current normalized either by the width w of the mask opening 

(left scale) or by the gate development WG (corresponding to the length of the 

InGaAs/InP interface deduced from STEM; Right scale) versus drain to source 

voltage for LG=1 µm (a), 500nm (b), 100nm (c) and 30 nm (d). Resistance of the 

device for VGS-VT=0.4V and VDS=10mV at different temperature versus gate 

length (e), squares correspond to experimental data and dash lines to linear 

interpolations. Evolution of the linear resistance of the channel and of the access 

resistance deduced from these interpolations with respect to the temperature (f). 

 

The MOSFET transfer characteristics measured at 300K for a 

drain to source voltage of 50 mV are displayed on figure 3 for single 

NWs with a 500 nm gate length grown inside 1 µm down to 50 nm 

wide openings and oriented in the [110] azimuth. The characteristics 

for the other azimuth can be found in supplementary information SI-

2. As can be seen, the geometry of the opening and thus the shape of 

the nanostructure deeply impacts the threshold voltage of the 

transistor which is about -0.8V for large opening and shifted toward 

positive voltage when the size of the (001) surface of the nanowires 

is shrinking with respect to the lateral facets. This evolution is quite 

similar for both crystal directions although a little more pronounced 

for the [110] oriented devices which also exhibit an improvement of 

the subthreshold slope when the width is reduced. However, for the 

50 nm wide opening, a degradation of the conductance slope is 

observed above the threshold probably because of poor ohmic 

contacts. In the following, we focus on nanowires grown inside 100 

nm wide openings in the [110] direction. 

From these nanowires, transistors with different gate length 

(defined by the HSQ ribbon width) from 1 µm down to 30 nm have 

been fabricated and their electrical properties above and below the 

threshold voltage are investigated. Figure 4a-d displays the ID=f(VDS) 

characteristics of these devices. In the linear regime (at VDS=10mV), 

we extract the ON resistance for a fixed gate voltage 0.4 V above 

the threshold and different temperatures (figure 4e). The linear 

interpolations of these data enable the identification of the mean 

linear resistance of the channel and the mean access resistance with 

respect to the temperature (figure 4f). One can observe that for short 

channels, the ON state characteristics are mainly governed by the 

access resistances which exhibit some variations from one device to 

another. One can also notice that the mean channel resistance 

decreases when the temperature is reduced, probably related to an 

improvement of the electron mobility at low temperature. 

Figure 5. Transfer characteristics measured at different temperature on a single 

in-plane NW transistor grown inside a 100 nm wide opening and with a gate 

length of 1 µm (a): solid line corresponds to the measurement and squares to the 

corrected mobility model with µ0 values of figure 5b. Evolution of the electron 

mobility µ0 with the gate length (c): square corresponds to the data deduced from 

the fit of the transfer characteristics and dashed lines to the model based on Eq. 

(1) and (2) using the parameters µlong and K described on (d) with respect to the 

temperature. 

 

In order to extract the effective electron mobility µ0 for each 

device independently from the access resistance, we used the model 

proposed by Ghibaudo et al [19] involving a mobility correction 

factor  taking into account series resistance and gate voltage impact 

to fit our experimental transfer characteristics (figure 5a). This 

model is based on the following equations [19]: 

 

𝐼𝐷 =
𝑊𝐺.𝐶𝑖.𝜇0

𝐿𝐺(1+𝜃(𝑉𝐺𝑆−𝑉𝑇))
(𝑉𝐺𝑆 − 𝑉𝑇). 𝑉𝐷𝑆      Eq. (1) 

 

with 𝜃 = 𝜃0 + 𝑅𝑆. 𝐶𝑖 . 𝜇0.
𝑊𝐺

𝐿𝐺
       Eq. (2) 

 

where WG is the gate development (length of the transverse 

core/shell interface), Ci is the gate capacitance per unit area formed 

by the 7 nm thick Al2O3 layer (supporting information SI-3) and the 

InP shell. Assuming a mean thickness of about 15 nm for the shell, 

a value of 4.56 mF/m² is estimated for Ci. Rs is the series resistance 
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and 𝜃0 is the intrinsic mobility reduction factor. The values of  

used for the fit as well as their evolution with the temperature are 

summarized in the supplementary materials SI-4. 

Regarding the evolution of the electron mobility µ0 with the gate 

length, a striking degradation can be noticed for short gate length. 

The highest mobility is indeed obtained for the device with a 1 µm 

gate length increasing from about 1500 cm2.V-1.s-1 at room 

temperature to reach more than 2700 cm2.V-1.s-1 at 4K. Although 

reduced, the electron mobility for the device with a 500 nm gate 

length exhibits a similar behavior. However, for devices with a gate 

length of 100 nm and below, a much lower value is achieved and no 

more evolution with the temperature is observed.  On figure 5c, 

this evolution is fitted using the Matthiessen rule involving two 

different mobility [19]: a diffusion limited classical one µlong 

independent of the gate length which prevails for long gate length, 

and a term µshort proportional to the gate length. The relationship 

between µ0, µlong and µshort is given by: 

 

µ0 = (
1

µ𝑙𝑜𝑛𝑔
+

1

µ𝑠ℎ𝑜𝑟𝑡
)

−1

 Eq. (3) 

 

with µshort = K.LG  Eq. (4) 

 

The values of µlong and K corresponding to the dashed lines of figure 

5c are summarized in figure 5d. We can notice that the electron 

mobility is expected to reach 4500 cm2.V-1.s-1 at 4K for long NWs 

and that the K parameter is almost constant (about 6.5 cm2.V-1.s-

1.nm-1) with the temperature. A quasi-linear dependency of the 

effective electron mobility with the gate length for nanoscale devices 

has already been observed in different field effect transistors with 

various interpretations [20-22].  Shur et al interpret this 

phenomenon as an expression of ballistic transport between source 

and drain in the case of AlGaAs/GaAs HEMTs with submicron gate 

length [20]. They introduce a term of effective “ballistic” mobility 

µbal proportional to the gate length (µbal= Kbal.LG) by substituting the 

electron mean free path by the gate length in the expression of the 

mean scattering time. The value of the ballistic coefficient Kbal is 

thus only dependent of the injection velocity of electrons from the 

source, taken as the thermal velocity vth. Kbal can then be expressed 

from the electron effective mass m*, the temperature T, the 

Bolztmann constant kB and the elementary charge q according to the 

following equations: 

 

𝐾𝑏𝑎𝑙 =
2.𝑞

𝜋.𝑚∗.𝑣𝑡ℎ
   Eq. (5) 

 

and 𝑣𝑡ℎ = √
8.𝑘𝐵.𝑇

𝜋.𝑚∗    Eq.(6) 

 

However, considering an electron effective mass of InGaAs of about 

0.04 m0, the calculated values of Kbal using these expressions are 

much higher than the one deduced experimentally from our K 

coefficient. The discrepancy is about one order of magnitude at 

300K and even much higher at low temperature (Supporting 

information SI-5). Even if the electron mobility obtained for a gate 

length of 1 µm is compatible with a ballistic transport over a length 

of 30 nm, it seems that another scattering phenomenon related to 

raised source and drain contacts affects the electron mean free path 

for short gate length. A similar interpretation was given by Karatsori 

et al in the case of strained or fully depleted SOI MOSFET and 

InGaAs on insulator FinFET with comparable electron mobility 

values [22]. The diffusion of neutral defects from source and drain 

areas during the process was suspected. Such a mechanism is 

unlikely to happen in our case considering the quite low thermal 

budget of fabrication and the low diffusion of Si in InGaAs. More 

reasonably, elastic scattering from randomly distributed ionized 

impurities in the heavily doped source and drain extensions is 

probably the main mechanism inhibiting the ballistic transport [23]. 

Adding some spacers separating the channel from heavily doped 

access should limit this phenomenon. 

 

Figure 6. Conductance versus gate voltage of the transistor for VDS=10mV and 

various temperatures (a). Arrhenius plot of G/T values extracted along the 

vertical dashed lines of figure 6a (b): squares correspond to the experimental data 

and the dashed lines correspond to the model described with equation 3. Potential 

barrier Vb (c) and active cross-sectional area SA (d) deduced from the previous 

model. The dashed lines of figure 6c correspond to the linear regression of the 

experimental points obtained for different gate length and authorizing the 

deduction of the gate coupling efficiency .  Subthreshold slope of the devices 

with different gate length measured at VDS=10mV and different temperatures (e). 

The red dashed line represents the theoretical thermionic limit of the slope for a 

perfect gate coupling. Interface trap density versus temperature and gate length 

deduced from subthreshold slopes (f). 

 

Let’s now turn to the subthreshold regime. Figure 6a displays the 

evolution of the conductance G of the device with a 100 nm gate 

length with respect to the temperature. A clear improvement of the 

subthreshold slope can be noticed at low temperature. By plotting 

the evolution of G/T versus 1000/T, one can extract the potential 

barrier height Vb at the source/channel interface for different gate 

voltage as well as the active cross-sectional area 𝑆𝑎 of the channel 

following the expression [24]: 

 

𝐺 = 𝑆𝐴𝐴∗𝑇
𝑞

𝑘𝐵
𝑒

−
𝑞𝑉𝑏
𝑘𝐵𝑇  Eq. (7) 

Where A* is the Richardson constant for In0,6Ga0.4As (A*=4,582 

A.cm-2.K-2 considering an electron effective mass of 0.041m0 [25]). 

The same extraction has been performed for the other devices with 

gate length of 30nm, 500nm and 1 µm (Supporting information SI-

6). These data are summarized in figure 6c and 6d. The slope  of 

the Vb=f(VGS-VT) curves of figure 6c indicates the gate coupling 

efficiency. A gate coupling efficiency of 1 corresponds to a complete 
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transfer of the gate voltage variation on the source/channel 

conduction band bending. The decrease of  for small gate length is 

typically due to short channel effects (SCE), arising when the gate 

potential is not able to fully deplete the channel. This is confirmed 

by figure 6d where a larger active cross-sectional area is obtained 

for LG=30nm meaning that the bulk current is mainly contributing 

to the OFF-state current. For larger gate length, the small active 

cross-sectional area indicates that the leakage current is probably 

located at the channel/gate interface. The density of traps at this 

interface can be estimated from the values of the subthreshold slope 

using the following expression [26]:    

 

𝑆𝑆 =
𝐶𝑖+𝐶𝑖𝑡

𝐶𝑖

𝑘𝐵𝑇

𝑞
ln 10  Eq. (8) 

Where Cit the capacitance related to the defects in the gate stack with 

the density Dit (Cit=q Dit). We can thus deduce Dit from the data of 

figure 6e (figure 6f). Owing to SCE limiting the subthreshold slope, 

Dit is largely over-estimated for the device with a 30 nm gate length. 

For the other devices, a Dit rather independent of the gate length is 

obtained with a value of about 4x1012 cm-2.eV-1 at room temperature 

and lower than 2x1012 cm-2.eV-1 below 250K. These results are close 

to the best reported values for III-V MOSFET using a similar 

extraction method [26]. This is a clear indication of the positive 

impact of InP shell since no passivation of the surface has been 

required before the gate oxide deposition. 

4. Conclusion 

Selective area molecular beam epitaxy is a useful technique to shape 

III-V semiconductors at the nanoscale. Field effect transistors based 

on in-plane InGaAs NWs surrounded with an InP shell exhibit a low 

density of interface traps in the gate stack and quite high effective 

electron mobility for long channel devices. The regrowth process 

based on a HSQ dummy gate is useful to contact the nanowire and 

define very short gate length down to 30 nm but it leads also to a 

severe effective mobility degradation preventing the ballistic regime 

to be attained at low temperature. This degradation may come from 

scattering from source and drain impurities, whose density should 

be carefully optimized to reduce their impact on electron transport 

in the channel while keeping low series resistances. With such 

improvement, we believe that this bottom-up process will be able to 

break through the barriers for the fabrication of nanoscale reliable 

quantum circuits. 
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1. SEM pictures of the fabricated transistors 

 

Figure S1. SEM image of the transistors fabricated from multiple (a) and single (b) in-plane InGaAs/InP core shell NWs.  
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2. STEM analysis of the channel cross section 

 

Figure S2.1. TEM analysis of the channel cross-section of an InGaAs/InP core-shell nanowire grown inside a 100 nm wide opening along [1-10] direction (a). The 

dashed line indicates the position of the line scan of the composition profile given in graph (b). High Angle Annular Dark field (HAADF) image (c) and detailed 

chemical composition of the NW: Gallium (d), Arsenic (e), Aluminum (f), Indium (g), oxygen (h), Phosphorus (i) and Titanium (j). The scale bar represents 20 nm. 

 

 

Figure S2.2.  FIB-STEM cross-section images at 30 keV of 30 nm InGaAs deposited by selective area MBE on InP (001) substrate without InP shell inside SiO2 

openings with a width of 1 µm and oriented along [110] (a) and along [1-10] (b) and with a width of 500nm and oriented along [110] (c) and [1-10] (d). InGaAs exhibits 

mainly a top (001) facet delimited by (111)B facets for openings along [110] and delimited by (113)A facets for openings along [1-10]. 
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3. Transfer characteristics for [1-10] oriented devices with LG=500nm: 

 

Figure S3. Transfer characteristics at VDS=50mV of single in-plane InGaAs/InP NW MOSFET grown inside mask openings oriented in the [1-10] crystal direction 

with different width w and a gate length of 500nm in logarithmic (a) and linear (b) scales. 

 

4. STEM evaluation of the gate oxide thickness: 

 

 

Figure S4. Cross section STEM image of InP/Al2O3/Ti interface 

 

5. Effective electron mobility extraction: 
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Figure S5. Transfer characteristics measured at different temperature on a single in-plane NW transistor grown inside a 100 nm wide opening and with a gate length 

of 500 nm (a), 100 nm (b), 50 nm (c) and 30 nm (d): solid line corresponds to the measurement and squares to the corrected mobility model with the µ0 values of figure 

5b. The correction factors  used for the fit are plotted with respect to the temperature (e). 

 

 

 

 

 

6. Calculation of Kbal coefficient versus temperature for InGaAs: 

 

𝐾𝑏𝑎𝑙 =
2.𝑞

𝜋.𝑚∗.𝑣𝑡ℎ
 𝑎𝑛𝑑  𝑣𝑡ℎ = √

8.𝑘𝐵.𝑇

𝜋.𝑚∗   Eq. (S1) 

 

Where vth is the thermal velocity. m* is the electron effective mass of InGaAs, T is the temperature, kB the Bolztmann constant and q the 

elementary charge q. 
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Figure S6. Calculated values of Kbal versus temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7. Source to channel barrier voltage and active channel cross section area: 
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 Figure S6. Device conductance G versus gate voltage measured at different temperature, Arrhenius plot of G/T and extracted source to channel barrier voltage Vb 

and channel section for single in-plane NW transistor grown inside a 100 nm wide mask opening and with a gate length of 1µm (a, b, c), 500 nm (d, e, f), 100 nm (g, h, 

i) and 30 nm (j, k, l). 

 

 


