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Selective Area Growth of PbTe Nanowire Networks on InP

Jason Jung, Sander G. Schellingerhout, Markus F. Ritter, Sofieke C. ten Kate, 
Orson A.H. van der Molen, Sem de Loijer, Marcel A. Verheijen, Heike Riel, 
Fabrizio Nichele, and Erik P.A.M. Bakkers*

Hybrid semiconductor–superconductor nanowires are promising candidates 
as quantum information processing devices. The need for scalability and 
complex designs calls for the development of selective area growth tech-
niques. Here, the growth of large scale lead telluride (PbTe) networks is intro-
duced by molecular beam epitaxy. The group IV-VI lead-salt semiconductor 
is an attractive material choice due to its large dielectric constant, strong 
spin-orbit coupling, and high carrier mobility. A crystal re-orientation process 
during the initial growth stages leads to single crystalline nanowire networks 
despite a large lattice mismatch, different crystal structure, and diverging 
thermal expansion coefficient to the indium phosphide (InP) substrate. The 
high quality of the resulting material is confirmed by Hall bar measurements, 
indicating mobilities up to 5600 cm2 (Vs)−1, and Aharonov–Bohm experi-
ments, indicating a low-temperature phase coherence length exceeding 
21 µm. Together, these properties show the high potential of the system as a 
basis for topological networks.
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goal for material scientists in the field. 
Preceding efforts on out-of-plane grown 
nanowires have resulted in ballistic trans-
port over several microns[8,9] and indica-
tions of Majorana zero modes.[10–12] A 
shortcoming of this type of growth lies 
in its limited scalability and geometric 
flexibility. Selective area growth (SAG) 
based techniques have emerged to address 
these issues. Material requirements for 
the semiconductor include a small effec-
tive mass, a high Landé g-factor, and a 
large spin-orbit coupling. Consequently, 
most prior work has focused on InAs and 
InSb networks.[13–16] However, with promi-
sing results in 2D structures,[17–22] PbTe 
recently emerged as a potential alternative 
platform.[23–26] In addition to fulfilling the 
aforementioned requirements,[27,28] bulk 
PbTe has an anisotropic effective mass of 
m* = 0.024 me − 0.24 me,[29] and possesses 

a particularly high static dielectric constant of 1350 at low tem-
perature.[30] This suppresses long-range tails of Coulomb poten-
tials, shielding fluctuations caused by charge impurities and 
dislocations.[31] These favorable properties make PbTe a strong 
candidate for topology based applications, where disorder is 
currently viewed as one of the main limitations.[32–35]

This work presents the growth of complex in-plane PbTe 
nanowire networks by molecular beam epitaxy  (MBE). Unlike 
existing work,[25] growth was achieved on conventional InP 
substrates, overcoming the large  10.1% lattice mismatch, dif-
fering crystal structure, and diverging thermal expansion coef-
ficient. The resulting single-crystalline networks are of high 
purity, have well-defined facets and junctions, and demonstrate 
a sharp substrate interface with no signs of reaction or atomic 
exchange. Transport measurements confirm the high material 
quality, resulting in a Hall mobility up to  5600 cm2 (Vs)−1, a 
g-factor of 23, and at base temperature of the setup a coherence 
length exceeding 21 µm, which is higher than in any previous 
study on SAG devices.[14–16,26,36] Overall, PbTe SAG holds high 
promise as a material platform for future experiments toward 
topological quantum computation.

2. Selective Area Growth

Figure  1 introduces the SAG of PbTe. The starting point is a 
semi-insulating InP (111)A substrate covered by an amorphous 
SixNy mask. Lithographically defined openings are dry etched 

ReseaRch aRticle

1. Introduction

Research on topological quantum computation is driven by its 
promise of inherent fault tolerance.[1–3] One proposed material 
platform is hybrid semiconductor–superconductor nanowire 
networks,[4–7] making the growth of these networks a major 

© 2022 The Authors. Advanced Functional Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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into the mask, allowing access to the underlying crystalline sub-
strate. The correct growth conditions confine the subsequent 
PbTe epitaxy to these openings. Figure  1a shows scanning 
electron microscopy (SEM) images depicting the initial growth 
stages in circular mask openings of 200 nm diameter. Due to 
weak bonding with the substrate, the growth initially follows 
the Volmer–Weber model.[37] In this model, islands are formed 
during nucleation after reaching a critical number of adatoms. 
The islands subsequently expand in volume until they coalesce, 
percolate, and form a closed film exhibiting atomic terracing. 
Details on the involved mechanisms are found in the accom-
panying growth-focused publication.[38] Figure  1b displays the 
growth behavior after film closure. Upon exceeding the mask, 
PbTe forms distinct facets. A Wulff construction closely fol-
lows the development of the crystal shape, demonstrating the 
minimization of the total surface free energy via the formation 

of low energy  {200} facets. Elongated mask openings for the 
growth of nanowires should therefore be aligned to the sub-
strate crystal directions to avoid vicinal surfaces and steps,[16,39] 
as illustrated by Figure  1c. Uniform, well-defined facets are 
formed in nanowires oriented along the in-plane 〈110〉 or 〈112〉 
directions. Networks can therefore be grown by combining 
any of these directions as depicted in Figure  1d. The correct 
substrate processing prior to the PbTe epitaxy is crucial. This 
includes the chemical and thermal removal of the native oxide, 
as well as a Te pre-growth treatment (see Supporting Informa-
tion S1). The latter substantially improves the homogeneity of 
the hetero-epitaxy, likely by supporting the formation of inter-
facial In-Te bonds. The shape of the mask opening is not found 
to have an influence on the epitaxial orientation of the growth. 
However, decreasing the size of the opening increases the prob-
ability of forming both twin defects and alternative epitaxial 

Adv. Funct. Mater. 2022, 32, 2208974

Figure 1. PbTe SAG on InP (111)A. a) The initial stages of growth from nucleation to island coalescence and to the formation of a closed film. Top-view 
SEM images show the selective area PbTe growth in a 10 × 10 grid of 200 nm wide circular openings for increasing growth times. Close-ups in the inset 
highlight the different stages of growth. The in-plane crystal directions are indicated in the first panel and kept consistent throughout, unless stated 
differently. b) Following film closure, the growth exceeds the mask and exhibits clear faceting. The close-ups are shown at a different scale compared 
to panel (a) in order to accommodate the size of the overgrowing PbTe structure. The underlying mask opening is marked by a circle for the last two 
time stamps. An inset in the top right of each panel shows a Wulff construction of the equilibrium crystal shape. It follows the same growth stages, 
illustrating the minimization of the total surface free energy and formation of low energy {200} facets. c) SEM image of 4 µm long nanowires selec-
tively grown with their orientation rotating at an increment of 5°. All of the following examples in this figure are grown for 60 min to emphasize facet 
formation. Stable side facets are reliably formed in mask openings oriented along the in-plane 〈110〉 and 〈112〉 crystal directions. Close-ups of nanowire 
growth in these directions are shown on the right side of the panel. The colored areas indicate the underlying etched mask opening for these cases. 
d) Growth of nanowire networks. The top left design combines mask openings aligned along all in-plane 〈110〉, the bottom left all 〈112〉 crystal direc-
tions. The design on the right side combines the directions of both crystal families. Nanowires oriented along the 〈112〉 directions widen at the end to 
support the formation of lower energy {200} facets.
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orientations also found in nucleation islands (see Supporting 
Information S2).[38] PbTe SAG on InP (100) substrates exhibits 
similar growth dynamics, but differs in its equilibrium crystal 
shape and consequently in the constraints on the preferential 
in-plane wire orientation (see Supporting Information S3). In 
the previous examples, a growth time of 60  min is chosen to 
illustrate facet formation. This leads to overgrowth at network 
junctions as well as terminating {200} growth facets that widen 
the ends of 〈112〉 oriented wires. For quantum transport experi-
ments, where one-dimensional confinement is crucial, a shorter 
growth time is preferred in order to keep the epitaxy strictly 
confined to the mask opening (see Supporting Information S4).

3. Material Analysis

Device performance depends on the ability to produce mate-
rials with high purity and low disorder.[40] Figure  2 focuses 
on the analysis of the PbTe crystal quality. A high-resolution 
transmission electron microscopy (HRTEM) image of a cross 
section  of ten parallel nanowires is introduced in Figure  2a. 
The growth is homogeneous, showing no sign of growth rate 
variation, i.e., synergetic or competitive behavior, across the 
examined wires.[41] A close-up of the right-most wire is depicted 
in Figure  2b and exposes the surface facets of the wire. An 

energy-dispersive X-ray (EDX) elemental mapping of the same 
region, shown in Figure  2c, confirms a sharp substrate-to-
nanowire interface and the absence of intermixing or other 
local impurities down to the detection limit of the imaging 
technique. The InP and PbTe are imaged along the [011] axes 
of their zincblende and rock-salt face-centered cubic structure. 
The electron diffraction pattern in Figure 2d reveals a twinned 
epitaxial relation between substrate and growth. Despite origi-
nating from many nucleation islands with various epitaxial ori-
entations, the final PbTe SAG is single crystalline. This finding 
is supported by equivalent electron diffraction patterns taken 
across a  2 × 2  µm opening.[38] The underlying mechanism is 
a reorientation process within the initial stages of the growth, 
facilitating the growth of large single crystalline structures. A 
high-angle annular dark-field scanning TEM micrograph of the 
interface is shown in Figure 2e. An inverse fast Fourier trans-
formation (iFFT) of the same region unveils the atomic col-
umns and the misfit dislocations at the interface compensating 
the 10.1% lattice mismatch. Other examined nanowires show 
the same facets, crystal quality and epitaxial relation (see Sup-
porting Information S5).

4. Mobility Measurements

Next, we turn to quantum transport experiments to complement 
the structural analysis. Two Hall bar devices were fabricated on 
branched nanowires of 60 nm (Hall Device 1) and 80 nm (Hall 
Device  2) width, respectively. Figure  3a shows a false-colored 
SEM micrograph of Hall Device 1, with Ti/Au contacts and a top 
gate separated by 23 nm Al2O3. Measurements were performed 
using low-frequency lock-in techniques at a mixing chamber 
temperature T = 12 mK. A voltage VAC was applied (see Experi-
mental Section), while the longitudinal and transversal voltages 
Vxx and Vxy, as well as the current IAC were recorded. Figure 3b 
displays the differential conductance G  = IAC/Vxx of Hall 
Device 1 as a function of top gate voltage VTG. At B⊥ = 0 a con-
ductance plateau is observed with a value close to G0 = 2e2h−1. 
At B⊥ = 6 T an additional step emerges at e2h−1 due to Zeeman 
splitting, visible also in the transconductance dG/dVTG plot of 
Figure 3c. A gate lever arm of 0.033 is extracted from bias spec-
troscopy measurements that yields a Landé g-factor of 23 from 
the level splitting of the first plateau, consistent with our recent 
study on PbTe quantum dots.[42] No conductance plateaus were 
observed in Hall Device  2. Assuming a rectangular nanowire 
cross section, we extract the longitudinal and transversal resis-
tivities ρxx  = (Vxx/IAC) · (wHhH/lH) and ρxy  = (Vxy/IAC) · hH of 
Hall Device  1 as a function of B⊥ at VTG = 0. Here, wH is the 
width, hH = 50 nm is the height, and lH = 1 µm is the length 
of the Hall bar. The longitudinal resistivity ρxx exhibits ape-
riodic mesoscopic fluctuations as shown in Figure  3d.[43] 
The transversal resistivity is ρxy  ≠ 0 at B⊥  = 0, similar to the 
average value of ρxx. This is attributed to the horizontal offset 
between opposing side arms in the device geometry, evident in 
Figure  3a. [44] The dependence of the Hall mobility  µH on the 
electron density ne was extracted by measuring ρxx = 1/(µH e ne) 
and ρxy  = B⊥/(e ne) as a function of VTG, with the elementary 
charge  e. The relation is shown in Figure  3e for both Hall 
Device  1 and Hall Device  2. The mobility reaches values of 

Adv. Funct. Mater. 2022, 32, 2208974

Figure 2. Crystal quality and interface analysis. a)  Bright-field HRTEM 
micrograph of a cross-section cut perpendicular to the growth direction 
of ten parallel nanowires. b) Close-up of the right-most wire. It exhibits 
distinct faceting and a flat InP/PbTe interface. c)  EDX elemental map-
ping of the same area showing no signs of intermixing between the InP 
substrate (blue) and the PbTe nanowire (red). d) The electron diffraction 
pattern of the nanowire displays the twinned epitaxial relation between 
InP (blue) and PbTe (red). The first order diffraction peak directions are 
indicated in the panel. e)  High-angle annular dark-field scanning TEM 
micrograph of the region marked in blue in panel (b). The InP/PbTe inter-
face is indicated with an arrow. f) An iFFT of the same region reveals the 
atomic columns. The 10.1% lattice mismatch between InP and PbTe is 
compensated by misfit dislocations directly at the interface (blue circles).
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3800  and 5600 cm2(Vs)−1 at VTG = 0, corresponding to a mean 
free path of le  ≈ 100 and 180  nm, respectively. Conductance 
measurements on a top gated nanowire provided a field-effect 
mobility of µF  ≈ 6400  cm2(Vs)−1 (see Supporting Information 
S6). No decrease of µH was observed between T = 12 mK and 
T = 3.8 K. This, together with a consistently higher mobility of 
devices with larger cross section suggests that µH is likely lim-
ited by interface scattering. Similar conclusions were reached in 
an early study of the Hall mobility in PbTe films.[45] Passivation 
through the addition of a CdTe shell could alleviate surface scat-
tering, but has yielded mixed results so far.[26,46] In comparison, 
studies of the carrier density and mobility of PbTe films found 
ne  ≈ 1017  cm−3 and µH  ≈ 106  cm2 (Vs)−1 at  5  K.[17] In quantum 
wells based on doped and undoped PbTe films, mobilities of 
approximately 104   −  105 cm2(Vs)−1 were found, higher than in 
our nanowire devices.[19–21] The discrepancy can likely be attrib-
uted to the reduced dimensionality of nanowire devices.

5. Aharonov–Bohm Experiments

Finally, we extract the electronic phase coherence length from 
transport measurements on a PbTe loop. A false colored SEM 
micrograph of the measured device is shown in Figure  4a. 
The PbTe loop has a circumference of L = 4 µm and a channel 
width of 100 nm. The resistance as a function of the perpen-
dicular magnetic field B⊥, depicted in Figure 4b, exhibits peri-
odic oscillations. The amplitude of these oscillations decreases 
with increasing mixing chamber temperature T, as indicated 
in Figure 4c for the lowest and highest T of an extended data 
set (see Supporting Information S7). The Fourier spectrum of 
the resistance, after subtracting a slowly varying background, 
is shown in Figure 4d at T = 12 mK. Distinct peaks are identi-
fied as h/e oscillations, signature of the Aharonov–Bohm (AB) 
effect, h/2e oscillations, signature of the Altshuler-Aronov–
Spivak (AAS) effect (see Supporting Imformation S8), and an 
additional higher h/3e harmonic of the AB oscillations.[47–49] 
Their periodicities of 5.6, 2.8, and 1.9  mT, respectively, cor-
respond to an area of 0.74  µm2. This is in agreement with 
the lithographic area 0.68 − 1.08  µm2 of the inner and outer 
boundary of the loop design. The AAS effect occurs due to 
interference of time-reversed paths. It is consequently more 
robust against disorder than the AB effect and is used for an 
estimation of the electron phase coherence length  lφ(T).[50] 
Figure 4e plots the amplitude of the oscillation Ah/2e as a func-
tion of T. To estimate the coherence length, Ah/2e is fit with a 
model of the form[51]

= −










φ
A T A

nL

l T
h ne ( ) ·exp

( )
/ 0  (1)

Here, n  = 2 is the winding number for h/2e oscillations, 
lφ(T) = C · T−m with m = 1/2 in the diffusive regime, and A0 and 
C are fit parameters. Extracting Ah/2e for |B⊥| < 180 mT yields a 
phase coherence length lφ > 21 µm at the base temperature of 
the setup. This long phase coherence length is consistent with 
reduced e-e interaction, as expected in PbTe due to its large 
dielectric constant.[31] Similar studies were recently conducted 
on SAG InAs,[14,36] InSb,[15,16] and PbTe grown on CdTe,[26] all 
reporting lower values for lφ.

6. Conclusion

Our results show the successful SAG of PbTe on InP  (111)A. 
The developed approach is flexible in its design, scalable, and 
reproducible, facilitating the growth of well-defined branched 
nanowire networks. The structures show no signs of interface 
reactions and are single crystalline despite the large lattice 
mismatch, varying crystal structure, and diverging thermal 
expansion coefficient compared to the InP substrate. Trans-
port experiments confirm the high material quality and reveal 
a Hall mobility up to 5600  cm2(Vs)−1 and a phase coherence 
length exceeding 21 µm at the base temperature of the setup. 
Together, these results indicate a promising material plat-
form, providing a further step toward topological quantum  
computation.

Adv. Funct. Mater. 2022, 32, 2208974

Figure 3. Hall measurements. a) False colored SEM micrograph of Hall 
Device  1 with contacts (yellow), top gate (orange), and a schematic 
measurement setup. b) Wire conductance G as a function of the top gate 
voltage VTG at B⊥ = 0 and 6 T (trace offset by G0). The first conductance 
plateau splits at high fields (black arrows). c) Transconductance dG/dVTG 
as a function of B⊥ with indicated plateau splitting (white arrows). d) Lon-
gitudinal ρxx and transversal resistivity ρxy as a function of B⊥ at VTG = 0. 
e) Hall mobility µH versus carrier density ne of Hall Device 1 with 60 nm 
width and Hall Device 2 with 80 nm width.
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7. Experimental Section
Substrate Fabrication: Electron-beam lithography (EBL) markers were 

etched into undoped semi-insulating (111)A and (100) InP substrates by 
reactive-ion etching using CHF3 with added O2.[39] Subsequently, 20 nm 
SixNy was deposited by plasma-enhanced chemical vapor deposition 
(PECVD). AR-P  6200.13 resist was spun at 4000  rpm on the chip, and 
baked at 150 °C for 60 s. The mask openings were written by EBL and 
developed in AR 600-546 for 60  s. Reactive ion etching transferred the 
pattern into the mask. A phosphoric acid wet etch (H2O : H3PO4 = 10 : 1) 
removed the native substrate oxides, after which the substrates were 
loaded into the MBE and degassed at 300 °C for 1 h.

PbTe Heteroepitaxy: Growth took place in an ultra-high vacuum 
MBE system. An annealing step under Te overpressure at 480  °C was 
used for surface reconstruction of the etched openings and to remove 
oxide residuals from the exposed substrate surface. The PbTe networks 
were subsequently grown at 340  °C with separate elemental sources, 
providing a Te flux of 4.00 × 10−7 mbar and a Pb flux of 1.25 × 10−7 mbar 
measured as beam equivalent pressure using a naked bayard-alpert ion 
gauge. Temperatures were measured with a kSA BandiT system based 
on the optical absorption edge.

Wulff Construction: The visualization of crystal equilibrium shapes was 
based on WulffMaker.[52] The ratio of the surface energies γ{200}/γ{111} was 
chosen for each growth time stamp to best represent the experimentally 
found shape.

TEM Studies: TEM studies were performed using a probe-corrected 
JEOL  ARM  20OF, equipped with a 100  mm2 Centurio SDD Energy 
dispersive X-ray spectroscopy detector. Misfit dislocations at the InP-
PbTe interface were visualized by first creating an FFT of an atomic 
resolution image, then applying a filter to only include one InP (111) and 
the adjacent PbTe (200) spot, and finally creating an iFFT of the result.

Device Fabrication: A PMMA double layer resist of 200  nm AR-P 
669.04 and 50 nm AR-P 672.02 was spun on the chip, and each layer was 

baked at 180 °C for 5 min. Contacts were exposed using EBL, followed by 
development in MIBK:IPA (1:2) and rinsing in IPA. Native oxides of PbTe 
were etched by ex situ Ar sputtering. Subsequently 5 nm Ti and 50 nm 
Au were evaporated. Lift-off was performed in acetone. On devices with 
top gates, a 23 nm layer of Al2O3 was deposited using thermal atomic 
layer deposition at 110 °C, followed by EBL, evaporation and lift-off with 
the same parameters as for contacts.

Electrical Measurements: Measurements were performed with 
standard low-frequency lock-in techniques in a dilution refrigerator 
with a mixing chamber temperature of T = 12 mK. For measurements 
in Figure 3b,c,e, an AC voltage between 3 and 10 µV was applied, and 
the device was grounded via a low-impedance IV converter, which 
measured the current. Measurements in Figure  3d were recorded 
by sourcing a current of 10  nA and recording the transversal and 
longitudinal voltages. The mean free path le  = (µH m* vF)/e was 
calculated using the Fermi velocity vF  = (ℏ kF)/m* and the Fermi 
wave vector kF = (3π2ne)1/3. In Figure 4, an AC current with amplitude 
400 pA was passed in the device, and the resulting voltage drop was 
amplified and measured. In Figure  4c, single outliers were removed 
from the raw data presented in Figure  4b. An outlier was defined as 
a data point with a value three standard deviations away from the 
median of a moving window containing ten data points. Each plotted 
data point was the average of four measurements in the raw data. 
The amplitude Ah/2e was extracted by applying a Gaussian window to 
the Fourier spectrum centered around the h/2e period and integrating 
the signal.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Adv. Funct. Mater. 2022, 32, 2208974

Figure 4. AB oscillations. a) False colored SEM micrograph of an AB device, with the PbTe network (red), contacts (yellow), and the measurement 
setup. The side gates (gray) were not operated in this experiment and remained grounded. b) Resistance R as a function of the perpendicular magnetic 
field B⊥. c) For increasing temperatures, the oscillations decline in amplitude. Exemplary R is shown in a high field range at T = 12 mK (blue) and 
T = 800 mK (red). d) After subtraction of the low-frequency background (gray) depicted in (b), a Fast-Fourier spectrum of the resistance at T = 12 mK 
reveals distinct h/e, h/2e and h/3e peaks. The corresponding amplitudes can be extracted by applying a Gaussian window centered around the period 
and integrating the signal. The additional peak in the Fourier spectrum at low-frequency is attributed to residual magnetoconductance components 
after the background subtraction. e)  The amplitude of the h/2e oscillations as a function of T with an exponential fit (purple) that enables the estima-
tion of the phase coherence length.
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