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Summary 
Here we report on the effect of uniaxial stress on the electrical conduction of III-V nanowire devices. By 
decision of the consortium, InAs-GaSb heterostructure nanowires were chosen for this task due their high 
potential to perform as superior heterojunction TFET and the overlap with work packages WP1 and WP3. 
InAs-GaSb nanowires were grown by Lund and devices fabricated and characterized by IBM, three 
iterations were done each one considering valuable feedback and learning from previous batches. The unique 
strain characterization setup from IBM demands specially prepared samples that required numerous 
considerations for growth and sample preparation. Moreover, the fragile nature of the heterojunction caused 
a low yield of working devices. Finally, InAs-GaSb heterojunction devices could be fabricated that showed 
negative differential resistance as a signature of a working tunnel barrier. The strain dependence of the 
resistance of InAs and GaSb nanowire segments were analysed. While the resistance of the n-type InAs 
decreased by two orders of magnitude the resistance of GaSb increased by a factor of two when strain was 
increased from -2% (compression) to +2% (tension).  
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1 Introduction 
This deliverable describes the work done by IBM and LUND on deliverable D2.1 “Influence of strain in III-
V materials”. The aim of this task was mainly to modify the processes and optimize the strain 
characterisation platforms for investigation of III-V heterostructure nanowires. Further, the influence of 
strain on the electronic properties of III-V heterostructure nanowires should be analysed.  

The consortium decided to use InAs-GaSb heterostructure nanowires as the material of choice for this task. 
First, this material composition has the best requisites to perform as superior TFET heterojunction. Further, 
there was experience in growing these structures and, finally, there was quite some overlap with other work 
packages (WP1, WP3).  

IBM has built a unique, custom-made platform to study the influence of uniaxial strain on the electronic 
properties of individual NWs. The possibility to measure strain dynamically using a Raman signal had been 
established already at the onset of the project. Within the framework of E2SWITCH we extended our 
measurement capabilities to be able to simultaneously measure, not only the signature of strain on the Raman 
signal, but also directly the impact on the current flowing through the NW device. This required several 
reconstructions of the strain setup until the proper probe configuration was established. 

The experimental setup requires the nanowires mounted on special, bendable substrates. Furthermore, a 
series of requirements concerning the sample configuration and fabrication need to be met to conduct a strain 
experiment. It turned out that these requirements posed some challenges for the nanowire growth by LUND 
as well as in the device fabrication. In addition, the mechanically fragile heterojunction and the overgrowth 
of the InAs segment with a GaSb coating during growth of the GaSb segment complicated the sample 
fabrication quite significantly, and beyond what was originally foreseen. 
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2 Sample fabrication 

2.1 Sample requirements for the IBM Strain Setup  

 
IBM owns a dedicated custom-made setup to measure the transport and lattice dynamics of nanowire devices 
upon high uniaxial stress. This measurement apparatus allows for DC electrical transport characteristics as 
well as optical spectroscopy of individual nanoscale devices to be measured upon uniaxial stress. 

The setup and the principles that govern its operation are sketched in Figure 1. The device under 
investigation is fabricated on the surface of a flexible substrate and, by bending the substrate in a the three-
point geometry, one can induce an extension or compression of the substrate surface, and part of it can be 
coupled to the device-under-test by mechanical clamps. Tensile or compressive stress can be achieved by 
bending the substrate in convex or concave fashion respectively. By adjusting the bending radius of the 
substrate, uniaxial stress applied to the device can be varied continuously in a range up to 10%, with high 
resolution in axial strain up 10-7%. 

A series of requirements on the sample fabrication must be fulfilled to exploit the full capabilities of this 
setup.  

1. The nanowire is fixed to the substrate using e-beam defined metal pads. These need to provide 
mechanical stability to hold the nanowire in place and maintain electrical contact during tensile and 
compressive strain. From our experience, we regard an overlap of at least 1 µm between each contact 
pad and the nanowire as minimum. The nanowires are transferred from the growth to the pre-
patterned bending substrate by the dry transfer technique and subsequently localized using an optical 
microscope.  (E-beam imaging can cause substantial damage to the electronic properties of 
nanowires). This accounts for a positioning tolerance of ±0.5 µm.    

2. Optical spectra of the strained nanowire section between the contact pads are measured using the 
focused beam of a high n.a. objective (100x, n.a. 0.8). Typically, a beam spot size of 0.5 µ m can be 
realized. The spacing between the pads for optical access should be significantly larger than the 
beam spot size to avoid disturbance and quenching. We assume a minimum of 1µm as contact 
distance. If the nanowire junction needs to be placed in the center of the open area an additional 1 µ 
m is required due to placement tolerances.  

 
Figure 1: Schematic representation of the experimental setup. Strain is applied to a nanowire structure 
by bending the substrate in a three-point geometry. Electrical transport and Raman spectroscopy are 
used to characterize the device. 



  Grant Agreement No. 619509 Deliverable D2.1 

6 

3. In case the contact resistance between electrodes and nanowire needs to be considered, four-probe 
resistance measurements can be performed. This requires two additional electrodes and, hence, adds 
2 µm to the total required nanowire length.  

4. The bending technique requires that the nanowire be suspended from the substrate between the 
clamping metal pads. This is done by a dry etch process after the contact fabrication. The nanowire 
must be coated by a protective layer to prevent damage and degradation of the electronic properties.   

2.2 Device Fabrication  

In a first iteration, InAs-GaSb nanowire heterostructures were grown by LUND (SEM images shown in 
Figure 2). From the considerations on ideal samples for the strain setup, a length of 3µm or more would be 
desirable for both the InAs and the GaSb segment. This exceed the previously fabricated nanowires by far as 
LUND had only done devices with 600nm length per segment up to that date. Finally, the actual segment 
length of the grown nanowires in this iteration turned out to be 1.3 µm (InAs) and 2.7 µm (GaSb). The 
doping profile corresponding to a pin diodes was implemented having the GaSb segment p-doped and the 
InAs segment undoped at the top adjacent to the heterojunction and n-doped at the bottom. Unfortunately, 
the long growth of the GaSb segment led to a substantial overgrowth of the InAs with a GaSb shell, indicated 
by the taper of the InAs segment. This acts as an electrical shortcut of the junction and prevents the 
observation of a tunnel current.  

 
Nevertheless, the nanowires on the growth substrate were ALD coated with a protective shell of 5 nm Al2O3. 
Some nanowires were broken off the growth substrate and contacted with electrical leads on a test substrate. 
Electrical measurements confirmed the theses of the electrical shortcut of the tunnel barrier due to the GaSb 
overgrowth. Therefore, purely optical measurements on these NWs were possible only. In Figure 3 Raman 
spectra of InAs-GaSb nanowires measured in the strain setup are shown. Error! Reference source not 
found. Figure 3 (a) shows the change of the Raman spectrum with applied uniaxial stress. The spectra are 
color coded with blue for compression, green for neutral and red for tension. The position of the TO modes 
around 220cm-1 can be used as strain gauges. A total shift of about 2.5 cm-1 over the whole stress range is 
observed. In  Figure 3 (b) the contributions of GaSb and InAs are analyzed. The axial strain can be 
calculated from the shift in TO peak position assuming bulk-like compliance tensor properties and 
deformation potentials.  

(a) 

 

(b) 

 

 

Figure 2: SEM images of first batch of InAs-GaSb nanowires for strain experiments grown by LUND. 
Shorter bottom segment (InAs, length: 1.3 µm) is strongly tapered with a minimal diameter of ca. 35 – 40 
nm close to the heterojunction. The longer top segment (GaSb, length: 2.7 µm) has uniform diameter of 
ca. 50 nm. The taper on the InAs section indicates an overgrowth with GaSb.  
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As a proof of principle of the feasibility of the combined electrical and optical characterization of a 
nanostructure subject to variable stress, IBM has characterized InAs nanowire devices by measuring Raman 
spectroscopy and current-voltage characteristics while applying continuously variable uniaxial stress. Figure 
4(a) shows the change of the Raman spectrum of an InAs nanowire device with applied uniaxial stress. The 
spectra are color coded with blue for compression and red for tension. The vertical dashed lines highlight the 
maximum shift of the TO mode over the whole stress range, which is about 2.5 cm-1. In Figure 4 (b) a series 
of current-voltage (I-V) characteristic for one of the three characterized nanowire devices is shown for 
different values of strain. The curves, measured in the range of ±300mV, are colour coded, in blue when 
measured under compression, and the red when measured upon tension. The current measured at a 300mV 
bias changes by about a factor of ten between maximum tensile and compressive strain. The I-V curve is not 
perfectly ohmic: the current slightly saturates for higher voltages in reverse bias and it is linear in forward 
bias. Furthermore, it is seen that the amount of current flowing through the wire does not change linearly 
with strain. The current increases much more for tension than it decreases for compression. This nonlinear 
behaviour as a function of strain is better visible when plotting the resistance as a function of axial strain 
with a semi-logarithmic scale, as shown in Figure 4(c). One sample with initial resistance of 20 kΩ (shown 
in orange) undergoes a moderate and linear change in resistance, while other two samples, characterized by 
high resistance of 100 kΩ in unstrained conditions (shown in yellow and blue), undergo exponential 
variation in differential resistance 

(a)	(Tension,	Neutral,	Compression) 

 

(b)	Peak	analysis  

 
Figure 3: Measurements on first batch of InAs-GaSb nanowires (a) Raman spectra under tensile, neutral 
and compressive strain. (b) TO lines of InAs (221 cm-1 ) and GaSb (226 cm-1) can be used as strain 
gauge. 
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LUND carried out a second growth run with improved growth parameters. Both, the InAs and the GaSb 
segments had a length of 2.2 µm (see Figure 5). However, the issue of the overgrowth and taper of the InAs 
section remained. LUND had tested a recipe to remove the GaSb by a well-controlled etching procedure 
consisting of ozone oxidation followed by citric acid wet etch (digital etch, ~1.5nm GaSb removed per 
cycle). IBM adapted the procedure using an additional critical point drying step to avoid bunching of the 
long, densely packed nanowires on the growth substrate. However, it turned out that the strong taper of the 
InAs prevented reasonable yield of the dry transfer to the test substrate. From hundreds of transferred 
nanowires only a few single ones did not break at the thinnest part of the InAs segment. While the GaSb 
segment transferred well only short fragments of the InAs remained. For this reason, from the second growth 
batch no nanowires could be electrically contacted. 

(a) 
 

 

 

(b) 

 
(d) 

 
Figure 4: (a) Raman spectra dependence on uniaxial stress. (b) Current-Voltage characteristics 
measured on an InAs nanowire device. Strain varied in the range of ±0.6% from compression (shown in 
blue) to tension (shown in red). (c) Axial strain dependence of the two-point differential resistance. The 
axial strain (bottom abscissa) was calculated from the shift in TO peak position (top abscissa) assuming 
bulk-like compliance tensor properties and deformation potentials. 
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For the growth of the third InAs-GaSb nanowire batch, LUND used a new reactor and improved growth 
parameters. Both segments had a length of 1.6 µm each and the InAs part showed a much-reduced taper (see 
Figure 6). Diameter of the InAs section was around 50-60nm before digital etching whereas the GaSb was 
around 90-100nm. Four consecutive runs of digital etching were performed on the growth substrates to 
reduce the GaSb overgrowth. After every second etch, some nanowires were broken-off the growth 
substrate, transferred to a Si test substrate and contacted using e-beam lithography and lift-off technique. IV 
characteristics were measured to analyze the electrical transport behavior. Finally, the remaining nanowires 
on the growth substrates were coated with a passivating layer of 5nm Al2O3 using ALD technique. The 
protected nanowires could then be transferred to a series of flexible strain substrates. Using a high 
magnification optical microscope, individual nanowires are identified and images are acquired to localize the 
nanowires in relation to the predefined markers. Electron-beam lithography and lift-off technique is used to 
fabricate the metal contacts. Figure 6 (c) shows an SEM image of the initial E-beam contact layout, with  a 
zoom on the NW contacted by the individually patterned four electrodes in the center. 

 

(a) 

 

(b) 

 

(c) 

 

Figure 5: SEM images of the second batch of InAs-GaSb nanowires after 2 consecutive digital etching 
steps (ca. 3 nm GaSb removed). The strong base of the InAs segment prevented successful transfer to the 
test substrate. Virtually all nanowires broke at the thinnest part of the InAs segment.  

(a) 

 

(b) 

 

(c) 

 

Figure 6: SEM images of the third batch of InAs-GaSb nanowires. (a) The nanowires exhibit a 
considerably reduced taper compared to previous runs. Length of both InAs and GaSb segments are 
about 1.6 µm. (b) Diameters are 50-60nm and 90-100nm for the InAs and GaSb segments, respectively. 
(c) Nanowire after 4 consecutive digital etching steps (ca. 6 nm GaSb removed) transferred to Si test 
substrate and contacted with Ni/Au leads (thickness 100 nm + 40nm).  
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3 Experimental Results 

3.1 Tunnel junction confirmation 
The InAs-GaSb heterostructure nanowires had been grown with an nip doping profile (similar to otherwise 
investigated TFET structures) that should exhibit band-to-band-tunneling under forward bias. During growth 
of the p-type GaSb section the intrinsic and n-type InAs sections were overgrown with the GaSb as well. 
Hence, an electrical shortcut of the tunnel barrier at the heterojunction between the i-InAs and the p-GaSb is 
formed. Through digital etching steps the GaSb is removed from the nanowire surface in small portions. 
Breaking off some nanowires from the growth substrate and contacting them on a Si test substrate enable 
electrical measurements to investigate the junction. The test substrates are highly doped Si chips covered 
with SiO2 that can act as gate dielectric for the nanowire when carrying out back-gating experiments. Figure 
7 (a) shows a SEM image of an InAs-GaSb nanowire from the third batch grown by LUND contacted with 4 
electrical leads. Both the InAs (top) and GaSb segment have a length of ca. 1.6 µm. 

Figure 7 (b) shows sweeps of the IV characteristics of InAs-GaSb nanowires at T = 300 K after two and four 
digital etching steps, respectively. After 2 etching steps, the nanowire characteristic exhibits some 
asymmetry but only weak rectification. No indication of a negative differential resistance (NDR) is observed. 
We assume that the tunnel barrier may still be bypassed through a thin remaining GaSb overgrowth layer. 
The nanowire sample that went 4 times through the digital etching treatment exhibits a lower total current 
and a more pronounced rectification in the forward regime. Figure 7 (c) shows a zoom-in into the forward 
regime of this IV characteristic together with of the characteristic at 100K. The IV characteristic at 300 K 
indicates a slight onset of a negative differential resistance (NDR). The measurement taken at 100 K exhibits 
a clear signature of an NDR with a peak around 0.24 V and a valley at 0.31 V with a peak-to-valley ratio of 
1.58. It can be concluded that the charge transport is governed by the tunnel barrier and the bypass via GaSb 
overgrowth was successfully removed after 4 etching steps.  
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3.2 Electrical conductance in GaSb and InAs under strain 
Nanowires were broken off the growth chip and transferred to a flexible strain substrate. Figure 8 shows 
optical microscope images of GaSb segments (from second growth batch) placed in the central region of a 
pre-patterned strain substrate. Three approximately horizontal oriented nanowires were contacted with Ni/Au 
leads using e-beam lithography and lift-off technique. While bending the chip the surface of the whole 
region will uniformly strained in horizontal direction. I.e. the 3 contacted nanowires will be strained at the 
same time. The automated measurement sequence implies a stepwise change of the bending radius and 
measurement of an IV characteristic of each of the three nanowires and recording of a Raman spectrum of 
one nanowire at each step.  

(a) 

 

(b) 

 
(c) 

 

(d) 

 
Figure 7: (a) SEM image of a 4x etched InAs-GaSb nanowire contacted with Ni/Au electrodes on a 
Si/SiO2 substrate. (b) IV characteristics of 2x and 4x etched InAs-GaSb nanowires (c) IV characteristic of 
4x etched nanowire measured at 300K and 100K showing NDR. (d) IV characteristic on semi-logarithmic 
scale. 
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First, we investigated the individual segments of the InAs-GaSb nanowires. In Figure 9 the influence of 
strain on the InAs nanowire segments is displayed. Figure 9 (a) shows the triangular stress profile applied to 
all the InAs nanowire segments at the same time. Within the first 31 steps, tensile strain is built up. Then, 
tension is relaxed and compression is created. Finally, the stress is released to neutral after 124 steps. Figure 
9 (b) shows the peak position of the TO Raman line of the InAs nanowire during the strain cycle. The Raman 
lines are well suited as strain gauges due to the linear shift of optical phonon energy with strain. The shift of 
the peak position is more or less symmetric around the neutral position and measures about ±7 cm-1 at the 
reversal points. This corresponds to a maximal strain of about ±2 %, estimated from tooling factor and 
comparison with comparable experiments. In parallel, the resistance of the InAs NW was determined (see  
Figure 9 (c)). In InAs the resistance decreases upon compression and increases upon tension. In total, the 
resistance changes by more than an order of magnitude in the accessible strain regime. The semi-logarithmic 
representation of resistance vs. Raman peak shift shown in Figure 9 (d) indicates an exponential increase of 
resistance as strain is swept from tension to compression.   

(a) 

 
(b) 

 

(c) 

 
Figure 8: GaSb segments (from second growth batch) contacted for strain measurements on flexible 
substrate: (a) three single nanowires in active strain region with leads. (b) + (c) close-up of 2 individual 
nanowires  
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In Figure 10 the electrical resistance of GaSb nanowire segments as function of strain is investigated. Figure 
10 (a) shows the triangular stress profile applied to all the GaSb nanowire segments at the same time. Within 
the first 31 steps, compressive strain up to a value of about -2% is built-up. Then, compression is relaxed and 
tension is created until about 2% axial strain is reached. Finally, the stress is released to neutral. The 
magnitude of axial strain is estimated from tooling factor and comparison with comparable experiments. The 
resistance (two-probe configuration) of the 3 nanowire segments measured during the stress cycle is shown 
in Figure 10 (b). In contrast to the stress cycle performed on InAs segments shown in Fig. 8, the resistance of 
GaSb decreases with compression and increases under tension. Unfortunately, the nanowires lost contact 
during the stress cycle (indicated by an increase in resistance into an open circuit). Figure 10 (c) shows the 
resistance of the three segments as a function of strain. In Figure 10 (d) the strain dependence of a GaSb 
segment is compared to the InAs segment from Figure 9. While the resistance of InAs is decreasing with 
strain the GaSb resistance is increasing. The InAs resistance decreases monotonously with strain by more 
than 2 orders in both the compressive (negative) and tensile (positive) strain regime. The resistance of GaSb 
increases by about a factor of 2-3 mostly in the compressive regime.  

In Figure 11 images of a contacted InAs-GaSb heterojunction nanowire are shown. Two processing runs of 
heterojunction nanowires on the flexible strain substrates have been performed. The oxide-coated nanowires 
had been transferred, contacted using a lift-off process and underetched with RIE plasma treatment. 
Subsequently, the samples were mounted in the strain setup and tested. Unfortunately, none of the nanowires 
survived this procedure. All nanowires were broken apart, likely because the heterojunction and the 
numerous thinning steps causes these NWs to be more fragile than their single material counterparts. Some 
NWs showed drops of melted material. We assume that during the RIE processing the nanowires were 
heated. Hence, no simultaneous measurements of  strain and electrical measurements could be performed on 
these wires.  

(a) 

 

(b) 

 
(c) 

 

(d) 

 
Figure 9: Characterization of InAs nanowire segments as function of strain. (a) triangular stress profile 
applied to all contacted InAs nanowire segments at the same time; tensile stress is applied first. (b) 
Position of the TO Raman peak of the InAs nanowire during the strain cycle. (c) Resistance of the InAs 
nanowire during the strain cycle. (d) Resistance of the InAs nanowires (2 probe and 4 probe 
configuration) as function of Raman peak position. 
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(a) 

 

(b) 

 

(c)           

 

(d) 

 
Figure 10: Electrical characterization of GaSb nanowire segments as function of strain. (a) triangular 
stress profile applied to all the GaSb nanowire segments at the same time; compressive stress is applied 
first. Magnitude of axial strain estimated from tooling factor and comparison with comparable 
experiments. (b) Evolution of the resistance (two-probe configuration) of the 3 nanowire segments 
measured during the stress cycle. (c) Resistance of GaSb segments as function of strain. (d) Comparison 
of resistance of InAs and GaSb nanowires vs. strain. 

Compression   Tension Compression   Tension 
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(a) 

 
(b) 

 
Figure 11: Al2O3-coated InAs-GaSb heterojunction nanowire contacted on strain substrate. Close-up (b) 
shows broken parts of the nanowire and signatures of melted material. 
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4 Conclusions 
The task to “investigate the influence of strain in III-V materials” using InAs-GaSb heterostructure 
nanowires turned out to be substantially more difficult than anticipated.  

Firstof all, the reconstruction of the set-up to allow for simultaneous Raman and electrical measurements was 
very challenging, and numerous iterations of different probe heads and calin were carried out. This was 
detailed in the second progress report so is not reported here. 

With respect to the NW growth considerable effort had to made to grow suitable nanowires and to modify 
the processes to establish a tunnel barrier at the junction without parasitic GaSb overgrowth acting as an 
electrical short. The requirements on samples to be compatible with the IBM strain characterisation 
platforms and the mechanically fragile heterojunction posed quite a challenge in terms for processing and 
yield. After 3 growth runs and numerous etching and transfer approaches heterojunction nanowires with 
tunnel barrier could be successfully demonstrated. The 3.2µm long nanowires (1.6 µm of both InAs and 
GaSb) had to be digitally etched four times using a critical point dryer, in order to remove the GaSb 
overcoating, with electrical samples fabricated in between each iteration to verify performance. Finally, the 
IV characteristics with negative differential resistance could be observed using silicon test substrates. 
Transfer and processing of the heterojunction nanowires on the flexible strain substrates remain still a 
challenge. 

Strain analysis could be performed on individual InAs and GaSb segments. It turned out that the resistance of 
InAs and GaSb show opposing behaviour. While the resistance of GaSb is increasing with strain (from 
compressive to tensile) the resistance of InAs is decreasing monotonously. Moreover, the resistance of the 
InAs nanowire varies by more than two orders of magnitude whereas the resistance of the GaSb nanowire is 
modified by merely a factor of 2 - 3 in the same strain regime. In case of the p-type GaSb, the effect may be 
attributed to changes in the mobility due to modification of the band bending and splitting of light- and 
heavy-hole bands. An increase of conduction by orders of magnitude as observed in InAs cannot be 
attributed to mobility increase alone. In particular, the conduction band of InAs consists of a single band 
only. It seems that the modulation of the conductance of InAs with stress is caused by a strain modification 
of the interface states distribution and, as a consequence, of the surface accumulation. More research efforts 
will be needed to clarify the underlying physics of the strain dependence of InAs and GaSb. 

 


