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Abstract

The effect of long-term laser micro annealing (LMA) on the statistical resistance scatter in
freestanding Sh,Tes layered nanowires (NWs) was studied during the formation of ohmic
contacts. The process was developed and optimized by monitoring the evolution of the NW
resistance and the DC photo-responsivity and correlating the characteristics to the structural
degradation observed using micro Raman spectroscopy. The NWs were transferred to and
integrated into Ti/Au coplanar strip lines on flexible polyethylene terephthalate (PET)
substrates designed for optoelectronic applications. Four different stages in the NWs”
resistance were revealed. The optimal “time-annealing” interval was identified, in which the
lowest NW resistance was determined and in which no evidence for structural degradation
processes in the active central NWs” region was found. Low dark currents below 10°A at
100 mV bias as well as high DC photo-responsivity ~ 0.6 A/W were achieved rendering the
nanowire devices as very promising candidates for highly sensitive infrared optoelectronics.
The statistical scatter in the NWs~ resistance was minimized to a range of £10% of the total
value by conditioning the contact/annealed regions of the NWs individually and tuning the

resistance of these regions as a function of the total laser annealing time.
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1. Introduction

Currently there is a growing interest in low dimensional chalcogenide layered
structures and the disclosure of future applications [1-4]. To this end, also alternative device
concepts implementing different classes of materials and different dimensionalities within
hybrid nano-optoelectronic devices [5-12] may play a large role in their applications. The
small dimensions of such nanostructures are advantageous for obtaining a high integration
density on the one hand and for the utilization of quantum size effects on the other hand [13-
15]. Furthermore, nanostructures exhibiting different physical, chemical, optical and electrical
properties could be combined into hybrid circuits for novel nanostructure devices with
enhanced functionality if a suitable and efficient nanostructure transfer and integration
technology were available [12]. However, nano-scaled objects are extremely sensitive to
handle and to integrate into device circuits due to the ease of their deterioration during the
processing technology. This is especially the case for materials in the family of layered
chalcogenide structures.

The spatial and temporal control for processing and material modification using lasers
as the energy sources emerged as a new field in material science in the late 1970°s. Laser
annealing was employed for example to heal ion implantation damage [16-18] and lately in
the processing of nanostructures and especially in the annealing of contacts to nanostructures
[19-22]. In general, the aim of these latter studies was to reduce the contact resistance and —
for practical and industrial applications — to use as small as possible annealing times. In
contrast, the idea behind our long-term annealing procedure concerns the systematic study and
the evolution, observation as well as monitoring of the nanowire resistance and the structural
changes. In this way, it would be possible to understand the complex and characteristic
features of annealing on contact formation. Furthermore, the characteristics of nanostructures
tend to be subject to a large statistical scatter. This was, however, not in the center of attention
up to now. The scatter is initialized for example by fluctuations of the growth conditions
locally or over the large substrate’s area and/or by lithographical and technological
imperfections. Explicitly nanowires (NWs) exhibit a large statistical scatter with respect to
their conductance/resistance. However, it is a crucial point for the integration of a large
number of individual nanowires in highly sophisticated integrated circuits that the parameters
of each individual nanowire based device should be close to an “average” value for all single
computational units. Then, optimal charge transport, homogeneous heat development as well
as time synchronization in the circuit is ensured especially for those designated for future

guantum-, cryptography- computational techniques. Therefore, there is a strong need for



suitable and simple techniques to compensate for scatter in the NWs” resistance and to ideally
tune device parameters close to/into the range designed for operation. Ideally, the technique
should not alter the material characteristics of the nanostructure itself.

In this report Sh.Tes layered NWs were studied. Our SboTes NWs were transferred
directly after growth from their native ”mother” substrate to the “host” flexible polyethylene
terephthalate (PET) substrate containing coplanar strip lines and integrated using NW transfer
and integration techniques [23-25]. By doing so, possible technological and chemical
influences of photo and/or e-beam lithography, their resists and or developers are avoided.
The NWs were bonded to the strip lines by van der Waals forces. A suitable and simple
technique was developed for this highly sensitive material to reduce statistical scatter in the
NWSs” resistance: the laser micro annealing process (LMA) for ohmic contact formation of
individual NWs. Micro Raman measurements were carried out on annealed Sh.Tes nanowires
to monitor local degradation for the LMA process. We will demonstrate the suitability of the
laser micro annealing (LMA) process and its tuning for the conditioning of individual NWs
whilst focusing on their total resistance. At last the nano-optoelectronic properties of the NW
hybrid device, for which the process was applied, were characterized by performing DC

measurements of the dark current and the photo-responsivity.

2. Experimental

2.1. SboTes nanowire growth and characterization

The fabrication process started with the catalytic chemical vapor deposition (CVD) of
the ShoTes NWs [26] in a quartz tube furnace. To this end, an alumina boat with a source
mixture of Sb and Te powder was placed at the center of the furnace, which was heated to
430°C for 6 hours. The Si substrate was placed 10 cm downstream of the source powder. The
Si template was etched in buffered oxide etch (BOE) solution to remove the native oxide
layer, followed by a deposition of a 10 nm thick Au film which served as the catalyst. Sb.Tes
NWs grown reached lengths between ~ 5 pum and ~ 60 um. The morphology of the nanowires
was investigated on the one hand with a Hitachi S-4800 field-emission scanning electron
microscope (FE-SEM) at 1kV accelerating voltage and on the other hand with a Veeco
Dimension 3100 atomic force microscope (AFM) operated in tapping mode. Fig. 1 presents
an SEM image as well as an AFM scan of a typical Sb>Tez nanowire exhibiting a length of ~ 5

pm and height of ~ 60 nm. The nanowires crystallize in the trigonal crystal system in the



space group R-3m [27-29] in a layered structure. The structure is characterized by quintuples
of alternating Sb and Te layers. The unit cell contains three quintuples which are bonded by
van der Waals interactions [30]. The structural characterization was performed with a
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Fig. 1. a) SEM image and b) 5 um x 5 um AFM topography scan of a typical ShoTes
nanowire with 5um length and 60 nm width/height.

Fig. 2. a) HR-TEM image of a representative Sh>Tes nanowire (top view) and b) enlarged
view of the HR-TEM image indicated in a). The inset in b) presents the fast Fourier transform

of the image.



transmission electron microscope (TEM) JEOL 2100 TEM/STEM operated at wide area
parallel illumination mode (a = 1). A representative high resolution transmission electron

microscopy image is presented in Fig.2.
2.2. Nanowire transfer, conditioning and monitoring

The ShoTes NWs were detached from their native substrate and subsequently placed
on a flexible PET (polyethylene terephthalate) substrate with the help of a quartz-glass

micropipette. The procedure of nanowire transfer and positioning is shown schematically in
Fig. 3.

glass pipette

Ti/Au

Ti/Au

PET ————

Fig. 3. Transfer and integration scheme for a freestanding Sb.Tez NW prepared for nano-
optoelectronic characterization as a photodetector. The NW is transferred to the host
flexible PET (polyethylene terephthalate) substrate using the quartz-glass pipette/micro

manipulator assisted transfer technique.



In accordance with our fabrication processes [23-25] described earlier, we employed a
micrometer-sized, quartz-glass pipette for precise manipulation and transfer of our NWs to the
designed coplanar strip (CPS) lines. The structure was annealed with the help of a 325 nm
focused continuous wave (cw) HeCd laser beam and the power was kept constant at ~
0.3 kW/cm?. The aim was to improve the electrical contact and mechanical stability as well as
crystallinity of the transferred ShoTez NWs and to eliminate possible defects on their

sidewalls. The laser micro annealing (LMA) procedure is shown schematically in Fig. 4.

focused
laser beam

Fig. 4. Schematics of the so-called laser micro annealing (LMA) process. Precise local
annealing of the NW is carried out above the Ti/Au coplanar strip line in order to achieve

low resistance Sh,Tes/Au ohmic contacts.

Micro Raman studies were carried out on freestanding Sb>Tes nanowires before and
after partial annealing steps to monitor local degradation. To this end annealing was
interrupted systematically and the spectra recorded. They were collected in backscattering
geometry using a Renishaw inVia FSM-REFLEX confocal Raman spectrometer coupled
with a 532 nm cw Nd:YAG laser. The spectra were recorded in the range from ~ 80 cm™ to
~ 200 cm™t. Measurements were performed at several points between the contact/coplanar
strip (CPS) line area as well as at the annealed contact area at the nanowire surface with an
acquisition time of 10 s. The excitation power was determined to be ~ 0.1 mW which
provided an acceptable signal/noise ratio without phase-change initialization or damaging

of freestanding nanowires.



2.2 device characterization

After the laser annealing process (Fig. 5.), the SboTes nanowire structures were first
tested by DC measurements in the dark and under continuous wave 1550 nm illumination
with a laser light input power of 180 pW. It should be noted that the laser beam was focused
onto an area (~ 5 um in diameter) between the coplanar strip lines. The resistance of the NWs
integrated into coplanar strip lines was subsequently determined at a fixed bias voltage of
100 mV as a function of the total annealing time - i.e. annealing was interrupted
systematically and the resistance data collected. The results of six representative NWs are
presented.

NW: Sb,Te,

N\

local annealing

Fig. 5. Micrograph of a Sh,Tes NW integrated in coplanar strip (CPS) lines. The NW is
transferred to the host flexible PET (polyethylene terephthalate) substrate.

3. Results

Fig. 6 presents the resistance of a Sh,Tez nanowire as a function of the annealing time.
Each data point was obtained by carrying out dark current and photocurrent measurements
and calculating the resistance as presented in Fig. 7. In the following four different regions
were identified. At first, the resistance decreases with the annealing time very strongly by
many orders of magnitude. As the total annealing time increases further, the slope of the
resistance curve becomes less steep. In this second region, the resistance decreases only very
gradually with time and reaches its lowest values of ~ 1.0-1.2 kQ/um. In region Ill, the
resistance increases very strongly until it reaches values in the ~ GQ range in region 1V

indicative of the NWs" decomposition stage. This was confirmed also by optical inspection.
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Fig. 6. Resistance at a fixed bias of 100 mV as a function of the total annealing time (LMA
process, constant input HeCd laser power ~ 0.3 kW/cm?) for a ShoTes NW integrated into

coplanar strip (CPS) lines. Empirically, four different regions are found.
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Fig. 7. Dark current and calculated resistance as well as photocurrent (at 1550 nm
illumination and optical power of ~180 uW) measurements of a single Sb.Tez nanowire
integrated in coplanar strip (CPS) lines. Inset presents absolute values of dark current for
negative and positive bias voltage range demonstrating nearly symmetrical behavior of the

current-voltage characteristics for both regions.
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Fig. 8. Representative micro Raman spectra recorded at ~ 500 nm-+1000 nm inner length of
the NWs. For annealing time regions (I and 1) - no evidence for structural degradation
processes in the active central NW’s area was found (top) and a development of Sh,Tes
nanowire degradation was observed for annealing time regions 11l and 1V (bottom).
Complementary Raman studies were carried out on different areas of the NWs
between the CPS lines / contact regions. For the sake of comparability, spectra recorded at ~

500 nm-+1000 nm inner length of the NWs from the contact area (see inset) are presented in



Fig. 8. Representative spectra recorded in the annealing region I and Il are depicted in Fig. 8
top. The spectra are similar and comparable to intrinsic NWs (not shown here) and exhibit
two bands related to vibrations in crystalline SboTesat ~ 117 cm™' and at ~ 170 cm™!. They
are attributed to the E%; and A% modes of the Sh-Te vibrations, respectively, and are
consistent with data previously presented [31-35] for crystalline SboTes. The Raman spectra
remain unchanged until the annealing time reaches the region I1l. Upon further annealing, a
deterioration is detectable in the Raman spectra and that within the first ~ 500 nm+1000 nm
inner length of both sides of the NWSs. Figure 8 (bottom) presents the evolution of Raman
spectra from the annealing region 111 towards the region IV.

A broadening of all active Raman peaks is observed indicative of the onset of defect
formation [36], phase change (amorphization) and disorder [37] and at last decomposition.
The Raman spectra exhibit an additional peak at around 140 cm™ which is not associated with
vibrations in Sh,Tes. A comparison to spectra reported for other possible materials, which
could develop upon annealing such as elemental antimony, elemental tellurium, Sb.O3 and
TeO> reveals, that this peak can be attributed to Te-Te vibrations [38,39]. It indicates that the
original nanowire material changes, Te accumulates and segregates within the material and
the stoichiometric composition is no longer homogeneous.

Current-voltage measurements performed on annealed Sh,Tes nanowire structures
exhibit ~ ohmic dependence up to ~ 100 mV. Similarly, their photocurrent shows also the
same dependence in the whole measured bias range. The absolute values of dark current for
the negative and positive bias voltage range exhibit nearly symmetrical behavior of the
current-voltage characteristics for both regions. Fig. 7 and its inset present this behavior
exemplarily for one of the nanowires annealed with the LMA process using an annealing time
in region I1, in which we achieved the lowest resistance with the LMA process. Low dark
currents below 10°A at 100 mV bias as well as high DC photo-responsivity ~ 0.6 A/W were
achieved. These nanowire devices are very promising candidates for highly sensitive infrared
optoelectronic devices such as sensors and photodetectors.

Resistance values determined for six representative different NWs integrated into
coplanar strip lines are presented in an overview diagram in Fig. 9 as a function of total
annealing time. The resistance values are compared at a fixed bias of 100 mV as a function of
annealing time in the LMA process using a constant input laser power ~ 0.3 kW/cm?. The
resistance vs. annealing time characteristics follow nearly identical behavior for all NWs in
the series within a very narrow range: 4 different basic annealing time regions are found

empirically similar to those presented in Fig. 6. The results demonstrate that this observation



is a feature of the LMA process for SboTezs NWs. The lower diagram presents a detailed view
of the annealing time region in which the minimum resistance values are achieved. The
resistance of every individual nanowire can be tuned to the mutual minimum resistance value
detected for all the NWs by applying the appropriate annealing time. A suppression of
statistical scatter in the nanowire’s resistance after applying the time dependent and time

adjusted annealing process is demonstrated therefore for six representative NWs.
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Fig. 9. Comparison of resistance values at a fixed bias of 100 mV as a function of annealing
time (LMA process, constant input HeCd laser power ~ 0.3 kW/cm?) for 6 representative
nanowire structures integrated into coplanar strip (CPS) lines (top) and detail from
measured characteristics (bottom): the suppression of statistical scatter in nanowire’s

resistance after “time dependent/adjusted” annealing process is demonstrated for all 6 NWs.



4. Discussion

The formation of ohmic contacts to semiconductors is governed by an alloying
process. After choosing an appropriate metal as a low resistance contact for alloying,
conditions need to be found at which the alloying can take place. The alloy formation occurs
by diffusion into the semiconductor. To this end, thermal energy is applied by an annealing
process. The disadvantage is, however, that the annealing process cannot be carried out
locally and the whole (nano-) structure must withhold the thermal treatment [40]. The
treatment must avoid any melting or deterioration of the whole nano-structure, which is a
challenge for the highly sensitive layered material family such as for Sb,Tes. For the latter the
temperature must stay well below its melting temperature (616°C [41], the melting point is
reported to be even lower for low dimensional structures [42]).

The advantage of the laser micro annealing process is, that energy is transferred by a
focused laser beam locally to the part of the device in which the contact formation is desired:
the nanowire part situated directly above Ti/Au coplanar strip lines. Since the contact metal
Au forms a eutectic point with Sb as well as with Te at 447°C and 360°C, respectively [43-
45], these characteristics can be utilized for contact formation. (Also, due to these
characteristics, the nanowires can be deposited by the vapor liquid solid (VLS) method using
Au particles [26], as described above for the nanowires employed here). Gold is well-known
for its rather fast diffusion in materials during contact formation [46,47]. Preferentially it
diffuses by an interstitial/substitutional mechanism through the lattice and needs therefore
vacancies. Layered materials such as crystalline Sb>Tes, which exhibit van der Waals gaps,
are therefore especially prone to such diffusion via their gaps [48]. As the laser locally heats
up the nanowires further, the eutectic points are reached. At this point, the onset of strong
diffusion will occur in the annealing process. Due to the high chemical potential difference at
the interface between the Au of coplanar strip lines and the Sb,Tez NW interface, the
diffusion will be faster at first. However, as the solubility limit is approached, the diffusion
will slow down. The decrease in resistance in regions | + 11 is therefore most probably related
to the fast diffusion process of Au into the Sh,Tes NW at first and a subsequent slower
diffusion process thereafter. In region Il thermal effects start to dominate the resistance
behavior and the degradation of the NW sets in as confirmed by micro Raman measurements
presented in Fig. 8 (bottom). The resistance increases strongly. In region 1V, after ~ 3.5 hours,
the total resistance reaches values up to ~ GQ range and the NWs start to melt and to

decompose. The study of the resistance vs. annealing time for different NWs from the same



series reveals, that the characteristics follow nearly identical behavior for all NWs in the
series (Fig. 9) within a very narrow range: they all exhibit the 4 different basic regions - a
“fast” and “slow” diffusion as well as a “thermal degradation” and a “melting” region —
similar to those presented in Fig. 6.

The origin of the different nanowire resistance values could be attributed to statistical
processes initialized as a consequence of fluctuations. They could be caused by the NW’s
growth and probably more dominantly by the formation of defects during the NW separation
and transfer procedure from the native i.e. ”mother” substrate to the coplanar strip lines.
Additionally, surface corrosion reactions - especially oxidation — induced by the “reactive”
environmental conditions affect directly the surface states and will influence ohmic contact
formation as well. A passivation of surfaces is the conventional way to prevent such
degradation processes. However, the intentionally un-passivated and non-annealed Sh,Tes
NWs studied here did not exhibit any significant changes in their properties in the time range
of the investigation. In our study, we centered our attention to the evaluation of the intrinsic
ShoTes nanowire properties and endeavored to eliminate any possible influence of additional
passivation layers on their properties. Therefore, only structures prepared under the same
fabrication conditions were used for conditioning the NWs by laser micro annealing. It is
evident that a careful adjustment of the annealing time leads to a reduction of nanowire’s
resistance by many orders of magnitude to ~11 kQ. Furthermore, the resistance is within a
+10% range of this value for ~ 90% of the NW structures. This indicates that our process is a
powerful procedure and effectively suppresses statistical scatter in nanowire resistance even
for such highly sensitive layered NW materials as Sbo>Tes. In addition, the LMA process
provides new prospects in the integration of a large amount of NWs in highly sophisticated
computational units and circuits. A further optimization of the laser annealing process with
respect to a precise tuning of the laser power density and annealing time in combination with
device monitoring in short time intervals could be beneficial to the additional decrease in
scatter in the NW'’s minimum resistance values to the low “few” percentage range. A deeper
investigation into the mechanism behind the formation of Au contacts to Sh>Tez NWs as well
as behind the reduction of statistical scatter in NW resistance will be in the scope of our future

work.



5. Conclusions

In conclusion, a highly efficient transfer and integration technology was introduced for
freestanding Sh,Tes NWSs. They were integrated into coplanar strip lines on flexible PET
substrates suitable for nano-optoelectronic characterization. The influence of laser micro
annealing on resistance was investigated and the annealing procedure optimized. This process
was individually adjusted also for a series of NWs fabricated from the same Sb>Tes nanowire
deposition run resulting in the suppression of statistical scatter: a relatively narrow range
around the average nanowire resistance is achieved. Low dark currents below 10°A at
100 mV bias as well as high DC photo-responsivity ~ 0.6 A/W were accomplished. The
nanowire devices conditioned by laser micro annealing are very promising candidates for

highly sensitive infrared optoelectronic applications.
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