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ABSTRACT

We report a significant and persistent enhanceroeihe conductivity in free-standing
non intentionnaly doped InAs nanowires upon irradia in ultra high vacuum.
Combining four-point probe transport measuremengsfopmed on nanowires with
different surface chemistries, field-effect baseebsurements and numerical simulations
of the electron density, the change of the conditgtis found to be caused by the
increase of the surface free carrier concentrattdthough an electron beam of a few
keV, typically used for the inspection and the gssing of materials, propagates through
the entire nanowire cross-section, we demonsthatethe nanowire electrical properties

are predominantly affected by radiation-inducecedtf occuring at the nanowire surface
and not in the bulk.

* E-mail: bruno.grandidier@isen.iemn.univ-lillel1.fr




1. Introduction

Semiconductor devices are more and more relyinghenintegration of nanostructures to
enhance their optical and electronic performantre@rder to comply with a high level of
quality and reliability, the controlled positionirtd the nanostructures in the devices and the
subsequent inspection of their integrity during mh@nufacturing processes require the use of
high resolution analytical and imaging techniqudlevices consisting of single
semiconductor nanowires (NWs) are generally nadareption to this rule. For example, the
inspection, localization and connection of nanowivath electrical electrodes are hard to
achieve without an electron beam [1]. However, ¢xeitation of materials with incident
electrons can stimulate a wealth of reactions @hatknown to modify the material properties
[2,3]. For years, the tolerance of materials andads to a beam of electrons has indeed been
of great concern in many technological applicatidrecause electrons are known to produce

defects and generate disorder in materials [4,5,6].

While outstanding performances or physical effdwse been recently demonstrated with
semiconductor NWs [7,8,9,10,11], a detailed stuflyhe electrical modifications that are

caused by electron beam irradiation is still nmgsiFor example, contact processing or
contact through a retrofitted probe are usuallyi@a@d on InAs NWs with the help of a

scanning electron microscope (SEM) working withesrergy beam in the range of 5 to 20
keV [12,13]. Within this energy range, the electranteract with the entire section of the
NWs [14]. As it is well established that electraradiation of InAs bulk material causes a
Fermi level pinning high in the conduction band][1&uestions arise to determine to what

extend an electron beam might change the elecproglerties of INnAs NWs.

A serious impediment to study the direct impact edéctron irradiation on the NW
conductivity resides in the presence of remote gdmrin the NW environment, that can
electrostatically control their conductivity [16]n order to circumvent this drawback,
sophisticated characterisation techniques musebeldpped, based, for example, on multiple
probe scanning tunneling microscopy (STM), thatbémarbitrary arrangements of probe
electrodes on one-dimensional nanostructures [17TA&ing advantage of this technique, we
therefore investigate electrical transport in natemtionnaly doped InAs NWs that were
subject to electron irradiation. Upon irradiatiome find a significant and reproducible
decrease of the resistivity, leading to NWs witmetallic-like character. This phenomenon is
persistent in ultra high vacuum (UHV) and the NWadby recover their initial resistivity



once the NWs have been exposed to air. While thasport measurements show a
degradation of the mobility with the irradiatiomid effect is largely counterbalanced by a
strong increase of the electron concentration. \saidhe NW resistivity dependence on the
surface chemistry provides a compelling evidence #& conduction dominated by

accumulated electrons. Such a localized increasheo€lectron density in the NWs, that is
supported by numerical analysis, allows discrimimgabetween the contribution of surface

and bulk charged defects.

2. Methods

[0001]-oriented wurtzite INnAs NWs were grown fromold) particle seeds using gas source
molecular beam epitaxy. Starting with a short InPnms grown at 410°C on InP(111)B
substrates, INAs NWs were subsequently obtainediregt switch from Pto As, molecular
fluxes. The NWs are of very high crystallographi@lbify, with only a very limited number of
single stacking faults along their growth axis, skiwn previously [19]. Two types of
geometry were electrically investigated: intercarted NWs with conventional planar
technology and free-standing NWs. For the first pnBlWs were deposited onto a
degenerately-doped Si wafer with a 225 nm of thédyrgeown SiO, layer and selected for
contact processing with a scanning electron miapsat low magnification and with a short
integration time. After spin-coating the samplehnain electron-beam sensitive polymer, four
contacts are defined along the nanowire using reledbeam exposure. The oxide on the
contact area was etched in a ()3 solution just before evaporation of Ti/Au electesd
(10/150 nm thick) [20]. This step was followed byharough lift-off to get NWs with clean

oxidized sidewalls.

As to the second type of geometry, the as-grown NW¥=e kept on the InP substrate. The
NW mean diameter was 70 9nm, but NWs with smaller and bigger diameters could
sporadically be produced. All the experiments weegried out with the same setup,
consisting of a SEM and a multiprobe STM (Nanoprdeicron Nanotechnology), that was
operated with a control system able to run the f8UiM tips independently (Nanonis
multiprobe control system, SPECS). The electriceaasurements were performed in UHV
(base pressure lower thar18'° mbar) and in the dark, always with the electroarbéurned
off.



In order to investigate how the surface chemistigdifiies the Fermi level pinning, three
different surface treatments were applied. The NVgee either left in air for several days to
ensure a complete oxidation of their sidewalls. tBey were passivated with an ammonium
sulfide solution to produce a chemisorbed S layetheir surface and, then, quickly loaded
into the Nanoprobe system. Indeed this chemicaltesjy has been shown to efficiently
remove the native oxide on the InAs (001) surfacdfering greater chemical stability to
electronic devices [21]. Finally, NWs were also pag with a thin layer of As at the end of
the growth and subsequently transferred to the piame system. The evaporation of the
capping layer was achieved at 350°C, monitoringAkedesorption with mass spectrometry.
This preparation was always achieved prior to tBEMSnspection of the NWs and their
subsequent electrical characterization. Apart ftbeexistence of small Au clusters, that are
caused by the gold diffusion along the NW sidewéltsn the seed particle during the
evaporation of the As capping layer, such a methbmlvs to restore the initial crystalline
surface structure of the NWs [22].

3. Results and discussion

The resistance of the NWs and its change with reledtradiation were first investigated for
interconnected INAs NWs, with native-oxide covestdewalls. A CCD camera was used to
position the STM tips on metallic pads, thus avaydihe exposure of the NWs to the e-beam,
as shown in Figure 1la and b. Two-terminal curreitage characteristics are found to be
linear, and clearly reveal a decrease of the aasist once an InAs NW have been exposed to
a 5 keV electron beam for 0.35 s (Figure 1c), ireament with the litterature [23]. Periodic
measurements of the resistivity over 48 hours (evero 5) show that the NW retains its low
resistivity after irradiation (Figure 1d). A subsent exposure to air for four hours allows us
to partially restore a high resistivity (event But, as soon as the NW has been again exposed
to the electron beam, the resistivity returns$datv value (event 7).

As we can not rule out that the change of the tiegiscould be caused by charges trapped in
the surroundings of the NWs, since dielectric makeiare known to efficiently retain charges
in UHV [24], similar free-standing InAs NWs with tine-oxide covered sidewalls were
characterized by the four-probe method. In sucbhrdiguration, four STM tips were brought
into electrical contacts with the NW using the aite regulation of the STM control system

under the monitoring of the SEM (Figure 2a). Tipard 3 were connected to the seed alloy
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particle and the base of the NW, respectively. Theyre used as source and ground
electrodes for driving the current through the NMijle the substrate was kept floating. Tips
2 and 4 were the potential probes. In most cakesl(V) curves between a single tip and the
substrate, held at ground, show an ohmic behaysa# lower inset of Figure 2b).

When a current is passed through a NW, the potedt@ measured between the inner
probes is found to be linearly proportional to theerent intensity (Figure 2b). The gradient of
the curves yields the four-probe resistance ofNNes for a given separation between the
inner probes. By moving the inner tips towards teamter of the NW, a set o¥(l)
characteristics was acquired for different tip sapansL. From thesé/(l) curves, we obtain
the resistanc®yw that is found to linearly increase with as shown in the upper inset of

Figure 2b. The slope yields a resistance per angthRyw/L of 6.3 KQ/um.

We performed similar measurements on an ensembfeeefstanding NWs, that were all
subject to irradiation, since their connection wttle STM tips can not be managed without
the use of the SEM. We also measured the resistarcenit length of interconnected NWs,
that were not irradiated. The resistances perlandth of all the NWs were then compared.
Figure 3a clearly reveals a decrease of the resisiavhen the NWs have undergone an
electron irradiation. Such a behaviour is conststéth the one observed in the two-terminal
experiments. It unequivocally demonstrates thatitbeease of conductivity is caused by the
action of the incident electrons impinging on the/NThe high conductivity of the irradiated
NWs is further evidenced by four-probe measuremgatrmed at low temperatures (Figure
3b). For these experiments, the data points showigure 3 at different temperatures are
usually measured on different nanowires, due todiffeulty to keep the tips connected to
the same nanowire while changing the temperatuemdrkably, the variation of the
resistance per unit length shows no particular ssinrdependence on the temperature,
indicating a metallic nature for the irradiated NW#iis is in clear contrast with the typical
semiconductor behavior found for a non-irradiated/ finset of Figure 3b), where a three-

fold variation is measured f&w/L in the temperature range 300K-120K.

In order to quantify the carrier concentrationhie tonduction band, the field effect mobilities
were estimated from gate sweeps of the source-dmairentlys at a fixed source-drain
voltageVys of 50 mV (Figure 4). The unmodified InAs NWs exhid typical n-type response
with increased current at more positive back-galeageVy (spectrum s1). Conversely, upon

irradiation, the NWs can not longer be pinched aifi/q higher than -20V (spectrum s2),



consistent with the strong metallicity of the ina@ed NWs deduced from the four-probe
measurements. Then, after air exposure (spectrynth&3resistance increases again, but the

transconductance € dly/dVy), that is related to the field effect mobility [R§ets worse.

As the change of the transconductance revealsraatex of the mobility after irradiation, the
occurence of a low resistance in the interconnelidt as well as in the free-standing NWs
is the signature of an increase of the electrorcenimation to compensate for the charges
trapped at the NW surface or in the NW. Assumirdjffusive transport [26] and taking the
value of the mobility measured after air exposwam upper bound, we estimated the carrier
concentration from the inverse of the product betwthe elementary charge, the measured
mobility and resistivity. For the NW with a diametef 40 nm, we find an electron
concentration of 120" cmi® (Figure 4a). As to the second NW shown in Figusewhich
has a smaller diameter, the estimated carrier carat®n is even larger, reaching 114"
cm®. Such carrier concentrations demonstrate a statidh of the Fermi level quite high in
the conduction band.

Although this carrier concentration is in agreemefith the huge electron concentration
found in proton-irradiated bulk InAs (k80" cmi®) [15], InAs surfaces have been shown to
exhibit a surface electron accumulation layer tieat be quite deep depending on the surface
chemistry [27]. In order to determine whether therrki level pinning arises from the
formation of surface or bulk charged defects, tbpethdence of the NW resistivity on the
surface chemistry was also investigated. In case sthbilization of the Fermi level due to
bulk charged defects, we would expect negligiblalifnmations of the NW resistivity with the
surface chemistry. As evidenced in Figure 3a, agbaf the surface chemistry for irradiated
NWs with similar diameters causes a significaniatan of their resistance per unit length.
The highest resistance is obtained for the NWs waligan and crystalline sidewalls, whereas
the S-passivated NWs are the most conductive NWmarkably, such a trend is consistent
with the depth of the accumulation layers meastwedon-irradiated InAs surfaces prepared

with different chemical treatments [28].

Interestingly, it has been shown, theoretically arderimentally, that In adatoms on different
InAs surfaces act as donors and thereby causeothmafion of a charge accumulation at the
surface [29,30]. As electron irradiation of the G@KBLO) surface produces vacancies
consisting of Ga-As pairs [31] and, Langmuir evapion of anions on similar surfaces is

known to occur at room temperature [32], we suspexirradiation of the InAs sidewalls to



substancially increase the initial concentrationisilated In adatoms on the clean and
cristalline sidewalls of the bare InAs NWs. Assugithe binding of an In adatom to two As
atoms and one In atom, the electron counting ndely an occupied In dangling bond. As the
related state is resonant with the conduction a8yl the formation of In adatoms causes a
partial filling of the conduction band, resultingthe creation of positively charged defects on
the sidewalls of the NWs. Despite the scarcity afadfor the oxidized and S-passivated
irradiated InAs surfaces, the desorption of anamd the formation of cation adatoms are also
very likely on these surfaces under irradiation acwlld lead to a similar surface
accumulation layer, depending on the atomic configon of the In adatoms.

In order to get insight into the electron distribat along the radial axis of the NWs, one-
dimensional numerial simulations have been perfdrii@3]. To model the numerous
interface states on the NW sidewalls, we thered@simed a positive charge densitgt the
NW surface and varied it in the range'1d 10° cm? (surface atomic density of InAs{10-
10}) to account for the generation of charged disféay the electron beam. Figure 5 shows
the calculated variation of the spatially averatgeteon concentratiom,, with n; for InAs
NWs with a diameter of 26 and 40 nm [34]. For valoén; in the range of 18 cm?, that are
typical of surface/interface state densities ol#difor non-irradiated InAs [23,35], we find
Nay consistent with the measured electron concentrgitithat are marked in Fig. 5 by the
horizontal dashed segments at positions sl. Aftadiation, n; increases and causes an
increase oh,, to fulfill the condition of charge neutrality imeé NW (dashed segments s2).
Interestingly, the resulting electron concentratisrstill larger for the smaller diameter, in
agreement with charges accumulated at the surfduée bulk charge accumulation would
lead to the opposite trend since quantum confinénmeplies a lower density of states for
smaller diameter. In UHV, our estimation of thecélen concentration indicates an interface
charge density slightly higher than’@m®. Then, the release of the NWs to the air reduces
n; (dashed segments s3). Such effect is likely reélate the partial annihilation of charges
trapped on the NW sidewalls in air, while a struatulisorder induced by irradiation still

exists and causes the observed decrease of electdoitity.

More remarkably, an increase of the electron comagon after irradiation takes along with a
narrowing of the accumulation layer, as shown mittset of Figure 5. In this case, transport
mainly occurs close to the NW surface, where théasa charged defects seriously scatters
the charge carriers and reduce their mobility. Sactesult is consistent with a surface-
induced change of the resistance observed for NAs with different surface chemistries. It
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indicates that a change of the surface state gebsitimpinging energetic electrons is

sufficient to explain the huge increase of thetetgcconcentration in the NWs. Therefore the
Fermi level in the NWs is not stabilized by chargkdects trapped in the bulk of the NWs,
but it stays pinned at the NW surface after irradra Finally, we would like to point out that

the observed decrease of the resistivity undetreledrradiation holds for InAs, because the
stabilization of the Fermi level in this materialcars far above the bottom of the conduction
band [36]. This level is reached when the concéntraf defects becomes very high, causing
the Fermi level to be pinned by the fulfillmenttbé condition for charge neutrality. For most
of the other semiconductor materials, the chargeralgy level resides in the band gap [36].
The generation of defects thus leaves these miastewith a semiconductor character, in
agreement with the electrical behaviour recentlyntb for a few irradiated semiconductor

nanostructures [37,38].

4. Conclusions

In conclusion, we have shown that electron irragilatan significantly change the electrical
properties of InAs NWs. At 5 keV, the material nfaditions are predominantly restricted to
the surface of the NWs, involving a deepening o tiectron surface accumulation to
compensate the surface charged defects. We ind¢rstirface charged defects induced by
electron irradiation should occur in all types efrsconductor nanomaterials, causing more or
less noticeable changes in their transport pragsees a function of the defect concentrations,
energy levels and charge states. Such a genemdtabefects in semiconductor nanostructures
could be helpful to guide our understanding of thedectronic properties, when they are
interfaced with other materials, for example in tireation of heterostructures and metal-
semiconductor contacts. As to InAs material, thdedenduced electrostatic effect is
significant and pleads for the need of a protectawer. For example, InAs NWs with
oxidized or sulfur-passivated sidewalls could betgeted with a thin shell of amorphous As
material, as the one used to cap the bare InAs Wiftisclean and crystalline sidewalls. After
the SEM inspection and probe positioning, the mtote As capping layer could be desorbed

by direct current heating, leaving the surface &eradiation-induced defects.
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FIGURE CAPTIONS

Figure 1. (a) Large scale SEM image of the sample geometed uo characterize the
electrical transport in interconnected InAs nanewirTwo STM tips are plugged to the
source and drain electrodes (scale bar: 3®). (b) SEM enlarged view of the InAs NW in
electrical contact with four electrodes (scale kRmn). (c) Two-terminal current-voltage
characteristics of an InAs NW with a diameter ofr#), measured before and after a 5 keV
irradiation for a dose of 920" e.cm? (d) NW resistance measured as a function of the

treatments, that are described in the main text feeriod of time of 72 hours.

Figure 2. (a) SEM image of free-standing InAs NWs grownasninP(111)B substrate. The
NW in the centre is contacted with four W tips,tthee used either as sourcing electrodes or
potential probes. Electron beam energy: 5 keV.e&bal: 150 nm. (bY-1 curves measured
with the four probe method for different spacirigbetween tips 2 and 4. The lendths
given to the right of the graph. Upper inset. Reasise measured from th&l measurements

as a function oL. Lower inseti-V curve measured between tip 2 and the substrate.

Figure 3. (a) Resistance per unit leng&w/L measured at room temperature as a function of
the InAs NW diameter for interconnected InAs NWi#gd symbols) and free-standing and
irradiated InAs NWs (open symbols). (b) Temperatdependence dRyw/L for irradiated
NWSs. Inset: Temperature dependencdr@f/L for a non-irradiated NW with a diameter of
100 nm.

Figure 4. Source-drain current versus gate bias measurallranhigh vacuum for two InAs
NWs, with a diameteD, as a function of the treatment: s1) before iatidn, s2) after an
irradiation at 5 keV and doses of a)@@" e.cm? and b) 4.810" e.cn¥, s3) after an air

exposure of 4 hours.

Figure 5. Simulated average electron concentratigras a function of the density of surface

statesn; for two InAs slabs with thicknedd of 26 and 40 nm respectively. The measured
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electron concentrations estimated from Fig. 4 lfar different treatments s1 to s3 are drawn
with dashed segments. Inset: Distribution of trectebn density in the slab with a thickness
of 40 nm for n=10"* cm? (left) and 10" cm? (right).
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