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1.1 Optimization of the metal contacts

In order to investigate the electronic properties of ZnO nanowires,
a reliable method to form ohmic metal-ZnO contact is strictly re-
quired. Addressing this aspect is not only crucial for studying the
electronic properties of the nanowire but also for the performance
of the FET device described in the article.

Figure la compares the two-terminal I-V characteristics of a
NW-FET device with Ti(90 nm)/Au(50 nm) (black line) metal
contacts and a device with Ti(10 nm)/Al(90 nm) (blue line). The
resistance of the device with Ti/Au pads was larger than 10° Q
and the non-linear I-V curve (see inset of figure 1a) was indica-
tive of a non-Ohmic contact between the metal and the nanowire.
In order to demonstrate that the high resistance was related to
the contact resistance, we compared this result with the I-V curve
measured in a device with Ti/Al contacts. For Al contacts the I-V
response was clearly linear (ohmic contacts) and the resistance
was of the order of 10°-10° Q, more than three orders of mag-
nitude lower than the resistance observed in the previous device
(Au). The observed behavior can be explained from the energy
band structure alignment. The work-function of Au (5.47 eV) is
higher than the work function of ZnO (4.65 €V). 1 At the metal-
nanowire interface the electron depletion inside the ZnO results
in upward band bending and formation of a Schottky barrier, giv-
ing rise to high contact resistance and non-ohmic behaviour. On
the other hand, the lower work-function of Al (4.33 €V) induces a
downward band bending in the ZnO and consequently an ohmic
response. These results show that the contact resistance can be
reduced by at least 3 orders of magnitude with Al electrodes, thus
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allowing a more efficient electron injection and collection than
Au. It is worth to notice that although the Al does oxidise in air,
the thin oxide layer (1-2 nm) was mechanically removed by direct
probing. Therefore it did not affect the electrical characterization
of the devices.

The effect of thermal annealing on the Ti/Al contact resistance
was also investigated. The device was heated up with a rate of
2 °C/s to 300 °C and annealed for 5 min in forming gas. Figure
1b shows the IV curves recorded before and after two anneal-
ing processes. A reproducible trend was observed in 5 devices:
the resistivity was reduced by more than one order of magnitude
(figure 1c). The lowering of contact resistance after annealing
was previously explained by Kim et al..2 The formation of TiO
species and the related oxygen vacancies Vy form shallow donors
near the conduction band with consequent electron enrichment.
It should be noticed that in our experiments this trend was not
confirmed over different batches of ZnO nanowires and an in-
creasing of the device resistance of 1-2 orders of magnitude was
also observed after the annealing process under comparable con-
ditions. However, for those devices the two-terminal resistance
without annealing was already in the range of 10°-10° Q, com-
parable with the valued obtained in the devices showed in figure
1c after two consecutive annealing processes. ZnO NW-FETs dis-
cussed in the article were fabricated with Ti/Al electrodes without
any annealing process.

Figure 1d-f show the resistance values in various atmospheres.
The conductivity of ZnO nanowires was found larger in high vac-
uum compared to air as shown the I-V curve of figure 1d. Statis-
tics performed on 9 devices showed that the nanowire resistance
in high vacuum was lower than in air by more than one order of
magnitude. This variation is due to the presence of electron traps
created by oxygen species adsorbed on the nanowire surface that
reduced the free electrons available for conduction. 3

1.2 Electrical characterization
We provide an estimation of the contact resistance by measuring

the I-V, curve of the NW-FET device (Figure 2a-b) and using the
approximated current equation in the linear regime (Vp < V) 4
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Fig. 1 a) |-V characteristic in air of a ZnO nanowire contacted with Ti/Au (90 nm/50 nm) and Ti/Al (10 nm/90 nm) pads separated by 2 um. b) I-V
characteristic of a ZnO nanowire contacted with Ti/Al/Ti (10 nm/150 nm/50 nm) electrodes before and after two annealing processes. ¢) Resistance
measured in two-terminal configuration for 5 devices before and after two annealing processes. d) |-V characteristic of ZnO nanowire with Ti/Al (10

nm/90 nm) pads separated by 2 um in air and in vacuum. Statistical distribution of the resistance from 9 devices with Ti/Al (10 nm/90 nm) pads in e)
high vacuum and f) in air.
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Fig. 2 a) I-V characteristic with different gate voltages applied and b) the I-V, curve of a NW-FET in air.
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where Igp is the source-drain current, Vp and Vj is the drain and
back-gate voltage respectively, L the channel length and Cyw —gare
is the gate-capacitance expressed by
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where h is the SiO, thickness and r the nanowire radius and
£-=3.9 the dielectric constant of the SiO,. This analytical ex-
pression holds for cylindrical nanowires completely embedded
in Si0O,, however finite-element simulations showed that eq.(2)
over-estimate the capacitance by only a factor ~2, thus still pro-
viding the correct order of magnitude.® The IV, curve (figure
2b) indicates an evident n-type conduction in the ZnO nanowires.
The threshold voltage V; was calculated by direct extrapolation,
as shown in figure 2b, where the value on the V, axes is the
quantity V; + % For the device shown in figure 2 we obtained
V;=-9.39+0.08 V. The negative V; value suggests the presence
of unintentional n-type. However, due to the variability of the
nanowire diameters within the as-grown batch and the depletion
of free electrons by the oxygen species adsorbed on the surface
in air, the V; values in the measured NW-FETs were found vari-
able in the range of -10/10 V. Using V; and the transconductance
(dIsp/dVy) calculated in the linear region (for V, > 5 V) was pos-
sible to obtain the channel conductance by using
dlsp disp Vo —Vi

Rpgr = ———

dvp dVy, VWp ®

In table 1 we compare the measured resistance R,, in two-
terminal configuration and the resistance Rpgy calculated from
equation 3 for different applied gate voltages.

The calculated and measured values were reasonably close, in
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Vg R
V) (Q)

0 7.007 £0.002 - 10°
5 | 5.1607 £0.0005 - 10°
10 | 4.0242+0.0009 - 10°

RrET
(Q)
8.29+0.09-10°
5.41+0.05-10°
4.01+0.03-10°

Table 1 Resistance R,, of the representative device measured in
two-point configuration compared with the resistance Rrgr calculated
using eq.3 when a back-gate voltage of 0, 5 and 10 V was applied.

particularly the discrepancy decrease for larger back-gate voltage
and at V,=10 V the R,, and Rrrr were coincident within the er-
ror. In fact, since the linear fit was calculated for V,>5V, eq.(1)
performs better in that range. Nevertheless, the excellent agree-
ment between the channel resistance Rrgr and the two-terminal
resistance R,, demonstrates that the contact resistance is effec-
tively negligible compared to the channel resistivity, and by direct
comparison, was estimated on the order of R, ~ 10> Q or lower.
We emphasize that this is a rough estimation and a more precise
analysis would require four-terminal measurements on a single
nanowire. However, from R. we calculated the contact resistivity
pe by using the formula®

 Ranr

pe= """ )

PNW

and a value of 107! — 10710 Q-m? with R, ~ 103 — 10* Q was
obtained. Notably this estimation is in reasonable agreement with
the reported value in literature for ZnO-Al contacts reported by
Kim et al..% Equation 4 is valid in the limit of long contacts L>> Ly
where the transfer length Ly

7'L'r2RC

PNW

Ly = (%)
was found in the range of ~ 10 — 100 nm using R, ~ 103 —10* Q
and pyw ~ 5-1073 Q-m. This is much smaller than the contact
length of the two metal electrodes in the measured device that
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Fig. 3 a) I-V characteristic of a representative device in air, covered by PMMA and after the ablation process. b) I-V, characteristic of the device in ai,

covered by PMMA and after the ablation process.

was 4.7 um and 8.5 um, respectively, thus justifying the use of
eq.(4).

A number of physical parameters were extracted by further
analysis. The electron mobility was calculated by using

2
v, Cnw Vb’

dl

= 6)

The calculated field-effect mobility was estimated to be 58
cm?/V-s in agreement with previous reports.” Carrier concentra-
tion was calculated using the Drude approximation by

1
p—
pep

with e the elementary charge and pyw the nanowire resistivity.
The carrier concentration was estimated to be 10'7 cm 3.

(7

1.3 Electrical characterization before and after Joule heat-
ing process
The electrical properties of a representative ZnO NW-FET was
monitored before and after the Joule heating process. Figure 4a-
b compare the I-V and the transconductance of a NW-FET in air
and covered by PMMA before ablation, and after the ablation pro-
cess. In air, the nanowire resistance was 5.76 + 0.07 -10° Q (with
V,=0), the transconductance dlsp/dV,=1.27+0.01 10-8 S and
the V;=-1.07+0.02 V. When the nanowire was covered by PMMA
the resistance, transconductance and threshold voltage became
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