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ABSTRACT

The current —bias (/-V) characteristics at various temperatures, T, of focused-ion-beam (FIB)-deposited Pt contacts on GaN nanowires evolves
from low-resistance ohmic (linear  /-V) to rectifying as the diameter increases, and both exhibit strongly nonmetallic T-dependence. The small-
diameter (66 nm) T-dependent resistance is explained by two-dimensional variable range hopping with a small characteristic energy, ensuring

low resistance at 300 K. For large diameters (184 nm), back-to-back Schottky barriers explain the nonlinear I-Vat all T values and permit an
estimate of doping concentration from the hias-dependent barrier height. Both behaviors can be understood by accounting for the role of
FIB-induced amorphization of GaN underneath the contact, as confirmed by cross-sectional transmission electron microscopy.

Extensive research on one-dimensional (1D) nanowiresabsence of interface states, the ideal barrier hei§bg)(on
(NWs) has been undertaken in the past few years. The mainn-type GaN is thus 1.55 eV. Pt is known to form a Schottky
interest stems from enhanced physical properties at reducedarrier on “bulk” n-GaNt? No intentional doping is per-
dimensionality and size, such as quantum confinerh€atiN formed in our experiment, so the NWs are presumed n-type
is an important direct and wide band gap semiconductor (3.4 because of the often observed autodoping by O dfBi.
eV in bulk wurtzite) for its applications in blue lasers and We verified that sputtered Pt contacts are consistently
light-emitting diode3and high-power transistofQuantum  rectifying and highly resistive on our NW.In contrast and
confinement is of particular interest in GaN NW because much to our surprise, the FIB-Pt contacts have decades
the optical efficiency and lasing threshold should be enhancedsmaller resistance, with line&+V characteristics observed

if the system is smaller than the excition radiusccordingly, from the smallest-diameter NW. Figure 1a shows 184-nm-
many researchers reported the synthesis and device applicadiameter|—V curves from 40 to 300 K. The contacts are

tions of GaN NWsS° In this letter, unique diameter-  rectifying in both directions at all, whereas the effective,
dependent contact conduction mechanisms are studied ory zero-bias, resistivity (two-probe) is only 6.42cm at

focused-ion-beam (FIB)-Pt contacted GaN NW. GaN NW 300 K. Thel—V—T behavior is totally different for smaller
is grown by the thermal reaction of & and NH Using  giameters. Figure 1b is the-V—T plot of the 66-nm-
an Au/Pd catalyst in a quartz tube furnace and dry- giameter NW. Thé—V is now linear in the whold range,

transferring it onto SigSi (or SiN/Si) chips:®** FIB-Pt andp is even smaller, 0.06cm at 300 K. The nonlinear or
contacts are deposited directly onto the NW by decomposing|inear|—v for the large- or small-diameter NW, respectively,

a trimethylcyclopentadienyl-platinum ((GHCH3CsH4Pt)) was observed consistently in many samples.
vapor precursor using a 30 kV Gaon beam with a total . . . .
porp 9 We first discuss the nonlinedr-V—T characteristics of

dose of~4 x 10% cm 219 At low T, conduction through all hel i NW. In liaht of th ical Schottkv bari
diameter wires is limited by the contacts. We investigate two the arge- lameter -Infight of the typica >C ott ybarrier
formation by Pt on n-type GaN, our two-terminal device most

conduction regimes and their origins on different diameter : i .
NWs, from T-dependent currentvoltage (—V) character- Ilkely consists of back—to.-ba.ck. Schottky JL!ncthns. When
biased, the total current is limited by the junction on the

istics coupled with high-resolution transmission electron

microscopy (TEM, JEOL 2010F) in a FIB-sectioned cross- higher potential side for either polarity. Electrons “see” the
sectional FIB-Pt contact specimen. barrier from the metal side; the barrier height is nominally

The work function of Pt @mp) and the electron affinity constant and little current flows until breakdown. Assuming

of GaN (/e are 5.65 and 4.1 eV, respectivél/in the thermionic emission, the appropridteV—T relation is that
of a reverse-biased Schottky diode. The barrier height

* Corresponding author. E-mail: fischer@seas.upenn.edu. decreases and current increases with increasing bias because

10.1021/nl0515697 CCC: $30.25  © 2005 American Chemical Society
Published on Web 09/24/2005



100 200 ——————————

T T T T T T T

|Diameter: 184 nm

Diameter: 66 nm
100 .

(9]
o
1

Current (nA)
e
Current (nA)
@

40 K
8
1160 K
-50- 1 -100-240 ]
(a) 300 K (b)
'100 — 7T r T T T T T T T T -200 T T T T
3 -2 -1 0 1 2 3 3 -2 1 0 1 2 3
Voltage (V) Voltage (V)
1000 — 1000 ——————————
(c) 1 (d) 1012D Mott-VRH
100- 100+ €
— E ]
a 011 ]
g 10 300K, —~ 107 - = Data ]
= 5 4] o — Fit |
g 1 240 K =3 E . 015 020 025 0.30]
3 S 1. _ TR
014 300 K- B .
o 0.01; B
0.0114 60 K z _
04 06 08 10 12 14 0 100 200 300
v1!4 (V1J’4) T(K)

Figure 1. Two-probel—V characteristics measured from 40 to 300 K on FIB-Pt contacted GaN NW) @nd a model fit (d). (a) For a
184-nm-diameter NWI—V is nonlinear and the zero bias resistance increases rapidly with decr@agbygror a 66-nm-diameter NW,

|-V is linear, the zero bias resistance also increases rapidly with decregsamgl the apparent zero-bias resistivityat 300 K is two
decades smaller (0.08cm) than that for the 184-nm NW (6@Qcm). Intermediate diameters give intermediate valueg. ¢flotted in c

is log(l) vs V¥4 for the 184-nm-diameter NW; the linear behavior at and above 160 K is consistent with back-to-back Schottky barrier

contacts. Conversely, thedependent behavior of the 66-nm-diameter NW shown in d suggests 2D variable range hopping. See the text
for details.

of the image force according to the followittg constant®ge is the effective barrier heigh®g, is the ideal
barrier height in the absence of image forde,is the

s —qDge maximum electric field at the junctiors andNp are the di-

| =AA T ex ke T @) electric constant and doping concentration of GaN, &@pd

is the built-in potential. Several useful relations can be der-
where ived from egs +3. First, In() is linear invV¥*at all T values
for which the Schottky model is valid. Secorige can be
obtained as a function of from the slope of an activation-
(2) energy plot of In[/T 2) versusl/T. This holds for relatively
high T values whereA™ and ®ge are T-independent®
and The 184-nm-diameter device behavior is well described
by the back-to-back Schottky barrier model. Figure 1c shows
that log() versusv'4is linear over the whole bias range for
\/quD ( D — kBT)
bi

qE
dreg

Dpe = Py, —

©) T >160 K, with small but significant deviations at lower
temperatures because of thermal variation&6fand ®ge.
The bias-dependendtge is calculated from the slope of log-

whereA is the contact ared” is the effective Richardson  (I/T ?) versusl/T as shown in Figure 2a. Figure 2b shows

€s
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Figure 2. (a) log(/T?) vs 11T plots at several bias values for the 184-nm-diameter NW. The slope remains negative for the whole bias
range, consistent with positive barrier height. (b) Bias dependence of the effective barrier fhgighty the range of 0.2< V < 4V,

derived from the slopes in &g decreases with increasing bias (filled symbols). A fit to eq 4 (solid curve) shows that the bias dependence
arises from image force-induced barrier height lowering.

that ®ge decreases from 0.18 to 0.04 eV with increasing allows us to estimatilp. Solving eqs 2 and 3 fobge yields

bias and is much smaller than the ideal value, 1.55 eV. The

solid curve gives a good account of the bias-dependent barrier

height reduction and will be described later. O =P, — \/ q \/%(VJr o, — kLT) 4)
BE Bo 4_3.['ES €s bi q

The linearl—V—T characteristics of the 66-nm-diameter

NW can be explained by variable range hopping (VRH). As

shown in Figure 1b)J—V is linear in the wholeT range, The thermal energyksT, is small compared t& and ®y,

indicating zero barrier height. The main part of Figure 1d and can be neglected for all Substituting®y = ®g, —

shows the measured two-probgersusT. We find diverging ksT In(Nc/Np) ~ ®go, WhereNc is the effective conduction

p asT goes to zero with~3 decades increase from 300 to band density of statege simplifies to

40 K, suggestive of VRH conduction in a disordered

semiconductor. According to Motf,the VRH resistivityp

O exp[(T"/T)"] wherep is 1/4, 1/3, or 1/2 for hopping in 3-, O ~P. — \/ q /%(V_i_ @) (5)

2-,and 1D, respectively. The energy scale of the localization BE 8o Ameg €s 5o

is defined byksT" = 2WAnn/2p(1—p) where Ay is a

characteristic energy separation between nearest-neighboiThe ®ge versusV data and its least-squares fit to eq 5 with

states'’” The inset of Figure 1d shows the data and fit to ®g, andNp as free parameters are shown in Figure 2b. The

log(p) versus 1T*3 (2D VRH). The fit is excellent in the fit is excellent with®g, = 0.37 eV and\p = 2.3 x 10°

whole range, and the estimatedy is ~0.4 eV. Other cm 3, Recall thatDg, is the ideal barrier height in the absence

dimensionalities gave unphysically larghyy, and no of image force, and is different frodrge at zero bias{0.19

dimensionality gave a reasonable VRH fit to the 184-nm- eV). The large value dfi; explains why we observe no gate

diameter data. response in the gate voltage in thig range+20 V. In a
The above analysis assumes that the measured two-prob&W field-effect transistor (FET), the turn-off gate voltage,

p is dominated by the contacts, with the intervening segment Vg o, is proportional toNp:” Vg o = Np qr? In(2h/r)/2¢q;,

of NW offering no significant resistance to the current flow. wherer, h, and 5 are the NW radius, thickness, and

We show next that the versusT behavior is indeed  dielectric constant of the oxide. For a 100-nm GaN NW on

representative of the contacts because the NW is heavilyl00-nm SiQ, Vgt is ~700 V, 30 times greater than our

doped and its contribution te is small and independent of  experimental limit.

T8 Finally, we consider the structural origin of the different
Measuring the dopant concentratiddy, in NWs is in contact transport mechanisms and their dependence on

general nontrivial. Transverse electrodes for Hall effect diameter, in terms of the unique role of FIB-induced disorder.

measurement are complicated by the wire geometry, and ourRecall that®ge in the large-diameter NW is much lower

GaN NW devices exhibit no gate response from wHigh (0.04-0.18 eV) than the ideal Schottky barrier height (1.55

could be estimatedIn the current work, the bias-dependent eV) or the measured barrier height of thin-film Pt on bulk

barrier height lowering®ge vs V) of the large-diameter N\W  n-GaN (1.13-1.27 eV)!? In compound semiconductors,
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Fermi level EF) pinning tends to be significant because of
surface or interface staté€sso the actual barrier height is
independent ofb,. Irradiation by focused Gabeams is
known to create N-vacancisand/or amorphizaticgfl in
GaN NW. Similar disorder is expected underneath the Pt
contacts in the 30-kV Gabeam Pt deposition process
because the direct ion beam irradiation of NW is still present.
It is known that two groups of N-vacancy-related states,
created by high-energy electron beam irradigficor by
plasma etching? typically lie 25-70 meV or 0.5 eV below

the conduction band edgEd) in bulk GaN. We thus propose
that the low barrier height arises froEx pinning at these
N-vacancy-related interface states. Pinning is also possible
at shallow amorphization-induced localized states Bgdf
Unlike amorphous (a-) Si or Ge, a-GaN has no deep midgap
stateg324

Cross-sectional TEM analysis directly confirms the exist-
ence of FIB-induced disorder under the contacts. Details will
be published elsewhefe.Figure 3a shows a bright-field
scanning TEM (STEM) image of an FIB-Pt contact cross-
section. High-resolution imaging (Figure 3b and c) unam-
biguously reveals a-23-nm-thick band of amorphized GaN
directly underneath the contact. The crystallinity in the core
of the NW is also significantly disrupted, as indicated by
the diffuse diffraction spots. The top30 nm of GaN has
been sputtered off (not shown). These observations are
consistent with the proposal th&t pinning and low barrier
height are due to localized states in the amorphized GaN.

The onset of VRH conduction and ohmic behavior with
decreasing NW diameted, is understood in terms of the
increasing fraction of disordered GaN under the contact. The
characteristic depth of ion-beam-induced disorder is observed
to be 206-40 nm?® This means that the large-diameter wires,
which do not exhibit VRH conduction, retain largely intact

crystalline cores in which the transport is not strongly Figure 3. Cross-sectional TEM images from the FIB-Pt contact.

affected by disorder. This provides a natural explanation for the specimen is prepared by low-current Ga ion-beam sectioning.
the differentl—V—T behaviors for thick and thin wires; in A protective Pt-C capping layer is e-beam deposited in the FIB

the thinner ones, VRH is the consequence of disorder system prior to sectioning. (a) Typical bright-field (BF) low-

the NW are C-rich Pt as confirmed by electron energy loss

The analogy to the increase of surface-to-volume ratio with spectroscopy (not shown); the carbon originates from the organo-
decreasingl gives an explicit explanation. The contact area Pt precursor. (b) High-resolution BF TEM image revealing the
normal to the current flow covers the disordered layer interface between the FIB-Pt contact and the underlying GaN NW.
completely. The volume fraction of the disordered region is ﬁ‘ bvir?geo;r?gnvesrp?cc;ﬁf%’i\fli; T/?etsvdo?l%negir:?eergéirzcez Cig‘:]it‘;?te%d
proportional to'ld because the ;urface-tp-volume ratio Is a)t/)out X in (b). The distl?rbed GaN lattice (Y) and the amorphized
~1/d and the disordered layer thickness is the same for all GaN at the interface (2) are clearly visualized and corroborated
wires because of identical FIB conditions: @dslecreases, from selected area electron diffraction: diffuse spots from the Y
the fraction increases, ambi= 66 nm is then small enough  and amorphous ring from Z.
that the entire electron flow occurs by VRH. The aforemen-
tioned sputtering during deposition introduces even more the confined area. From TEM, the interface between the NW
disorder, enhancing the VRH effect. and the FIB-Pt contact is100 x 500 nn#, so 3 nm< R <

Additional support for 2D VRH is obtained by exploring 100 nm delimits the sensible length scale. Udtg a(T'/
the reasonableness of length scales derived from the fit. InT)3, we obtain 6-12 nm in the range 46< T < 300 K,
2D VRH, the localization lengtha, is set by ksT" ~ again consistent with 2D VRH.

(N(Er)a?)~* whereN(Eg) is the density of localized states In summary, FIB-Pt contacts on large-diameter GaN NW
at Er.18 A plausible assumptioN(Er) = 10?°° eV cm 2 gives exhibit Schottky barrier behavior but with unusually low
a reasonalkl 8 A estimate fom. We can also estimate the barrier heights. This is attributed & pinning by localized
optimum hopping rangeR, which for 2D VRH should be  states in FIB-amorphized GaN under the contacts and is
greater thart (thickness of the 2D region) but smaller than corroborated by cross-sectional TEM. Contacts to small NWs
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are ohmic, but the transport is limited by 2D VRH at @&ll (9) Qian, F; Li, Y.; Gradecak, S.; Wang, D.; Barrelet, C. J.; Lieber, C.
values studied (46300 K). The two-probe at 300 K are M. Nano Lett.2004 4, 1975.

0.04, 1.6, 1.3, and 6.@cm ford = 66, 120, 140, and 184 (10 Nam, & Y. Kim. J. ¥.; Fischer, J. Bppl. Phys. Lett2005 86
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attributed to the increased fraction of amorphous GaN under 5676.

the contact. The detailed and unique nature of the FIB-Pt (12) Wang, L.; Nathan, M. I.; Lim, T.-H.; Khan, M. A;; Chen, @ppl.

. . o . Phys. Lett.1996 68, 1267.
contact process suggests interesting applications that exploit (13) Gz, W.; Johnson, N. M.; Chen, C.: Liu, H.; Kuo, C.; Imler, W.
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