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ZnO nanowire field-effect transistors (FETs) were fabricated and studied in vacuum and a variety of ambient
gases from 5 to 300 K. In air, thesglype nanowire transistors have among the highest mobilities yet reported

for ZnO FETSs fte = 13 £ 5 cn? V1 s71), with carrier concentrations averaging 5:22.5 x 10 cm™2 and

on—off current ratios ranging from 2o 10. Four probe measurements show that the resistivity of the
Ti/Au—ZnO contacts is 0.0020.02 Q-cm. The performance characteristics of the nanowire transistors are
intimately tied to the presence and nature of adsorbed surface species. In addition, we describe a dynamic
gate effect that seems to involve mobile surface charges and causes hysteresis in the transconductance, among
other effects.

Introduction and were characterized by large contact resistances as a

ZnO is a wide band gap+3.36 eV at 298 K) semiconductor ~ consequence of the_ At_ZnO Schottky barrier _(barrier height_
with the wurtzite crystal structure. Over the past few years, a ~0-7 eV)?* UV excitation of the nanowires increased their
variety of gas-phasend solution-phagé approaches have been ~ Carmer concentration via direct electrﬂhqle pair creation and
devised to synthesize ZnO nanowires, tetrapods, combs, ribbonst€ photodesorptlozr71 of electron-trapping species from the
and ringst~6 These ZnO nanomaterials have attracted consider- 1anowire surfacé>"?” Both processes allow higher currents to
able interest as room-temperature ultraviolet (UV) lasing cavi- Pass through the metal-semiconductor junction by tunneling and
ties? UV/visible photodetector&? and active components in  thermionic mechanisn. This work suggests a pronounced
solar cells!® and gas sensots.However, the ability to repro- effect o_f the nanowire surface on the conductivity and transistor
ducibly form high-quality ohmic contacts to ZnO remains a Properties.
significant impediment to both the assessment of its intrinsic Herein we report on the reproducible performance of single
electronic properties (carrier type, mobility, and concentration) ZnO nanowire FETs in a standard global back-gate geometry.
and its integration into complex nanoscale devices, such as lightUsing data from 20 different devices, we show that our average
emitting diodes (LEDs) and electrically driven nanowire lasers. 9as-phase ZnO nanowire transistors have among the highest
ZnO is intrinsically am-type semiconductor, owing primarily ~ reported mobility &) values reported for ZnO devices, =
to the presence of oxygen vacancies and/or zinc interstitials. 13+ 5 cn? V™ s7%, and have relatively low carrier concentra-
There have been numerous reports of the synthesis of ZnO thintions of 5.2+ 2.5 x 10" cm-*and on-off current ratios ranging
film transistors prepared by various types of sputtering. These from 1(P to 10. Four probe measurements indicate our contact
transistors typically have field-effect mobilities ranging from resistances to range from 2:4 107° to 1.6 x 1072 Q-cn?.

0.03 to 3 crA V1 s~112-16 which is smaller than the Hall effect ~ Additionally, we have observed a significant hysteresis and time-
mobilities (106-205 cn? V-1 s 1)17-19 reported for single dependent shielding of the gate field.

crystals grown via vapor-phase transport or molecular beam

epitaxy. There have been relatively few attempts to study the Experimental Section

transport properties of single-crystals of ZnO as active FET . . .

channels. Arnold et al. reported the fabrication of FETs based ZnQ nanowires were §ynthe3|zed. using a carbothermal
on ZnO nanoribbon® Also, Ng et al. fabricated ZnO nanowire reduction process at 90C with ggold thln.fllm asthe catalyét.
transistors in a vertical geometry and found a mobility~@f.5 TEM _StUd'eS show that the wires are S'”g"? crystals with the
cm? V-1 57121 The transport properties of nanowire FETs made wurtzite structure and have diameters ranging from 50 to 200
from other semiconducting nanowire materials have been nm and lengths up to 10m. The as-made wires have well-

previously studied. Recent reports have shown that the mobilitiesfaceted hexagonal cross-sections witoG faces and grow

of p-S”2 and n-GaN® nanowire FETs (560 cAV—! s 1 and along the [001] direction. They also lack an amorphous outer
150-650 cn? V-1 51, respectively) are comparable to or better coating that might complicate the formation of ohmic metal-
than those of the hiéhest quality thin-film devices. semiconductor contacts. They were dispersed in VLSI grade

Early studies of ZnO nanowire/ribbon device focused on their 2-ProPanol and transferred onto degeneratively doped Si(100)

use as UV photodetectofsThese samples used Au contacts wafers coated with 60_0_nm of thermal OXidﬁ.’zé 0'008_(.)'02
P P Q-cm, Sb dopant, Silicon Quest International), which had

* Corresponding author. E-mail: p_yang@uclink.berkeley.edu. prefabricated Cr/Au probe pads patterned by optical lithography.
10.1021/jp0452599 CCC: $30.25 © 2005 American Chemical Society
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Electron-beam lithography was used to define contacts between
the nanowires and the existing probe pads. Ti/Au (200 nm/50
nm) contacts were deposited via electron beam evaporation.
Immediately preceding metal deposition, the samples were
cleaned in a 50 W @plasma for 60 s to obtain ohmic devices.
Shorter plasma times were found to produce devices with much
larger contact resistances and/or nonlineav behavior. After
liftoff, the samples were annealed at 20000 °C in O, to
further lower the contact resistance.

Transistor measurements were performed using a home-built
probe station equipped with a HP 4156B semiconductor
parameter analyzer. Current values were obtained using two
different integration times: 2 s per point for currents less than
1019 A and 0.1 s per point for currents greater thamPaA.

All current—voltage traces were taken from negative to positive
Vsq OF V. The samples were also wire-bonded onto a 16-pin
die and measured in a Janis ST-500 cryostat equipped with a
Keithley 236 source-measure unit, a Keithley 230 voltage source
and a gas manifold for environmental control. The cryostat base
pressure was k 107> Torr. UV excitation was provided by a
HeCd laser operating at 325 nm.

Results and Discussion

Figure la is a scanning electron microscope (SEM) image
of a typical ZnO nanowire FET. A currenatoltage plot of the
same device (Figure 1b) shows the pronounced gate effect
indicative of ann-type semiconductor with a moderate carrier
concentration. In general, thg vs Vg4 curves are linear out to
2V, suggesting that the wire-electrode contact is ohmic. The
current saturation in positive bias does not reverse when
switching the source and drain electrodes, or sweeginffom
positive to negative and is typical behavior for n-doped FET
devices?® To determine the efficiency of the gating behavior,
transconductance measurememg\(s Vi) were obtained at a
variety of Vsq values (Figure 1c). The threshold voltage for
current onset\() is —12.5 V for this device and varied from
—4.5 to —28 V across the twenty samples. At more negative
gate voltages there is no measurable current through the wire.
Note that theVy, is averaged for alVgy values. At largeVg
values the current linearly increases with respect to gate voltage.
The on-off current ratio (on/lore) of >10° is deduced by
plotting the current on a logarithmic plot (Inset in Figure 1c).

From the transconductance plots, the mobility of our nanowire
devices can be estimated using

dl _uC
Ve L2

)

whereu is the carrier mobility C is the capacitance, ardis
the length of the active nanowire channel. The capacitance is
given by

ZHEOESiOZL

%

C 2

whereesio, is the dielectric constant of the gate Sj@ is its
thickness, and is the wire diameter. The carrier concentration
(ne) is likewise calculated from
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Figure 1. (a) SEM micrograph of a 101 nm diameter ZnO nanowire
device (scale bar= 1 um). (b) Current [sg vs voltage Vsqg) curves
recorded at different gate voltages for the device shown in (a). Curves
1-5 correspond to gate voltages ef10, —5, 0, +5, and+10 V,
respectively. (c) Currentidy) vs gate voltage\(s) of the same device
measured at bias voltages from 0.1 to 1.0 V. CurvedQ correspond

to bias voltages of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 V,
respectively. The inset plots the curremig( vs gate voltage \(c)
measured at a bias voltage of Uspon a logarithmic scale. (d) Carrier
concentrationrfg) vs mobility (x) for all transistor devices fabricated.
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Figure 2. SEM micrograph of a four-probe device with a diameter of N " . T )
178 nm (scale ba 1 um). (b) |-V curves measured in a two-probe 0 50 100 150 200 250 300
and four-probe configurations. T (K)

The FET shown in Figure 1 has a mobility of 17.1<vwrt st C T T T T T
and a carrier concentration of 1:4 10" cm™3. Figure 1d is a 1.0x10" - .
plot of thene vs u for all 20 devices. The average mobility and /
carrier concentration are 285 cn? V-1 s1and 5.2+ 2.5 x
107 cm3. The Ion/lorr ranged from 10 to 107 for these — . /
nanowire FETS. ‘?E _~
We have also fabricated FETs in a four-probe configuration O 1-0x1074 /
(Figure 2a shows an SEM image) to determine the resistance ~. /
of the Ti/Au contactsRc). The contact resistance is determined c
by comparing resistance values for the two-prdRg)(and four- _/
probe R4p) geometries according to "
10 10 T v J M ) M 1 v T v ) M ]
2R.+ R;p=R @) * 0 50 100 150 200 250 300
P~ Mop

T (K)

Figure 2b compares tht_e two-prope (middle e_Iect_rodes) and four-Figure 3. (a) Temperature-dependeh vs Ve data for a 116 nm
probeI.—V plots for a S|ng[e device. By multlpllyln@c by thg device. Curves 17 correspond to measurements obtained at 296, 250,
nanowire surface area in the contact region, assuming 200, 150, 100, 50, and 25 K, respectivelis(= 0 V). The inset plots
cylindrical wire, we find a contact resistivity of 2.& 1072 to the Isq VS Vsg measurement obtained at 4.5 K. Temperature-dependent
1.6 x 1072 Q-cn?. These values are similar to those reported mobility (b) and carrier concentration (c) obtained for this device. Lines
for Ti/Au contacts in thin filmg? In general, the contact are drawn in (b) and (c) to guide the eye.
resistance is 210 times the resistance of the nanowire. Lower
contact resistances for ZnO thin films have been reported in ity of this device increases upon reducing the temperature until
the literature using more complex multilayer metal contact it reaches a maximum at 150 K. This increase upon cooling is
schemes0:31 expected in semiconductors due to a lower electiamonon

The dependence of nanowire FET performance on temper_scattering rate, caused by freezing out of phonons, and a lower
ature was studied for a smaller number of samples. Figure 3a€lectron-electron scattering caused by a decrease in the carrier
is a sequence df-V traces taken from 25 to 300 K. We find concentratior¥? Additionally, the semiconductor mobility is
that the wire conductivity decreases upon cooling, due to a lower €xpected to decrease, approaching 0 K, as carrier scattering due
carrier concentration and an increase in contact resistance. Thd0 the presence of ionized impurities predominates. Yet, the
device in Figure 3a becomes nonohmic near 150 K, as fewer measured values afe and x are dependent not only on the
carriers have enough thermal energy to overcome the interfacefundamental semiconductor mobility but also the device geom-
barrier height. The inset in Figure 3 better illustrates this €try and the contact resistance, therefore making deductions
nonohmicity by plottinglsq vs Vsq at 4.5 K. The estimated about the relative concentrations of electronic scattering due to
andne at each temperature is plotted in Figures 3b,c, respec- Phonons and ionized impurities difficult.
tively. The carrier concentration decreases upon cooling, as is During our experiments, we noticed that the changésin
expected for semiconductor materials. Also, the electron mobil- induced by the gate potential eventually dissipated after
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Figure 4. (a) lsq vs time (0.4/s9) at different gate voltages. The assigned gate voltage is switched on at each data spike and held until the next
ascribed gate voltage. (Ib)q vs time (1.0/sg for the nanowire FET with the quickest rate of current dissipationlgcys time (1.0\y) for the

device shown in (b) measured at<1107° Torr. The inset plots thég vs time for the same nanowire immediately after reexposing the sample to

air at atmospheric pressure. (d)vs time (1.0/sg) for the device shown in (b) obtained 30 min after cleaning the nanowire surface for 5 min with

a HeCd laser in dry flowing ©

prolonged gating. This effect is best illustrated by monitoring clean ZnO surfaces. The influence of both of these cleaning
the current as a function of time by varyilg under a constant  techniques on the transistor properties for three ZnO FET
Vs such as the time traces shown in Figure 4a. As the gatedevices has been studied. In these experiments, the FETs were
voltage is altered, a coinciding spike in the current results but held under a vacuum fd. h before the devices were irradiated
decays quasi-exponentially. This gate screening not only causesith UV light for a period of 5 min.lV and transconductance
thelsqto decay to the W level, but also spikes in the opposite  measurements were obtained under vacuum five minutes after
direction to the gate voltage immediately preceding it. Specif- the irradiation treatment was complete. UV irradiation of the
ically, if the preceding gate voltage was lower (higher), then nanowire FETs using a 254 nm handheld UV source resulted
the current will spike in the positive (negative) direction upon in a decrease in the average mobility of these devices from
switching the gate voltage. Furthermore, the current reading 12 + 4 cn? V~1 s71 (value in air) to 5= 4 cn? V™1 s71, an
immediately after the switch significantly depends on the increase in the average carrier concentration fromt317.8 x
preceding gate voltage value (Figure 4a,b). This rate of current 107 cm™3 to 2.4 4+ 1.5 x 108 cm™3, and a decrease in the
decay in this FET is typical for most devices fabricated. There average resistivity from 8.4 6.4 Q-cm to 0.36+ 0.26 Q-cm

is no apparent correlation between the rate of current decay androm the values originally derived from measurements in air.
any physical property of the nanowire (i.e., diameter, length, Consequently, the measured resistivity of the wire decreases as
etc.) or electrode placement. A time trace of the FET with the surface conduction is enhanced, and the device mobility
quickest rate of current decay is shown in Figure 4b. This decreases due to increased carrigarrier scattering. UV
extremely rapid decay is well-suited for the qualitative com- irradiation using a higher power continuous wave HeCd laser
parison to be discussed below. resulted in a further decrease in resistivity to 0.68720 Q-

To determine the role that adsorbed species on or near thecm. No gating behavior was observed, as is expected with a
surface of the ZnO nanowires on the time-dependent behaviorfurther increase in carrier concentration in conjunction with a
of the gate voltage, the devices were measured after being heldgreater removal of surface species. An alternative method of
in a vacuum €1 x 10 ~° Torr) for 1 h. The conductance cleaning ZnO surfaces is to anneal the devices in a vacuum
increased by a factor of-25 for all devices measured, which  under 150°C. This heating treatment has been previously shown
is indicative of the desorption of electron-trapping surface to remove HO, CO, and CQ species from ZnO thin film33
species. In a vacuum, the devices exhibited a much weaker andThe same three devices were annealed at’Cs0nder vacuum
slower dynamic gating effect (Figure 4c). Backfilling the for 2 h. Subsequerlit-V and transconductance measurements
chamber with laboratory air resulted in a reversion to the original were obtained after cooling to room temperature. After treat-
behavior (inset). This suggests that the presence of adsorbednent, the nanowire FETs showed mobilities efZ cn? V1
surface species plays a strong role in the hysteresis and times™1, a carrier concentration of 1=8.7 x 108 cm™3, and a
dependent gate dissipation of the data. resistivity of 0.19+ 0.06 Q2-cm. This treatment does not produce

Thermal desorptiolf and UV photodesorptidh?6 in a a statistically significant difference in the mobility as compared
vacuum are two methods that have been previously reported toto the values measured in air. However, there was a lower room-
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TABLE 1: Mobility, Carrier Concentration, and Resistivity wires?22:36.37carbon nanotubé%3®and metal oxide4%43 Hys-
of a 116 nm Diameter Nanowire FET Measured in an teresis behavior is commonly seen in carbon nanotube FETs
Environmental Cell Filled with a Variety of Atmospheres® and has been attributed to the capacitive charging of water
ufem?/(V s)] Ne (cm3) p (R cm) species that are weakly adsorbed to the nanotube and to silanol
air 10.1 5.3% 10Y7 4.37 groups on the Si@dielectric that are near the surface of the
dry O, 18.2 1.74x 10v7 1.88 nanotube. In our ZnO nanowire FETS, the observed reduction
dry N 6.13 2.4x 10'8 0.422 of the hysteresis and time-dependent shielding behavior in a

vacuum 6.99 9.6¢ 107 0.93 dry O, environment suggests a similar effect is occurring in
aThese values were obtained from measurements taken 15 min afterour system. Nevertheless, a thorough systematic investigation

the surface of the nanowire was cleaned with 5 min of UV irradiation is required to pinpoint the exact physical and chemical explana-
from a He:Cd laser. The cell was continually flushed with the above tjons for these phenomena.
atmospheres during all measurements.

o . . Conclusions

temperature resistivity and a higher room-temperature carrier _ ) )
concentration after treatment, similar to what was observed with ~ Twenty ZnO nanowire FET devices have been fabricated,
phototreatment. For these particular devices, UV laser photo- and their transport properties have been charactenzeq. The role
desorption is the most efficient process for removing electron- of bound surface species has been found to play an important
withdrawing and other various surface species from the znO role on the transport properties of the devices, specifically on
nanowires. stabilizing or destabilizing the surface and ultimately the ability

To further probe the influence of surface species (i.e., water, © dissipate charge across the nanowire. It is interesting to note
oxygen, etc.) on the transport properties and dynamic gate effectthat the nanowires that were studied here have diameters in the
of the devices, measurements were taken in dsyddy O, range 86-200 nm, which is much larger than the estimated
and vacuum. Before measurement, the nanowires were expose®€bye length in ZnO of 2650 nm* Yet there remains a
to the desired ambient for at leash and then cleaned by UV significant overall influence of the surface chemistry on the
photodesorption for 5 min. Thig vs Vsq data were collected transport properties _of these dewcgs. T_he physmal nature of the
15 min after irradiation. Table 1 gives the estimaedy, and gate voltage shielding, the chemical identity of the surface
p measured in air, dry ©and dry N, and under vacuum for ~ SPecies that lead to this dissipation, and the effect of a
the same wire measured in Figure 4b. Under vacuum and N passivating dielectric layer are all questions that necessitate
(post UV illumination), thene increased by a factor of-24. further study.
This rise inne is most likely caused by the thinning of the
depletion layer in the less oxidized outer surface after UV

illumination. Furthermore, the mobility decreases by 30% to helPful discussions. This work was supported in part by the
40%. This is likely due to an increase of electraiectron Camille and Henry Dreyfus Foundation, the Beckman Founda-

scattering in the surface and near surface (nonflat band region)tion: @nd through the Center for Optoelectronic Nanostructured
of the nanowires as well as an increase in shielding of the gate S€miconductor Technologies, a DARPA UPR award HR0011-
voltage from the inner nanowire by the metallic outer surface. 04-1-0040. J.G. thanks the National Science Foundation for a

Naturally, the trend reverses when an electronegative speciegdraduate research fellowship. We thank the National Center for

; ; i ectron Microscopy for the use of their facilities. We thank J.

is bound to the surface of the nanowire, as is observed whenElectron M py for th fth f 't,, : We thank J

the nanowire is measured under ap @nbient. In this case, Beeman and E. E. Haller for use of their facilities.

thene. shows a decrease by about a factor of 3, and the mobility

almost doubles. Yet, the higher resistivity of the nanowire in

air, rather than in @ suggests that another oxidative species (1) Huang, M. H.; Wu, Y.; Feick, H.; Tran, N.; Weber, E.; Yang, P.

might be present bound to or near the surface of the nanowireAdv. Mater. 2001, 13 113. _ o _ _

(e.g., water) and plays a significant role in determining the Zhagzg), \((B.r;ese:;kalﬁy,Eﬁ. Sav;’(a';]"g gg'gdekﬁr%er:ér}]{j’ mg]égéojaozgfggéff C.

overall properties. Flnally, 'gherfa is a marked decrease in the (3) vayssieres, LAdv. Mater. 2003 15, 464.

rate of gate voltage dissipation when the nanowires are (4) Yan, H.; He, R.; Pham, J.; Yang, Rdv. Mater. 2003 15, 402.

maintained in a dry @environment. Figure 4d is the time trace (5)hYan, H.; He, R.; Johnson, J.; Law, M.; Saykally, R. J.; Yang].P.

of the device plotted in Figure 4b in dry,OThese data suggest Am'(ec) a,”;ngo‘zzoﬁwgg 4;3(?532004 7 26

the gate voltage dissipation is not due to the influence of O (7) Huang, M. H.: Mao, S.; Feick, H.; Yan, H.; Wu, Y.; Kind, H.:

absorbed on the surface. Overall, this illustrates the dependenceaveber, E.; Russo, R.; Yang, Bcience2001, 292, 1897.

of the measured transistor properties of these nanowire FET5200(2f3)14K'£13éj H.; Yan, H.; Messer, B.; Law, M.; Yang, PAdv. Mater.

on the presence of adsorbed surface species. 9) Law, M Sirbuly, D. J.; Johnson, J. C.; Goldberger, J.; Saykally,
The dependence of the atmosphere on the rate of the gater. J.; Yang, P. DScience2004 305, 1269.

voltage dissipation suggests that this effect is a real phenomenon (10) Law, M. D; Greene, L. E.; Kadnikova, K.; Liu, J.; Frechet, J. M.

in our nanowires, and not a measurement error due to capacitive’- (ﬁ?%}VZrﬁbSt-r'L'iDag'HAmc'rg:]%' JSO%AOI(;?] 22T7’ EHIE Lol P

cou.pling leakage betvygen the gate eleqtrode and the source(in . L. Appl. Phys. Lett2004 84, 3654. S

drain electrodes. Additionally, thieq remains constant at the (12) Bae, H. S.; Im, SJ. Vac. Scie. Technol., B004 22, 1191.

noise level when the gate voltage is switched without the  (13) Carcia, P. F.; McLean, R. S.; Reilly, M. H.; Nunes,Appl. Phys.

presence of a nanowire between the two electrodes. ThisLet(tii)ool\?oﬁiz's 1é13'_ Anderson, J.; Wager, J. F.. Keszler, DJAPhys

phenomenon has been previously reported forSraDoribbon D—Appl. Phys2003 36, L105. T ’ '

devices and was suggested to occur due to the presence of (15) Kawamura, H.; Yamada, H.; Takeuchi, M.; Yoshino, Y.; Makino,

charged species at or near the surface of the nandfvire. T. Arai, S.Vacuum2004 74, 567. o _ .

Furthermore, the influence of charged or neutral adsorbed ,_(16) Masuda, S. Kitamura, K.; Okumura, Y.; Miyatake, S.; Tabata, H.;

) ~ Kawai, T.J. Appl. Phys2003 93, 1624.
molecules and has been preV!OUSW observed to plgy adramatic (17) Look, D. C.; Reynolds, D. C.; Sizelove, J. R.; Jones, R. L.; Litton,
role on the transport properties of Ge nanow#®S§j nano- C. W.; Cantwell, G.; Harsch, W. GSolid State Commuri.998 105, 399.
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