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Transparent thin-film transisto($ TFTs) with an amorphous zinc tin oxide channel layer formed via

rf magnetron sputter deposition are demonstrated. Field-effect mobilites of 5-15 and

20-50 cdV~ts! are obtained for devices post-deposition annealed at 300 and 600 °C,

respectively. TTFTs processed at 300 and 600 °C vyield devices with turn-on voltage of 0—15 and
-5-5V, respectively. Under both processing conditions, a drain current on-to-off ratio greater than
10’ is obtained. Zinc tin oxide is one example of a new class of high performance TTFT channel
materials involving amorphous oxides composed of heavy-metal cations (with)d*® ns® (n

=4) electronic configurations. @005 American Institute of PhysidDOI: 10.1063/1.1843286

The recent development of transparent thin-film transisstability?***** In  bulk samples, decomposition of

tors (TTFTs)l‘6 represents a major advance in the emergingZnSnG; to Zn,SnQ, and SnQ@ has been noted at tempera-
field of transparent electronics. These transistors have bedunres as low as 60T, ™ but the rate of this process is rather
fabricated on the basis of crystalline oxide channels that arslow.
typically produced at relatively high processing tempera-  Zinc tin oxide thin films have been grimarily investi-
tures. To appraise the potential for reducing these temperagated for transparent conductor applicatiohs® Thin films
tures, while retaining or improving transistor performance,typically exhibit a direct optical band gap of 3.3-3.9 eV.
we have examined the use of amorphous channel material$his broad band gap range likely arises from a combination
Here, we describe an example of a high-performance TTFDf a large Burstein—-Moss shift and compositional or struc-
having an amorphous oxide channel. tural variations of the zinc tin oxide thin films; the funda-
Amorphous oxides composed of heavy-metal cationgnental band gap of Z®nQO, has been reported to be
with (n-1)d°ne (n= 4) electronic configurations constitute 3.35 eV'? Attractive attributes of zinc tin oxide include its
an interesting class of transparent conductors, since they poghemical stability with respect to oxidation and etchifig
sess relatively high electron mobilities despite their amorits physical robustness and extreme resistance to
phous charactér® Examples of such materials include in- Scratching,” and its tendency to possess an exceedingly
dium oxide doped with tinITO)!® and zinc tin oxid&' for ~ Smooth surface in thin films’
which amorphous-state mobilities as large as 40 and Zinc tin oxide TFTs are fabricgted here us_ing two similar
30 cn? V~1sL, respectively, have been reported. Such highPotiom-gate test structures, the first employing a glass sub-
mobilities in an amorphous material are likely a consequencétrate for realization of fully transparent devices and the sec-
of a conduction band primarily derived from spherically ©nd employing a heavily doped Si wafer with a Sigate
symmetric, heavy-metal cation ns orbitals. Such orbitalli€lectric layer formed via thermal oxidation. The descrip-
have large radii, leading to a high degree of overlap betweeHon Provided here deals explicitly with the transparent struc-
adjacent orbitals and considerable band dispersion. Mordure; the oxidized Si structure differs only in the nature of the
over, the spherical symmetry of aorbital makes delocal- gate dielectric and electrode. The electrical performance

ized electronic transport less sensitive to local and extendegl@racteristics of the transparent and the Si-substrate struc-

structural order as compared with band formation from anlures are similar, although the Si-substrate devices exhibit

isotropicp or d orbitals. Furthermore, multicomponent oxide less device-to-device and substrate-to-substrate variability.

semiconductors are preferred to binary oxides for ensuring b'l'tTFth’\fl:llrEercr)eAr\)ared (t)n dN'Ptiaon IZE(I)%CU'C Cor?tpané/ I%%SS
that the structure remains amorphous under a range of pr ubstrateg . 2 coated with a -nm sputierec
cessing conditions. gate electrode film and a 220-nm atomic layer deposited su-

perlattice of AIQ and TiQ, (ATO).?° The zinc tin oxide

Zinc tin oxide*°is a wide band gam-type semicon- . .
ductor; its stoichiometry can be most generally described aghannel layer(typically ~20-90 nm and ITO (typically

. ~250 nm) source and drain electrodes are deposited via rf
(ZnO),(SNGy)1 (0<x<1). Two crystalline forms have S N N N
been reported, trigonal ilmenit€nSnG,)*® and cubic spinel magnetron sputtering in Ar/4X90%/10% and Ar (1009,

18 . . e respectively, at a substrate temperature~df75 °C. Zinc-
(Zn,SnQy).”" The ilmenite phase exhibits limited thermal jn_oyide films are deposited with a target fabricated in the

Oregon State University Department of Chemigaymixture
¥Electronic mail: chiang@ece.orst.edu of ZnO and Sn@ powder with a ZnO:Sn@molar ratio of
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FIG. 3. Representative l0ig)—Vgs and lodlg)—Vgs characteristicVpg
=40 V) for zinc tin oxide(sputter deposited from a ZnSgp@arge) TTFTs
annealed at 600 °C. Inset shoWs-Vpg characteristiqVgg is varied from

1:1 is sintered overnight at 1100 j@nd with several targets 3 t0 15V in 3V steps and, increases with increasingss).
purchased from a commercial supplignO:SnGQ molar ra-

tios of 2:1 and 1:1 Devices are typically furnace annealed - . L .
in air at 300 or 6%0 °C for 1 hou)r/aollov}\//ing zinc tin oxide >0 itis not possible to explicitly identify the phasgpresent

deposition. The complete staggered, bottom-gate deviclh the film. Moreover, the breadth of the diffraction peaks
structure i's shown in the inset of Fig, 1. Six devices Withlndicates that crystallites within the film do not exceed a

W/L=7100m/1500um (~4.7/1) 1in.x 1 in. substrate. diameter of~5 nm. Thus, the exact description of the zinc

Channel and source/drain electrode layers are pattern%ﬂ1 pxide ﬁlm as multiphase nanocrystalline or a_morphous s
through the use of shadow masks ifficult to discern. In contrast, above an annealing tempera-

ture near 650 °C, a multiplicity of sharp XRD peaks appear,

The zinc tin oxide thin films described here, as TTFT .~ ~ "~ o , :
channel layers, are essentially amorphous. X-ray diffractionndicating a dramatic increase in the crystalline nature of the

(XRD) patterns are obtained from two systems; the resultg'nC tin oxide f!lms. . .
from these systems vary slightly. The first system is a Philips Th? scanning eleg:tron mmrosco_[&EM) Image shc_>wn .
MRD instrument that employs (Kie radiation (0.5° inci- n _the Inset of _F'g' 21s a cross—_sechonal View o_f_a zinc tin
dent anglg the XRD patterns from this system exhibit a ©Xide film. This image is obtained at a magnification of
single, extremely broad peak a2 34°, characteristic of 100 000k and prowdes_qua_htaﬂye |nf0.rm<'_;1t|on regarding the
amorphous zinc tin oxide films previously reported in them_orphology of these zInc tin oxide thin fl!ms_. In agreement
literature™"8The second system is a Rigaku rapid image-W'th X_RD_resuIts, the image does not indicate any grain
plate machine with Ca radiation(10° incident anglepro- f.ormat'lon in the sample. S|m|lar to the .XRD results, there is
vided by a rotating anode and a 0.5-mm pinhole collimatoriittl€, if any, observable difference in the SEM cross-
an XRD pattern obtained from this system is shown in Fig. osectional view of unannealed samples and those samples that
and is representative of zinc tin oxide films that are prepare@'® @nnealed up to 600 °C.
by using a ZnSn@target with annealing treatments up to The op_tlcal t_ransm|tta_nce Vversus wavele_ngth throggh_the
600 °C. Broad XRD profiles are observed atalues near source/drain region of azinc tin _OX|de TTET is shoyvn in Fig.
34°, 59°. and 90°’ These bands encompass the major dif-1- The average transmittance in the \(lSlbIe portion qf the
fraction peaks for both ilmenite ZnSp@nd spinel ZgSnQ,,  electromagnetic spectru@00—700 nm is ~84% for this
device. The data represent raw transmission through the en-
1.0 tire structure, including the substrate, i.e., the measured
- transmission is reduced by both absorption and reflection.
log(lp)—Ves and lodlg)—Vgs characteristicgfor Vpg
=40 V) representative of~50 devices with a 600 °C channel
layer anneal, wherk,, Vg |, andVpsare the drain current,
i gate-to-source voltage, gate current, and drain-to-source volt-
age, respectively, are illustrated in Fig. 3. Ap-Vpg char-
acteristic(for Vgs=3—-15V in 3 V step$ is shown in the
inset of Fig. 3. Qualitatively, ideal TFT behavior is observed,
including drain current saturation.
15 25 35 45 55 65 75 85 The electrical parameters used to characterize a thin-film
transistor are typically threshold voltage, drain current on-to-
off ratio, and channel mobility. The threshold voltaex-
FIG. 2. XRD pattern obtained from an200-nm zinc tin oxide thin fim  tracted from arlp—Vgg measurement with a smalps™ for
deposited from a target of stoichiometry ZnSréd subjected to a 600 °C ~ device operation in the linear regipis typically 0—10 V for
anneal; reference stick patterns for ilmenite Zngr®lack, and spinel  zinc tin oxide channel TTFTs. However, precise identifica-
Z”ZS”% (grey)tifree Z‘;F’Z?r:g“tﬁ’nof)i?dgg;; z‘zz plzttgj”;z rTeTp;eTSSQ:::]V; I‘:‘Qfstion of the threshold voltage for a given device is somewhat
awﬁrgoggzen;?osition annealing treatments [L)prto 600 fl@seh 100 000 g amblguqug‘lyzzA less amblguo_us deV|_ce param_eter, althoth
x SEM cross-sectional image of a zinc tin oxide thin film; the scale bar onNOt €xplicitly quoted as often in the literature, is the turn-on

the image is 200 nm. voltage(V,,). Vo, is the gate voltage at the onset of channel
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FIG. 1. Optical transmittance as viewed through the source/drain region
(~84% in the visible portion of the electromagnetic specfraina zinc tin
oxide channel TTFT(Inse) Prototypical TTFT device structure.
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e rearrangement at higher temperature rather than to enhanced
50l long-range crystallinity, since zinc tin oxide films annealed at
'3 - 300 and 600 °C have virtually identical XRD patterns.
. S 600°C Anneal The results presented in this letter identify zinc tin oxide
‘} 5ok 200°C Annssl as a viable TTFT channel layer material with respect to elec-
g - trical performance and processing requirements. Further-
il I more, other types of amorphous oxides composed of heavy-
L metal cations with (n-1)d®®n® (n=4) electronic
- ' | | | configurations may provide opportunities for identification of
0.0 — s S S— S— S

0.0 o pr prs pes W TTFT channel materials with further improved electron

transport and optical transparency.
Vas (V)
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. 4. Representativgpg— = characteristics 1or zinc tin ox- _ . -
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films, and David Hong for many useful discussions. This
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