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Epitaxial nanocrystalline tin dioxide thin films grown on (0001) sapphire
by femtosecond pulsed laser deposition
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Nanocrystalline tin dioxidéSnG,) thin films of different thicknesses were fabricated on (@02
surface ofa-Al,O5; (sapphirg¢ using femtosecond pulsed laser deposition. X-ray diffraction and
transmission electron microscogf EM) analysis revealed that the microstructure of the films
strongly depends on the film thickness. The films with a small thickGe€88 nm are composed of
nanosized columnafl00 oriented graing3—5 nm in diametgrwhich grow epitaxially on the
substrate with three different in-plane grain orientations. Tt@l) oriented grains(25 nm in
diametey appear when the film thickness becomes larger than a critical vahait 60 nm The
volume fraction of the(101) grains increases with film thickness. Cross-section TEM studies
indicated that th€101) oriented grains nucleate on the top of {i®0) oriented nanosized grains
and show abnormal grain growth driven by surface energy minimization. As a result, the electrical
transport properties are strongly dependent on the film thicknes20@® American Institute of
Physics. [DOI: 10.1063/1.1386406

The unique materials properties found on the nanometephire substrates with the otherwise same conditions consist
scale and the miniaturization of modern semiconductor deef nanocrystalline grains. In this letter we present our studies
vices have prompted the widespread investigation of the@n these nanocrystalline Sp@hin films.
properties of nanocrystalline materialsOn this scale, the Tin dioxide films with the thickness of 15-100 nm were
behavior of functional materials is strongly size dependengleposited on(000]) sapphire substrates using femtosecond
and interface controlled. SpQuith the rutile structure is a pulsed laser deposition, under the same conditions as re-
wide energy gap3.6 e\) n-type semiconductotOwing to  ported elsewher&. Thin films were deposited at 700 °C with
its outstanding electrical, optical, and electrochemical propthe oxygen backfill pressure of 0.8 mTorr. The microstruc-
erties, SnQis extensively used in many applications such agure of the films was characterized by x-ray diffraction and
catalytic support material, transparent electrodes for flaffansmission electron microscoYEM). Electrical conduc-
panel displays and solar cefland gas sensorsin particu- tivity and Hall effect measurements were conducted usi_ng a
lar, SNQ thin films have drawn much interest because offoUr-point probe and a magnetic field of about 2.2 kG, in a
their potential application in microsensor devi€egonsider-  Puré N> atmosphere to avoid interference with chemisorbed
able attention has recently focused on the development §¥*Y9en

solid-state gas sensors based on thin films with a crystallite F19uré 1@ shows the x-ray diffraction pattern of SRO
size smaller than the Debye length of the material, whicH!MS 9rown on the0001) sapphire substrates with different
74 ethicknesses. It can be seen that the films with a thickness less

than 30 nm show only th€100) orientation, whereas the

Taking into account its potential application and the impor-_, . i :
tance for fundamental research as well as its simple structur{-:‘h'Cker films (30 nm show both(10Q) and (101) orienta-

. . . . . fions. Figure shows thg110 pole figure of the 100-nm-
SnQ is an ideal model system for a systematic mvestlgatlo_r][hiCk filngwj. Th?e))e sets(1 4}6{ {Zoé}p and ?3 6) of two peaks

on mlcrostrup tre, grain boundary and 'n.t erface Char"jICtensv'vith high intensities, which are about 45° away from the
tics, and their effects on physical properties.

. . L. center, correspond to thd10 poles in the standar¢l00)
. V\Ile Pavebfabrlc:ted n?no?r)lllstalllgi Sptm? ﬂlmiﬁ% projection of SnQ@. These three sets of two poles are rotated
Ing €lectron beam deposition Toflowed by postanneaiing. by 120° with respect to each other in the azimuthal direction.

It was found that the electrical transport and chemical SeNSx 1 other three setda b, {c.d}, and{e,f which are about 70°
ing p_roperties of the films strqngly deper_1d o? the size, Ori'away from the center, correspond to 140 pole of (101)
entation, and shape of Sp@rains in the films-* To under-  qriented Sn@grains. These results indicate that three differ-
stand the structure-property relationship of $nfin films, ot in-plane orientations are present in b@A0) and (101)

one needs to fabricate thin films with controlled stoichiom- g, iented grains. This is due to the threefold symmetry in the
etry and microstructures. We have recently synthesized, SnQyseydo-hexagonal structure of @01 sapphire substrate,
thin films with different microstructures using femtosecondyhich is not present in th€¢100) and (101 planes of the
pulsed laser depositiofPLD). It has been found that the tetragonal rutile structure. By comparing the pole figure of
films deposited or(lOl%) sapphire substrates at 700 °C arethe film with that of the corresponding substrate, the in-plane
epitaxial, single crystal; while those grown orf0003) sap-  orientation relationships of SpOgrains of both _types
are determined:  SngD100) 010l Al,O5(0001) 1210],
dElectronic mail: panx@umich.edu SnO,(101) 010Q]IIAI,O5(0001) 1210], and their variants by
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FIG. 2. (a) Plan view TEM image of a 100-nm-thick Sp@Im grown on
(0001 sapphire substrate, showing the existence of k@) and (101
oriented grains(b) HRTEM image taken from the dark region (&) show-
ing nanosized100) oriented grains(c) Cross-section TEM image of the
same film showing the formation of th@01) grains on top of thg100)
nanosized grains.

dark regions in Fig. @), showing fine(100 oriented grains
FIG. 1. (a) X-ray diffraction patterns of SnOfilms with different thick- with three dlﬁer?nt |_n—plane Onentatlons' The mean diameter
nesses. The peaks marked with an asterisk correspond to the substr&té the (100) grains is about 5 nm. Figure(@ is a cross-
(0008 reflection.(b) {110 Pole figure of the 100-nm-thick SpGilm. section TEM image of the 100-nm-thick film, showing the
columnar shape of both the fif@00 grains and the larger
a rotation of+120° around the film normal, i.e., tH8001] (101 grains outlined by dashed lines. It can also be seen that
direction of the A}O; substrate. only the (100 oriented grains exist near the substrate/film
Figure 2a) shows the plan view TEM image of a 100- interface and thg101) oriented grains occur at a certain
nm-thick film. The corresponding electron diffraction patterndistance from the interface. Furthermore, the cross-section
is shown as inset, which is the mixture of diffraction spotsHRTEM images of thinner film$<30 nm only show(100)
from both (100 and (101) oriented grains. Selected area oriented grains, which agrees with the x-ray diffraction stud-
electron diffraction and high-resolution transmission electrories in Fig. 1a). This reveals that the fin€l00) grains are
microscopy (HRTEM) studies revealed that the bright re- structurally favorable to form on th®001) sapphire surface,
gions in Fig. 2a) correspond to th€101) grains, while the while the (101) oriented grains are kinetically favorable
dark matrix consists of fin€l00) oriented grains. Grains of when the film thickness becomes greater than a critical thick-
each type consist of three different orientations, coincidenness(~60 nm). It was also found that the mean diameter of
with the previous x-ray diffraction studies. TK&01) grains (101 oriented grains increases with film thickness. This
have a mean siz@iametef of 25 nm, randomly distributed means that101) grains grow at the expense @00 grains
in the film. Figure 2b) is a HRTEM image taken from the as the film grows thicker.
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electrical conductivity of the film. This explains why the
electrical conductivity and electron concentration of the in-
termediate thick film(60 nm are higher than those of the
30-nm-thick film, as shown in Figs(& and 3b). When film
thickness increases further, th&01) oriented grains are
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107 100 nm formed on the near surface region and are distributed ran-

5 domly in the matrix of(100) oriented grains. On the other
102 | L . . .

hand, for intrinsic(undoped semiconducting oxides charge
30 nm . . . . . .

10° | ] trapping at grain boundaries is mainly due to dangling bonds
-, ‘ . ‘ and interfacial surface states that depend on the degree of

00015 002 00025 0003 0003 structural ordering at the boundariésThe structure of the

1T (K7) boundaries betweefi01) and (100 oriented grains is much

FIG. 3. Electrical conductivity of the Sniilms as a function of inverse more dlso.rdered than the bou.ndar,y formedm Orl.ented
temperature. grains which have three special orientations in the film plane.

The increased disordering could introduce a large number of
o . . interfacial surface states and increase charge trapped at the
The epitaxial growth of(100) oriented grains on the grain houndaries. As a result, the conduction electron con-
(0001 Al,0; substrate is favorable because @f the simi-  centration, and thus the electrical conductivity of the thick
lar oxygen octahedral networks existing on the S0  fjjm (100 nm), is lower than that of thinner filni60 nm.
surface and the AD; (000]) surface and2) small lattice  poreover, the presence ¢101) grains can create inhomo-
mismatch(<1%) along the[010] direction which lies along  geneous conductivity percolation paths that can decrease the
one of the[1210], [2110], [1120] directions of ALO;. The  gyerall conductivity of the film:
small grain si_ze of_thcélOO) oriented_grains may result from In conclusion, epitaxial nanocrystalline Sp@in films
the large lattice mismatcti3.899 with the substrate along o the(0001) sapphire substrates were fabricated using fem-
the[001] direction of SnQ. The formation of(101) oriented  tosecond pulsed laser deposition. Detailed analysis using
SnG; on the (0001 AlOs is not favorable because there is y_ray diffraction and TEM techniques found that the micro-
no good lattice match between the Sn@01) surface and  stryctures in terms of grain orientation, size, and shape, de-
the AlLO; (0001 surface. The occurrence GE0) grains in pend on the thickness of the films. As a result, the electrical

the late stage of film growth is probably the product of sur-transport properties are strongly dependent on the film thick-
face energy minimizatiof? They form on the(100) grains, pess.

which have three orientations in the film plane, resulting in
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