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Epitaxial SnO , thin films grown on (1012) sapphire by femtosecond pulsed
laser deposition
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An ultrafast(100 f9 Ti sapphire lase(780 nm was used for the deposition of Sp@in films. The
laser-induced plasma generated from the Sn&@get was characterized by optical emission
spectroscopy and electrostatic energy analysis. It was found that the ionic versus excited-neutral
component ratio in the plasma plume depends strongly on the amount of background oxygen
introduced to the deposition chamber. Epitaxial $tildns with high quality and a very smooth
surface were deposited on theQ(?) sapphire substrate fabricated at 700 °C with an oxygen
background pressure of0.1 mTorr. The films are single crystalline with the rutile structure,
resulting from the high similarity in oxygen octahedral configurations between the sappbi2)(1
surface and the Snf@101) surface. Hall effect measurements showed that the electron mobility of
the SnQ film is lower than that of bulk single crystal SpOwhich is caused by the scattering of
conduction electrons at the film surface, substrate/film interface, and crystal defec0020
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I. INTRODUCTION ser pulse width, energy, and wavelength along with back-
ground reactive gas pressure and substrate bias and
Tin dioxide (SnQ) with the rutile structure is an-type  temperature. Adjusting these parameters provides tunability
semiconductor with a wide band gdf.6 eV). Due to its  to the laser plasma thereby allowing for optimum process
electrical, optical, and electrochemical properties, SO  conditions in a particular thin film depositidi.The deposi-
widely used as transparent electrodes in solar cells, flat pangbn of oxide thin films using PLD can occur in a reactive
displays, and chemical sensors. Recently, Shé&s been in- atmosphere with adjustable oxygen pressure, which allows
tegrated into micromachined silicon devices as a sensing ethe formation of stoichiometric oxides. Sp@ms and nan-
ement of microsensors: SnQ, thin films have been fabri- opowders synthesized using PLD with a nanosecond pulsed
cated using different techniques including electron beamaser have been reportéd:1In this article, a femtosecond
evaporation, rf sputtering?® and chemical vapor (fs) pulsed laser is used to synthesize S$idn films.
deposition®” One of the major challenges in synthesizing  Our interest in using femtosecond pulsed laser deposi-
SnG, thin films is the control over stoichiometry. Since mosttion (fPLD) for this work stems from the fact that there is a
depositions are carried out in high vacuum condition at higfsignificant difference associated with the laser pulse interac-
temperatures, the Sp@ims obtained are nonstoichiometric tion in the target compared to that of the nanosecond case.
and frequently consist of metastable phases such as SnO amdis difference is found in the brevity and intensity of the
Sn0,.>%? The existence of these metastable phases anémtosecond ablation pulse. Such pulses have minimal or no
crystal defects will strongly affect the properties of the thermal diffusion associated with them during the initial en-
films.*** Therefore, a postdeposition annealing in air is nec-ergy deposition. High ionization states are achieved initially
essary to obtain the stoichiometric Snghase with the rutile  and these ions expand in an ambipolar plasma field together
structure. However, the microstructure of the resulting SnOwith normal hydrodynamic expansidf® The equilibrium
films is mainly controlled by the annealing process and aonditions of the plasma are found to be different from those
number of crystal defects are frequently observed in thesgyrmed by nanosecond pulses where thermal plasma heating
films 112 is dominant® For example, these differences consist of
Pulsed laser depositigiPLD) has proved to be a prom- plasma electron temperatures being lower for femtosecond
ising method for producing complex inorganic thin films, pulses along with there being a component of high energy
such as the films of higfi, superconductors and perovskite jons in the ablation plume. The formation of very thin plas-
oxides. In comparison with other methods, PLD has the camas, which are not optically pumped by the incoming laser
pability of controlling many process parameters, such as labeam, as is the case for nanosecond pulses, provides a
method for eliminating particulate contamination in depos-
dAuthor to whom correspondence should be addressed; electronic mailted filmsZ The properties of femtosecond laser plasmas
panx@umich.edu continue to be studied by us, and oth&rgnd the signifi-
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cance of these properties is still under investigation concerrll. RESULTS

ing their use in thin film deposition. The present report is part

of that ongoing study and demonstrates that epitaxial,SnO  Plots in Fig. 1a) are time-resolved optical emission

thin films with single crystal quality can be fabricated on spectra showing the time evolution of the plasma relaxation.

(1012) sapphire substrates at 700°C using femtosecongiach trace was delayed by a 15 ns interval. The peaks in-

pulsed laser deposition. clude six excited neutral Sn emission lines. The signal with
no delay shows a relatively high value of background and
peak broadening compared to longer delay times. As the de-

II. EXPERIMENT lay time is increased, both the background emission intensity

A femtosecond Ti sapphire laser with repetition rate ofand the width of the emission line decrease. Under local
10 Hz was used to deposit Spfiims. The wavelength of the thermodynamic equilibrium conditions, the plasma tempera-
laser was centered at 780 nm and the pulse width was nomiure can be extracted from the ratio of emission line-to-
nally 100 fs. The target was made by pressing a pure,Snceontinuum intensity, indicating plasma temperature decay
powder(99.99% followed by sintering at 1100 °C. The base With position from the target. Figurestd and Xc) show the
pressure in the deposition chamber was 40orr and the ion energy spectra of Sn(lumes in vacuum and with 0.8
oxygen backfill pressure, during plume analysis, was conmTorr discharge-activated oxygen atmosphere, respectively.
trolled at 810 *Torr using a precision leak valve. The Seen in the figures are the distributions of observable ionized
laser-induced plasma plume of Sp®as analyzed using an Species as a function of energy. For similar ion energies,
electrostatic energy analyzer, in which ions pass between twihiere is a decrease of about one order of magnitude in the
spherical-sector plates, and by a time-resolved optical emigverall ion density with the introduction of oxygen during
sion spectroscopy. Variable voltage up to 5000 V was applie@blation.
on each of the plates. Optical emission during plasma relax- Using the plasma plume induced by the same femtosec-
ation was studied by imaging the laser-induced plasma to agnd pulsed laser, SnQthin films were deposited on the
optical fiber attached to a wavelength depressive spectronf1012) sapphire substrate at different temperatures and with
eter. Time-resolved optical-emission spectra were taken byarious oxygen pressures. Epitaxial films with high crystal-
varying the data collection time delay with respect to theline quality were obtained by deposition at 700 °C and with
laser pulse. This method provides a way to study the expandhe oxygen pressure of 0.1 mTorr. Figur@2shows af—26
ing laser-induced plasma on a time scale from nanosecondsray diffraction pattern of such an epitaxial Sp@m. As

to microseconds. _ . seen in the figure, in addition to theéd12 and ®24 reflec-
The SnQ thin films were deposited at different tempera- jons of the sapphire substrate, the only peak observed for the
tures on single crystak-Al,O; (sapphir¢ having a (D12)  film is the 101 reflection of the rutile SpQ(26=33.9°).
(R-cuy surface orientation. A backfill, with discharge- Figure 2b) shows the{110 pole-figure of the same SpO
activated oxygen, was used during deposition. After deposifilm. Only two {110 poles, about 70° away from the center
tion, the film was naturally cooled under the same vacuunynd 100° away from each other, appear in the figure. These
condition as for the deposition process. two poles are located at the same position{bfQ poles
The microstructure and morphology of deposited filmsin the standard101) projection of Sn@. Without changing
were characterized using x-ray diffractiQ§RD), transmis- o orientation of the sample, 1123} pole figure of
sion electron microscopyTEM'), anq atomic. force micros- sapphire substrate was takérot shown here By compar-
copy (AFM). For.the x-ray dlﬁragtlon studies, botl?—20 ing this substrate pole figure with thg10G pole figure
scans and pole figures were carried out on a rotating anod@f the film, it is found that the SnOfilm has single
four-circle diffractometer(Rigaku, Japanusing CuK«a ra- . o —
diation. AFM studies were performed on a Nanoscope ”Icrysta! qua!lty and _grows epl_taX|aII_y on th.e G[l?)
atomic force microscopéDigital Instruments, Inc., CA sapphire with the in-plane orientation relationship - of
SnG, (101)[010]I1AI,05(1012)[ 1210].

Both plan-view and cross-section TEM specimens were prex \ :
pared by a standard procedure, which includes mechanical Figure 3a shows an AFM image of the same Snfdm

grinding, polishing, precision dimpling, and ion milling. The @S for x-ray diffraction studie_s. It is seen that the film con-
final thinning of specimens was carried out on a Gatan preSiSts Of @ smooth surface with a rms roughness of 0.7 nm.
cision ion polishing systentPIPS™, Model 691 using an Figure 3b) is a Iqw m_agnlflcatlon dark—flel_d image tgken in
accelerating voltage of 4 kV and an incident angle of 4°. Allthe SnQ [010] direction from the same film, showing the
specimens were investigated in a JEOL JEM 4000EX highf”m thickness of 100 nm. Planar defects, parallel to each

resolution electron microscope, operated at 400 kV, provid®ther and lying in the101) planes are observed. The length
ing a point resolution of 0.17 nm. and spacing between the defects vary through the image.

Electrical measurements were performed using a fourt hese planar defects are determined to be antiphase bound-

point van der Pauw contact arrangement. Hall measuremengéies (APBs) with a lattice displacement of{101]. The
were performed inside a gas reactor, using a magnetic fieldtomic structure of film/substrate interfaces and crystal de-
of about 2.2 kG. The measurements were performed in #cts in the film was studied using high-resolution TEM
temperature range from room temperature to 625 K, in nitro{HRTEM). Figure 3c) is a cross-section HRTEM image
gen to avoid interference from chemisorbed or diffused oxy-showing the interfacial structure of a 100-nm-thick film de-
gen. posited on a (012) sapphire substrate. The electron beam
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FIG. 1. (a) Optical emission spectra of Sn in the plume at different delay
times.(b) lon energy spectra of Sn and O in plume produced in vacam.
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FIG. 2. (a) 6—20 scan of Sn@film grown on (1012) sapphire substratéh)
{110 pole figure of the Snefilm.

with a 3 [101] displacement and observed. Figufe)3hows

an HRTEM image of the interface viewed parallel to the
[101] SnG, direction. In this direction, there are no misfit
dislocations present at the interface and the SAQO; in-
terface is fully coherent. From Figs(é8 and 3b) the crys-
tallographic orientation relationship between the film and the
substrate is Sng{101)[010]lAl,05(1012)[1210], which
confirms the results from x-ray diffraction.

Hall effect measurements showed that the epitaxial . SnO
films studied in this work was an-type semiconductor with
relatively high conductivity value. Figure(d shows the
electrical conductivity and the electron concentration of the
single crystal film with a thickness of 100 nm, as a function
of inverse absolute temperature. From Fi¢a)4the calcu-
lated activation energy of the free electrons is 0.07 eV. The
electron concentration and conductivity of the film are rela-
tively high (>10cm~% which indicates that there is a
large number of oxygen vacancies in the film. Figufe)4
shows the corresponding Hall mobility dependence on in-
verse temperature. The electron concentration increases with
increasing temperature, whereas the mobility decreases with
increasing temperature, confirming the semiconducting be-
havior of the material.

lon energy spectra of Sn and O in plume produced in 0.8 mTorr oxygen. |/ DISCUSSION

was aligned parallel to the10] direction of SnQ. It is seen

Qualitatively speaking, the plasma temperature decay

that the Sn@ film was epitaxially grown on the substrate. with time will be reflected in a decrease of the line to con-
Quasiperiodic misfit dislocations, with a spacing of about 2.4tinuum ratio as observed in Fig. 1. The linewidth of the emis-
nm, and planar defects running along the length of the filnsion signal can be attributed to a Stark broadening mecha-
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FIG. 3. (a) AFM image of the Sn®film on Al,Os. (b) Low magnification dark-field image of the film showing planar defe@sHRTEM micrograph of the

interface between Sn@nd ALO; viewed in the Sn@[010] direction.(d) HRTEM micrograph of the interface between Sredd ALOs viewed in the[ 101]
SnG, direction.

nism resulting from collisions of charged particles in thewith the introduction of Q is related to neutralization
plasma. Due to plasma expansion and charge recombinatigfharge-exchange interactions of the ions with the controlled
effects, the electron density in the plasma decreases Wity ume of gas atoms in the chamber.

delay time. As shown in Fig. 1, the early stage of the plasma 1 .<e studies show that the plume induced by a femto-

(<30 n9 represents a dramatically changing condition. . .
. o i second laser pulse consists of a large number of energetic
However, after that time the excitation condition tends to. b 9 9

remain relatively constant due to decreased collisions in thNS: of which the energy extends to several hundred electron

plasma. This condition persists until the plasma reaches th¥Plts- For the deposition of thin films, the existence of such

deposition substrate. Figuregbl and Xc) show a decrease energetic ions can enhance the atomic diffusion at the sub-
in ion density with the introduction of oxygen in the deposi- Straté surface and thus may be useful for the deposition of
tion chamber. The decrease in both Sn and O ion densitgome materials, which may be difficult to grow under con-
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FIG. 5. (a) Surface structure of (12) sapphire(b) Surface structure ofL01) SnG,. Small filled circles in(@) indicate aluminum atoms and large filled ones
in (b) display tin atoms. The large open circles show the oxygen atoms above the plane of metallic atoms, while the shadowed ones represent the oxygen atoms
below the metal plan€c) SnO,/Al,O; interfacial structure viewed parallel to the Sn@10] direction.

ventional conditions. The enhanced atomic diffusion at thesurface. Small filled circles represent aluminum atoms in
film surface could also reduce the surface roughness. On tteapphire and large filled ones display tin atoms in the SnO
other hand, the energetic ions have a sputtering effect at th&ructure. The large open circles represent the oxygen atoms
film surface, which could significantly slow down the growth above the lattice plane of metal atoms, while the shadowed
rate of the film. As shown in Figs.(t) and Xc), the energy ones indicate the oxygen atoms below the plane of metal
of ions in the plume can be reduced by the introduction ofatoms. The rectangular repeating unit cell on thel(d) sur-
oxygen in the growth chamber. Furthermore, the interactiofiace of sapphirésee Fig. §)] has a periodicity of 5.12 A

(collision) between_ th_e energetic ions a_md oxygen atoms "blong the[lOTl] direction and 4.76 A along th@l?lO]
the background will increase the kinetic energy of oxygengirection. A similar repeating unit cell exists on ti£01)

atoms and enhance the incorporation of oxygen atoms witQ,iface of Sn@[see Fig. ®)], with a periodicity of 5.71 A

the film surface, which may enable the deposition of OXIdealong the[TOl] direction and 4.74 A along th@10] direc-

thin films at low oxygen background pressure. Therefore, ittion The arrangement of oxygen octahedra at(#@s) sur-
is possible to optimize the deposition conditions to obtain, ~ —=

oxide thin films with desirable structures and properties. Foface_ of Sn@ and the sapphire @12) surface are also shown
SnG, thin films, the optimal deposition conditions are at in Figs. 5a) and 3b). The epitaxial growth of SnPmay

700°C and with an oxygen background pressure of 0_Ji_:)egin with the filling of Al sites by Sn along with a small
mTorr. distortion of oxygen octahedra. Figur&cbshows the atomic

XRD and TEM results show that the SpO arrangement of the Sn@AIl,O5 interface viewed along the
[010] SnG, direction. It is seen that the oxygen octahedral
network continues with a small distortion across the
SnO,/AlL,O4 interface, which favors charge balance and low
deformation energy at the interface.

film grows epitaxially on the (@12) surface of sapphire
with the orientation relationship of
SnG, (101)[ 010]IIAI,05(1012)[1210]. This is consistent
with previous results for Sn{xleposited by sputtering on the Planar defects such as antiphase boundaries, which are
same sapphire substrate orientatiofihe lattice mismatch also called coherent crystallographic shear pld@&P3, are
across_the film/substrate interface is 11.45% along th?requently observed in SnOfilms22 In the present case,
SnG;[101] direction(which is parallel to th¢ 1011] direc-  APBs lie on the(101) planes with a displacement vector of
tion of Al,O3) and —0.42% along the perpendicular direc- 1/2[T01]_ The appearance of CSPs is widely regarded in
tion, that is the[010] direction of SnQ. As a result, no systems such as TIOWO,, and 405 to be due to a form of
defects_are observed when electron beam is aligned along trb%im defect aggregafd.As such, CSPs allow nonstoichio-
SnG;[101] direction, whereas misfit dislocations and planarmetric phases to be present in the material. In the present
defects are seen when the film is viewed in the Sf@O0]  case, only APBs are observed, for which the lattice displace-
direction, as shown in Figs(8)-3(d). Despite the relatively ment vector lies in the defect plane. Therefore, the film sto-
large lattice mismatcli~11%) in one direction, the Sn©O ichiometry will not be changed at these defects. The occur-

film grows epitaxially on the sapphire substrate. This epitaxrence of the APBs may be due to the thermal or mismatch
ial growth is determined by the similarity in the surface strain between the substrate and the film.

structure between the film and the substrate. In the rutile  Figure 4 shows that the electron concentration in the
SnG, structure, oxygen atoms form edge-shared octahedrogng, film is in the order of 1&°cm 3, which agrees with the
chains along th€001) direction and Sn atoms fill one half of value of bulk single crystal Sn* Studies of undoped

the octahedra. In the-Al;05 (sapphirg structure, oxygen  single crystal bulk Sn@showed that the Hall mobility of
atoms form a sublattice, which has a nearly hcp structure. Aélectrons at room temperature, for an electron concentration
atoms occupy two thirds of the interstitial sites of oxygenof about 16°cm™3, is around 90 cfiV s2* In the present
octahedra. Figures(& and 3b) show the atomic configura- work, the mobility at room temperature is about 37%A/s.

tions of the sapphire (@12) surface and the SpQ101) Planar defects, such as CSPs and antiphase boundaries as
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