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Experimental details

Powder synthesis

In a typical powder synthesis, 250 mg of tin(Il)aride dihydrate (SnGi2H,0; 99.995 %; Alfa Aesar)
was ground using an agate mortar and pestle, waeadaish a 10 mL vial with 1 mL of ammonium
hydroxide (NHOH; 28-30 %; Sigma-Aldrich), was filtered througiiader-free glass fiber membrane
(GF/C; Whatman), was washed with an additional 5ehINH,OH, and was intensively washed with
deionized water to remove NBH and the by-product N&I that is highly soluble in water. The
filtered substance was then transferred to be @m@ustion boat and was introduced into a fuséchsil
tube. The tube was purged for 3 h at a flow rat®.8fL min® with purified forming gas, which was
composed of land H at a volume ratio of 92 and 8 % and was thoroughlyfied through HO and

O, traps (GMT, OT1, and IOT; Agilent) to a nominaj@®and Q concentration of 6 ppb and 2 ppb,
respectively. The annealing temperature was thereased from room temperature to an indicated
temperature of 200-600 °C at a rate of 10 °C hiiith the forming gas flowed at a rate of 0.1 L thin
was kept at the temperature for 2 h, and was delftet cooled down to room temperature. The resultant
substance was ground using the mortar and peddeché-ray diffraction (XRD) measurements.
Substrate cleaning

Si substrates and glass substrates were immersedeaned in a mixture of sulfuric acid gH0y; 95-
97%; Merck) and hydrogen peroxide,(; 30%; Merck) at a volume ratio of 4:1 for 10 miallowed

by a thorough rinse with deionized water. The pdoce was repeated twice to confirm the cleanliness
and to minimize an experimental error.

Thin-film synthesis for XRD measurements

In a thin-film synthesis for XRD measurements, 1@ of SnCj}*2H,0 was dissolved in a 10 mL vial
with 1 mL of anhydrous methanol (99.8 %; Sigma-Addy at a concentration of 0.5 M in a-Nled
glove box that had both & and Q concentrations less than 1 ppm. The solution wiagd with a

magnetic stirrer for 1 h and was spin-coated olassgsubstrate at a speed of 2000 rpm for 30 sihein
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glove box. The substrate was kept in a sealed itled fwith the same MNwithout exposure to air, was
transferred to a glove bag that had been purgdu Mgtgenerated from liquid )\l and was exposed to
the vapor of NHOH for 1 h. The substrate was taken out of theglmag and was rinsed with deionized
water to remove NFDH and NHCI. The substrate was then transferred to be amn#astion boat and
was introduced into a fused silica tube. The tubs purged with the purified forming gas for 1 raat
flow rate of 0.2 L miff. The annealing temperature was then increased fomm temperature to an
indicated temperature of 200-600 °C at a rate dfcLénini* with the forming gas flowed at a rate of 0.1
L min™, was kept at the temperature for 2 h, and wasdefe cooled down to room temperature.
Thin-film synthesis for transistors

In a typical thin-film synthesis for transistorg éhg of SnCle2H,0 was dissolved in a 10 mL vial with
1 mL of the methanol at a concentration of 0.1 Mha N-filled glove box. The solution was stirred
with a magnetic stirrer for 1 h and was spin-codteithe glove box at a speed of 3000 rpm for 30meC

a lightly doped p-type Si(100) substrate, which hae@sistivity of 2.7%2 cm, with a thermally grown
SiO, dielectric of 200 nm thickness. The substrate tivaa processed in the same manner as in the thin-
film synthesis for XRD measurements.

Thin-film morphology and thickness observation

Surface morphologies of the thin films were obsdrigeth by a scanning electron microscope (SEM),
LEO 1530 (Carl Zeiss SEM), and by an atomic foreeroscope (AFM), NanoScope Il (Veeco), in the
tapping-mode employing cantilevers, NSC15/No Al KROMASCH). Thin film thickness was
measured using the AFM.

XRD measurements for powder and thin film

XRD measurements were preformed using an XRD systeirert-MRD (PANalytical), equipped with

a Cu anode tube that was operated at a tube camédntoltage of 40 mA and 45 kV, respectively,ha t
Bragg-Brentano geometry. Measurement parametere wieosen to be a@2step size of 0.02 °,
measurement duration of 200 sec per step, irradidingth and width of 5 mm and 4 mm, respectively.

Four independent measurements were averaged &agethe signal-to-noise ratio.
S3



Electronic Supplementary Material (ESI) for Journal of Materials Chemistry
This journal is © The Royal Society of Chemistry 2012

XRD measurements for Si(100) reference

A heavily doped n-type Si(100) substrate, which &adsistivity smaller than 0.@2 cm, was employed

as a reference to determine the degree of instiainkroadening. The same measurement parameters,
as chosen for the powder and thin film, were alsedufor the Si(100) reference except a measurement
duration of 10 sec per step.

XRD plots calculated on the basis of a reference fiarn

The reference patterns, &&a(OH), (International Center for Diffraction Data - Powd®iffraction File
(ICDD-PDF): 01-084-2157), SnO (01-072-1012), $n00-041-1445), and Sn (00-004-0673), were
employed. A set of diffraction pattern that cor@sgs to CuKy; line (the wavelengtlcyxqr Of
1.54060 A) was calculated on the basis of a reterguattern, and a XRD plot was simulated by
convoluting the set of diffraction pattern with keotzians which had a full-width at half maximum
(FWHM) of 0.1 °. Another XRD plot that corresponidsCuKq; line (Acyxaq2 Of 1.54443 A) was also
simulated in the same manner as inkGy-line. The two XRD plots were then superimposedrat
integrated intensity ratidcyxa1/Acukaz Of 1.82, which is determined from the (400) diftian of a
Si(100) substrate, as listed in Table S1.

Thin-film transistor (TFT) measurements

Current-voltagel€V) characteristics of tin monoxide (SnO) TFTs werasured using a semiconductor
parameter analyzer, Agilent 4156C, at room tempegan a N-filled glove box, which had both J@

and Q concentrations less than 1 ppm. The field-effeobifity pre was extracted from the transfer

characteristics in the saturation regime, accorthbrtije equation:

2\ L l

v {e Wiy >

whereC; is the gate capacitance per unit aaandL are the channel width and length, respectively,
andlgs, Vgs, andVy, are the drain current, gate voltage, and thresholige, respectively. The on/off
drain current ratio was defined in the transferrabgeristics by the maximum current and off current

measured &¥ys of -80 and 0 V, respectively.
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XRD analyses in terms of crystallite size determirtéon
Determination of instrumental parameters based on400) diffraction from a Si(100) substrate

Fig. S1(a) shows the XRD plot of a heavily dopetype Si(100) substrate. A strong and sharp doublet
peak at an angle@of 69.1 ° comes from the (400) diffraction but s@ts of two independent peaks,
which correspond to CHy; line and CuKq; line for 26 of 69.14 and 69.34 °, respectively. The doublet
peak is qualitatively modeled by two Lorentziatiriigs, as seen in Fig. S1(b). The fitting paransetee
summarized in Table S1, revealing that the X-ray@® consists of CHz; line and CuK,; line, which

are well modeled by a Lorentzian that has a FWiMf 0.0546 and 0.0568 °, respectively, and are
superimposed at an integrated intensity rAi@xq1/Acuxaqz Of 1.82.

It should also be worth mentioning in Fig. S1(att{il) a weak singlet peak aff &f 61.69 ° originates
from the (400) diffraction of Cikg line (Acuxp Of 1.39225 A); (2) an abrupt decrease in intensitgnd
lower than Zof 66.5 ° corresponds to a Ni filter that has ara¥( absorption edge located between Cu-
Ka1,2 lines and CuWKg line, resulting in a significant attenuation of-&gl line; (3) since the integrated
intensity of CuKg line is 0.0028 times smaller than that of Ku- line, in most powder XRD
measurements, CKig diffractions are comparable with a background llered negligible; (4) a weak
and sharp doublet peak af @f 32.9 ° comes from the (200) diffraction but sists of two independent
peaks, which correspond to ®l; line and CuKy; line for 26 of 32.97 and 33.05 °, respectively; and
(5) the (200) diffraction should not be observedoading to the selection rule for a diamond face-
centered cubic structure of Si, but is actuallyesbsd as a weak doublet peak because the periodicit
and symmetry break on the Si surface.

Crystallite size estimate according to Scherrer’'sdrmula

Under the assumptions where (1) the crystallitematohave any significant strains since the tindexi
powder is synthesized under the thermal equilibraamdition; (2) the crystallite is spherical; ar&) &n
XRD peak is qualitatively modeled by a Lorentziétirfg, the crystallite diametedys: is estimated on

the basis of Scherrer's formufa:
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where A is the wavelength of X-ray that corresponds to ¥RRD peak,wcyst is a FWHM of the
Lorentzian fitting Lcyst that solely attributes to the crystallite size hwihe instrumental broadening
excluded, and; is the XRD peak position. Since the convolutionwd given Lorentziang&; andL,
that have a FWHM oiv; andw,, respectively, is mathematically described as

Ly(wy) =Ly (wy) O Ly (wsy), (S3)

W, =W, +W, , (S4)
Weryst IS determined from the Lorentzian fittihghea{Wmead that models a measured XRD peak and the

Lorentzian fittingLins{Wins) that accounts for the instrumental broadenindoksws:

Lmeas(Wmeas) = Linst (Vvinst) D Lcryst (Wcryst) ! (85)
Wcryst = Wmeas_ \Ninst ' (86)

Difference in 28. between CuKgy; and Cu-Kg; diffractions from a given plane

As expected from Bragg’s la#:
. A
sing, =—, S7
c = g (S7)

whered is the interplanar spacing of the crystallite, thierence in Z. between ClKy and CuKg;

diffractions from a given plane is described atofes:
A26. =26 - 26, =2 sin™ Aci-raz -sin™ Aciia : (S8)
c c,Cu-Ka2 ¢,Cu-Kal 2d 2d

The CukK,; and CuK,. diffractions from a plane that has a layef 5.0 A are, for example, expected
to be observed in the smalf2egion around 17.7 ° with a smaR4. of 0.044 °; whereas those from a
plane that has a smallof 1.0 A are expected to be observed in the |a@eegion around 100.8 ° with

a largeA284. of 0.345 °. This suggests that By: and CuK,, diffractions can be readily separated in

the large Zregion, but cannot be separated in the snétkegion.
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Lorentzian fitting LmeadWmea9 that models measured XRD peaks

Fig. S2(a) shows the XRD plot of the filtered sabse, in the powder synthesis, annealed at 450 °C.
The substance is identified as SnO, as describ#tkimain manuscript. A magnified view of the SnO
(001), (101), (211), and (220) diffraction a# @f 18.3, 29.9, 57.5, and 70.0 °, respectivelypressented

in Figs. S2(b)-(e). As expected from Bragg's lamsideration, the (001) and (101) diffractions ie th
small 29region are observed as a singlet peak that is imddby a single Lorentzian fitting; whereas the
(211) and (220) diffractions in the largé &gion are observed as a doublet peak that is ledty two
Lorentzian fittings. The doublet peak is fitted tayo Lorentzians with an integrated intensity raig,.
ka1/Acukaz kept at a constant value of 1.82, which is deteeahifrom the (400) diffraction of a Si(100)
substrate.

Lorentzian fitting Linst(Winst) that accounts for instrumental broadening

Fig. S3(a) shows the XRD plot calculated on theshasthe SnO reference pattern (ICDD-PDF: 01-
072-1012) for the estimate of instrumental broadgnA set of diffraction pattern that corresponds t
CuKq line is calculated for the SnO reference patterth @ XRD plot is simulated by convoluting the
set of diffraction pattern with Lorentzians whiclavie a FWHM of 0.055 °, as listed in Table S1.
Another XRD plot that corresponds to By line is also simulated in the same manner as ¥KgGu
line. The two XRD plots are then superimposed antagrated intensity ratibcyxa1/Acuxaz Of 1.82. A
magnified view of the (001), (101), (211), and (R&iffraction at & of 18.3, 29.9, 57.5, and 70.0 °,
respectively, is given in Figs. S3(b)-(e). The (0@hd (101) diffractions in the smalB2egions, in
contrast to measured XRD peaks, are not observadgiaglet peak and cannot be qualitatively modeled
by a single Lorentzian fitting; whereas the (21hy g220) diffractions in the largef2region are
observed as a doublet peak that is modeled by wweritzian fittings, in the same manner as measured
XRD peaks.

Estimate of SnO crystallite sizecryst
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The crystallite size is estimated for specific glathat meet the following conditions: (1) the XB&ak
does not consist of diffractions from multiple ptsnbut from a single plane; (2) the intensity & th
XRD peak is high enough to be qualitatively modddgd_orentzian fittings; and (3) both the measured
and calculated peaks must be modeled by eithengdesiLorentzian or two Lorentzians to accurately
calculatewys. Since only the (211) and (220) planes fulfill seoconditions, Cik,: diffractions from

the two planes are chosen for the estimate ofaltystsized.ys: according to Scherrer’'s formula. Fig.
S5 exhibitsdeyst as a function of annealing temperature, and T8Blsummarizes parameters extracted
from the measured XRD plots, as shown in Figs. B and the calculated XRD plots, as presented

in Figs. S3(d)-(e).
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Table S1Two Lorentzian fittings to doublet peak from (4@fraction of a Si(100) substrate.

X-ray line peak positiorf,2g.  full-width at half maximunf,w integrated intensityA

®) ®) (arb. units)
CuKq1 69.138 0.0546 95332
CuKq2 69.335 0.0568 52301

@ The value is given in terms of2

Table S2Parameters for the estimate of SnO crystallite digs; in the case of the filtered substance, in

the powder synthesis, annealed at a temperaturefC.

a a a
plane 242 Wmeas Winst Weryst dcryst

°) °) (radian) °) (radian)  (radian)  (nm)
(211) 57.39 0.225 0.00393 0.0546 0.000953 0.002%3.2
(220) 69.93 0.174 0.00303 0.0546 0.000953 0.002CHL.5

@ The value is given in terms o082
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Fig. S1 (a) X-ray diffractogram of a Si(100) substratehathe intensity shown in a logarithmic scale.
(b) Doublet peak from the (400) diffraction af @f 69.1 °. The Lorentzian fitting in a dotted blaed
green curve corresponds to the Ky4-and CuK,, diffraction, respectively, and the sum of the two

fittings is given in a dotted red curve.
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Fig. S2(a) X-ray diffractogram of the filtered substancethe powder synthesis, annealed at 450 °C.
The substance is identified as SnO. (b)-(e) Paaks {b) the (001) diffraction, (c) the (101) difftaon,

(d) the (211) diffraction, and (e) the (220) difftan. The background is shown in a dotted darloyel
line. A singlet peak in (b) and (c) is modeled bgiagle Lorentzian fitting in a dotted red curve. A
doublet peak in (d) and (e) is modeled by two Loriam fittings that correspond to the 8y: and Cu-
Kq2 diffraction in a dotted blue and green curve, eesipely, and the sum of the two fittings is givian

a dotted red curve.
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Fig. S3(a) X-ray diffractogram calculated on the basidhef SnO reference pattern (ICDD-PDF: 01-
072-1012) for the estimate of instrumental broadgnirwo series of XRD patterns that correspond to
CuKy1 and CuKy, diffractions are taken into account and are supggosed at an integrated intensity
ratio of 1.82. (b)-(e) Peaks from (b) the (001)frdiftion, (c) the (101) diffraction, (d) the (211)
diffraction, and (e) the (220) diffraction. A peak(b) and (c) is modeled by a single Lorentzidtiniy

in a dotted red curve. A doublet peak in (d) anyl ilemodeled by two Lorentzian fittings that
correspond to the CKi; and CuKy, diffraction in a dotted blue and green curve, eetipely, and the

sum of the two fittings is given in a dotted reaveu
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Fig. S4AFWHMs of the XRD peaks that correspond to SnOalition planes as a function of annealing
temperature. The (001), (101), (110), (002), ar@D)diffractions are modeled by a single Lorentzian

fitting; while the (211) and (220) diffractions ameodeled by two Lorentzian fittings, and FWHMs of

the peaks that correspond to By diffractions are given in the figures.
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Fig. S5Sn0O crystallite sizel.ys estimated from the (211) and (220) diffractionsaagunction of

annealing temperature. Dashed curves are justgtode¢he eyes.
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before annealing at 450 °C at 500 °C
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Fig. S6 SEM images of the thin films formed at a precursoncentration of 0.05 and 0.2 M and an

annealing temperature of 450 and 500 °C.
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Fig. S7AFM images of thin films formed at a precursor cemtration of 0.05, 0.1, and 0.2 M and an

annealing temperature of 450 and 500 °C.
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Fig. S8Thickness of SnO thin films annealed at an inédidaemperature as a function of the precursor

concentration. The dashed curves are just guiddbdceyes.
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Fig. S9I-V characteristics of the SnO TFTs formed at an etéd precursor concentration of 0.05-0.2
M and an indicated annealing temperature of 450-8D0The precursor concentration and annealing
temperature are (a) 0.05 M and 450 °C, (b) 0.05M1 %00 °C, (c) 0.1M and 450 °C, (d) 0.1 M and 500

°C, (e) 0.2 M and 450 °C, and (f) 0.2 M and 500 r&Spectively.
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