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SEONG YU YOON!, BYUNG JOON CHOI'?"

ELECTRICAL CHARACTERISTICS OF TIN OXIDE FILMS GROWN
BY THERMAL ATOMIC LAYER DEPOSITION

Tin dioxide (Sn0O,) is an n-type semiconductor and has useful characteristics of high transmittance, excellent electrical properties,
and chemical stability. Accordingly, it is widely used in a variety of fields, such as a gas sensor, photocatalyst, optoelectronics, and
solar cell. In this study, SnO, films are deposited by thermal atomic layer deposition (ALD) at 180°C using Tetrakis(dimethylamino)
tin and water. A couple of 5.9, 7.4 and 10.1nm-thick SnO, films are grown on SiO,/Si substrate and then each film is annealed at
400°C in oxygen atmosphere. Current transport of SnO, films are analyzed by measuring current — voltage characteristics from
room temperature to 150°C. It is concluded that electrical property of SnO, film is concurrently affected by its semiconducting

nature and oxidative adsorption on the surface.
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1. Introduction

Sn0O, is widely used in the various applications, such as gas
sensors, transparent electrodes and solar cells [1-4]. Such versa-
tile usages are owing to its useful characteristics, for instance,
wide band gap energy (~3.62eV) and high optical transmittance
(~90%) and good electrical conductivity (0.1-89 Q cm). When
it comes to its gas sensor application, in particular, oxygen
adsorption on the surface of SnO, plays a major role in the
accumulation/depletion of electrons, which influences on the
electrical conductivity [5,6].

SnO, films have been researched with numerous techniques
including spray pyrolysis [ 7], pulsed-laser deposition (PLD) [8],
chemical vapor deposition (CVD) [9]. Atomic layer deposition
(ALD), which is upcoming technology and recently comes to
use in various fields, is feasible to control a layer thickness as
atomic units and figures lower temperature process, excellent
step coverage in thickness and composition. Therefore, ALD-
grown SnO, could be used for the new application. N. H. Lee et
al. reported that ALD-grown SnO, film could be used as a robust
friction layer for the triboelectric generator [10]. D.H. Kim et al.
reported that SnO, layer coated on the surface of carbon nanofib-
ers by ALD could enhance the current efficiency by adopting
the direct methanol fuel cells [11]. Especially, SnO, with ALD

technology is properly applied to a gas sensor due to various
merits. In our prior work, we deposited SnO, film by using ALD
and observed the decrease of the growth rate with increasing
substrate temperature, at the same time, the density of the film
was decreased with increasing temperature [12].

In this study, we performed the experiments with ALD-
grown and annealed SnO, films and analyzed its current trans-
port characteristics at the various temperatures. Based on these
results, we investigated the traits according to the thickness of
layers and temperature effect on the electrical properties of as-
deposited and annealed SnO, films.

2. Experimental

The film growth was performed with horizontal traveling-
wave-type reactor (Atomic Classic, CN-1 Co., KOREA).
TDMA-Sn (Tetrakis(dimethylamino)tin) (UPCHEM Co., KO-
REA) and water were used as the metalorganic precursor and
oxidant, respectively. The substrate temperature was kept at
mainly 180°C. Nitrogen (high purity 0f 99.9999%) gas was used
to control the working pressure with 0.7 mTorr during deposi-
tion as well as the purging gas. Figure 1 shows the schematics
and time sequence of an overall ALD SnO, process. TDMA-Sn
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Fig. 1. (a) Schematics of ALD process (b) ALD pulse sequence
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was carried by 50SCCM of N, gas, while H,O was introduced
by vapor draw. The film thickness was measured by spectro-
scopic ellipsometer (MG-1000, NANOVIEW, KOREA), where
350-840 nm range of visible light was used to obtain the spectra
of refractive index from the samples.

SnO, were deposited 60, 90, and 120 cycles by ALD on
thermally grown Si0,/Si substrate. Each film was annealed with
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Fig. 2. Schematics of the fabricated samples for current transport

10000

5nm as-dep SnO, at 200°C

—~
Y]
~

1000

Log(Counts)

0.1 T T T T T T N T
40 50 6 70 80 90

Two-Theta(deg)

electric furnace at 400°C in air. The crystallinity of the films was
analyzed by X-ray diffraction (XRD).

Figure 2 shows the device schematics for measuring current
transport. Al electrode was deposited by e-beam evaporation via
shadow mask on SnO,/Si0,/Si. The area between two Al elec-
trodes was considered as the part of the current passing through.
By doing so, specific resistance was calculated by using this area.
Resistivity can be calculated from the resistance of the film and
its dimension (d, t, and 1). Semiconductor parameter analyzer
(HP-4155A, AGILENT, USA) was used to analyze electrical
characteristics of SnO, thin films by measuring current-voltage
(I-V) hysteresis varying the substrate temperature from room
temperature to 150°C.

3. Results and discussion

A sequence of ALD reaction is composed of TDMA-Sn
feeding — purging — H,O feeding — purging pulse as shown in
Fig. 1. The linear growth rate of SnO, was about 0.9A/cycle from
25t0 100 cycles at 180°C. Since we wanted to see the change of
electrical properties according to the film thickness, SnO, ALD
was done 60, 90, 120 cycles, which thickness was determined
as 5.9, 7.4, and 10.1 nm, respectively.

Figure 3 shows the XRD spectra of 5 nm-thick as-deposited
and annealed SnO, thin films grown on bare Si substrate. No
other peak was observed in as-deposited SnO, samples as shown
in Fig. 3(a). On the contrary, Fig. 3(b) show (110), (101), (200)
peaks of SnO, positioned at 26, 34, 39 degrees, respectively.
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Fig. 3. XRD patterns of 5 nm-thick SnO, thin films (a) as-deposited and (b) annealed at 400°C



Therefore, as-deposited film has an amorphous phase and it
could be crystallized with 400°C annealing in air.

I-V curves and resistivity of the as-deposited and annealed
samples measured at room temperature are shown in Figure 4.
As the films are thicker, current level becomes higher and more
stable in Fig. 4(a). In addition, annealed films show higher cur-
rent compared to that of as-deposited films. Fig. 4(b) exhibits
the resistivity as a function of the film thickness based on I-V
curves in Fig. 4(a). Resistivity was decreased by increasing
film thickness. It is considered that surface depletion layer that
does not contribute the current transport is similar with the
samples in the same measurement condition so that thicker film
significantly increase the carrier density in the film leading to
the decrease of resistivity. Annealed films have lower resistivity
compared to as-deposited samples. After annealing treatment,
Sn0O, films became crystallized and its grain size became bigger.
In general, electron is scattered by amorphous structure with
short range order. Therefore, charge carriers (electrons) could
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have an unconstrained movement in the annealed film, which
means the increase of charge density and mobility leading to
the decrease of electrical resistivity. Note that the resistivity
change after annealing is the largest in the case of 7.4 nm-thick
SnO, samples. On the other hand, 5.9 nm SnO, samples were
electrically unstable and showed little change after annealing.
Although the film was crystallized, it was as thin as the deple-
tion width on the surface by adsorbed H,O and oxygen so that
the amount of carrier was small.

Figure 5(a) and (b) show the trend of resistivity of 7.4 and
10.1 nm-thick as-deposited and annealed SnO, films under
4 different temperatures (60, 90, 120, 150°C) obtained from their
I-V curves. Overall, annealed samples have lower resistivity in
comparison with as-deposited samples as expected. Interestingly,
resistivity was continuously decreased up to 120°C, but it was
increased at 150°C in all samples. Decrease in the resistivity
and negative temperature coefficient could be attributed to the
generation of charge carriers in the semiconducting nature of
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Fig. 4. Electrical properties of 5.9, 7.4, 10.1 nm-thick as-deposited and annealed samples. (a) I-V curves measured at room temperature (b)

resistivity at room temperature

3.
600 —a— 7.4nm as-dep —=—10.1nm as-dep
500 (@) —o— 7.4nm annealed 2.5 (b)+ 10.1nm annealed
= T 2.0
§ 400 S
> .
£ 300 5
= ® 1.0
‘» 200 a3
i 05
100 O\o\\\(}////ﬂ — e
0.0
320 360 400 440 320 360 400 440

Temperature [K]

Temperature [K]

Fig. 5. Resistivity of (a) 7.4 and (b) 10.1 nm-thick as-deposited and annealed samples as a function of measurement temperature in K
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SnO,. However, adsorption of water and oxygen molecules on
the surface of the film at the elevated temperature could increase
the depletion width of SnO, surface, which results in the rebound
of the resistivity at 150°C. In other words, oxidative adsorption
makes larger depletion area, thereby leads to the interruption of
carrier mobility and increase of electrical conductivity.

4. Conclusions

SnO, thin films were deposited by ALD with 0.9 A/cycle
at 180°C and their electrical characteristics were studied. As-
deposited SnO, thin films were amorphous, while annealed films
were crystallized at 400°C in air. Basic structure of samples was
composed of Al/SnO,/Si0,/Si. 6 samples were fabricated with
the 5.9, 7.4, and 10.1 nm-thick SnO, having as-deposited and
annealed state. There was little resistivity change after annealing
of 5.9 nm-thick SnO, samples. On the other hand, the resistiv-
ity of 7.4 and 10.1 nm-thick SnO, samples was largely reduced
after annealing thanks to the crystallization. The resistivity of
7.4 and 10.1 nm SnO, was decreased with increasing tempera-
ture up to 120°C. However, resistivity was increased at 150°C.
Such a change in the resistivity was considered as the competi-
tion between the semiconducting nature (negative temperature
coefficient of resistivity) of SnO, film and oxidative adsorption
(increase of depletion width) on the surface. These electrical
characteristics of ALD-grown SnO, thin films could be used to
optimize the thickness and resistivity range for its improved gas
sensing application.
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