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Optical characteristic and gap states distribution

of amorphous SnO2:(Zn, In) film∗
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In this paper the fabrication technique of amorphous SnO2:(Zn, In) film is presented. The transmittance and

gap-states distribution of the film are given. The experimental results of gap-states distribution are compared with

the calculated results by using the facts of short range order and lattice vacancy defect of the gap states theory. The

distribution of gap state has been proved to be discontinuous due to the short-range order of amorphous structure.
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1. Introduction

Indium tin oxide (ITO) thin film has monopolized
the entire display market and produced large com-
mercial profits. Nowadays, new potential ITO thin
films are still under investigation.[1−3] Both the SnO2

film[4] and ZnO film[5−8] are good photoelectron in-
formation materials. They are of aciduric peculiarity
and high transmittance. To take advantage of their
unusual combination of high transparency and elec-
tric conductivity, they have been widely used in plate
display, such as liquid crystal display, infrared hid-
ing, amorphous silicon solar sell, electric-thermal con-
verting, various sensors and photoconductor, etc. Al-
though these materials are of good performance, there
are some shortcomings. For example, the price of in-
dium is very high, which results in the high cost of
ITO film.

In addition, the microcrystal thin film does not
have very smooth surfaces. Because light-emitting
diode (LED) is increasingly applied in illumination
domain, much effort has been put into making new
luminescent materials.[9−13] The new luminescent de-
vice that emits various wavelengths is used in commu-
nication and automatic control in a growing manner.
The aim of our study is to seek the thin film with low
cost and proper evenness. In this paper a low-cost
SnO2:(Zn, In) transparent conducting thin film and
their transmittance, photoluminescence (PL) charac-
teristic and gap states are discussed.

2. Experiment

SnO2:(Zn, In) thin film is fabricated by reaction

evapouration method. The model DM450C vacuum

plating film equipment is used. The substrate used

is common glass with a size of 11 × 11 cm2 and

21 × 21 cm2. The operating order is as follows: 1)

clean the substrate by water, 2) dehydrate it with ab-

solute alcohol, 3) clean it for 5 minutes with acetone by

supersonic, 4) clean it once more with absolute alco-

hol by supersonic for 5 minutes, 5) clean it twice with

deionized water by supersonic for 5 minutes, 6) dry it

and put it on sample frame to maintain the substrate

at a temperature of 200 ◦C, 7) stannum, zinc and in-

dium are mixed in proportion then put into quartz

boat to heat with a heating power of about 150 W

under a vacuum of 4 × 10−3 Pa. The oxygen partial

pressure is maintained at 7.5×10−2 Pa in the reaction

and the time of evaporation is 30 minutes. The rev of

substrate is 10 r/min.

The transmittance of the film is measured with

UV-4501 double beam spectrophotometer. The PL

spectrum is measured with WGY-10-type fluorescence

luxmeter. The crystallinity of film is measured with

Y-2000 model x-ray diffractometer, and SGC-2-type

elliptical polarization meter is used to measure the

thickness of the film.
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3. Results and discussion

3.1.The characteristics of transmit-

tance and photoluminescence of the

SnO2:(Zn, In) film

The thickness of the SnO2:(Zn, In) film is about
110 nm, and the resistivity is about 1.5×10−5 Ω · cm.
Since we did not obtain legible scanning electronic mi-
croscope image for SnO2:(Zn, In) film, to clarify fur-
ther whether the structure of the film is amorphous
or not, the x-ray diffraction (XRD) analysis is used.
The XRD pattern is shown in Fig. 1. There is not any
diffraction maximum showed in the diffraction spec-
trum but the white noise implying that the film is of
the characteristic amorphousness of the short-range
order and long distance disorder.

Fig. 1. The XRD of the SnO2:(Zn, In) thin film.

The measured transmittance curve for the film
on glass substrate is shown in Fig. 2 where an al-
most idealized characteristic can be seen clearly. The
curve rises rapidly to 100% at 275 nm and keeps
this high value in a wavelength interval of 3.3 nm
(∆λ = 3.3 nm). Then drops to 77% at 283 nm where
it exhibits a minimum transmittance, and followed by
a rising up again with increasing wavelength to form a
valley. The very high transmittance (more than 95%)
exists in a wavelength range of 400–1000 nm. This is
a unique transmittance curve. Furthermore, we can
get hold of optics gap at the intersection of transmit-
tance curve with the abscissa axis. The optics gap can
be calculated by Eopt

g = hc/λ, where h is the Planck
constant, c is the light velocity, λ is the wavelength.
The gap-width calculated from transmittance experi-
mental result reaches 4.43 eV.

It is worth while mentioning that this kind of thin
film has a very strong fluorescence phenomenon. In
order to find the distribution of fluorescence, we have
measured it and the data are acquired every 10 nm.
The 6-nm is chosen for both the slits of excitation light
and emission light. Because the fluorescence intensity

is oversized, only 30 volts is chosen for the bias of en-
ergy receiver. The distribution of measured intense
fluorescence between 320 nm and 450 nm is shown
in Fig. 3, there is no fluorescence in the wavelength
region of 282 nm to 297 nm.

Fig. 2. The transmittance of the SnO2:(Zn, In) thin film.

Fig. 3. Photoluminescence distribution of the

SnO2:(Zn, In) thin film.

3.2.The gap states of the film

The film is of very intense photoluminescence phe-
nomena. If the gap states are known, photolumines-
cence characteristic and the added conductivity will
be known. If the corresponding photoluminescence
can be obtained, we can prove the presence of corre-
sponding electronic states. Thus, we can excite it by
the light with certain wavelength and measure the cor-
responding photoluminescence distribution, and gain
continuous distribution of electronic states. Conse-
quently, the different intensities of photoluminescence
will show the distribution of density of the gap state
corresponding to the wavelength. The radiation prob-
ability of photoluminescence can be calculated by the
following equation:

W =
2πt

~
|~ωαβ |2 ρ (E) ,

where t is the time the light acts on electronic states,
~ωαβ is the average energy value of the photon acting
on both α state and β state, and ρ (E) is the density
of gap state. Under definite wavelength of exciting
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light, the radiation probability of photoluminescence
is proportional to the density of states ρ (E). The dis-
tribution of gap state of SnO2:(Zn, In) film that we
have gained is shown in Fig. 4.

Fig. 4. Distribution of gap state of SnO2:(Zn, In) amor-

phous film.

The gap width is confirmed to be Eopt
g = 4.43 eV

which coincides with that from Fig. 2. It can be re-
garded as the distance between a mobility edge and
another (Eopt

g = E′
c − E′

v). Thus, the states above
mobility edge E′

c can be regarded as conduction band
states; contrariwise, the states below E′

v are called va-
lence band states. In Fig. 4, the state density in the
region above E′

c is not very high. There, the higher
energy is, the less state density is; and there are va-
cancy states on the top. In the region below E′

v, the
lower the energy is, the less state density is, and there
are vacancy states too at the bottom. Both kinds of
distribution states are main contributors to conduc-
tivity. The fantastic thing is that there is a vacant
band below E′

c, where there is no state distribution.
There is a continued gap state distribution below this
vacant band. The state density of the continued gap
state reaches the biggest value by an energy change
of 0.15 eV, then drops slowly in a small energy range
followed by a dramatically falling to a minimum at
2.88 eV. After that it rises a little and turns down
again, with a small tail. We call this state distribu-
tion as α state system. The lower one symmetrical
state system is called β state system. The α state
system is not called as band tail state of conduction
band due to the fact that the α state system is not
continued with conduction band. The β state sys-
tem acts to be the same. By measuring the fluores-
cence spectrum, we have known that the contribution
of fluorescence spectrum consists of three cases. The

first is the transition process of band to band, the sec-
ond is exciton transition process, and the third is the
transition between the two gap states. Among all the
third transition is the strongest. From Figs. 3 and 4,
there is an empty band approximately at mobility edge
(280 nm, below 4.43 eV). Consequently, the photons
with this energy will not be absorbed by the thin film.
In other words, the transmittance should be 100%.
Therefore, a bulging appears right here on the trans-
mittance curve shown in Fig. 2, and the transmittance
reaches 100%. However the empty state belt in Fig. 4
is much wider than the bulging in Fig. 2. The empty
state belt may be due to the bias of energy receiver of
fluorescence spectroscope being too low (30 V) to dis-
play the states with lower density. In other words, the
empty state belt may be not so wide around 280 nm
in fact. But, this empty state around mobility edge
can surely produce hopping conductivity.

3.3.Theoretical demonstration of gap

state distribution

It was considered that the gap state of amorphous
materials is continued. But the phenomena observed
show that even in the case of amorphous material the
gap state is not continued. For the purpose of show-
ing the discontinuity of gap state theoretically, we did
computation under the conditions as follows: first we
postulate single vacancy defect, double vacancy de-
fects, and multi-vacancy defects of amorphous film
as the scattering potential barrier with same height
and width; second, we use the characteristic of the
short-range order to make two suppositions: the lat-
tice point potential can be neglected in comparison
with the scattering potential formed by vacancy de-
fects and the short-range order is of the same size.

Since the amorphous film is of isotropic charac-
ter, we can use the Kronig–Penney model to calculate
the distribution of band tail state. Let the length of
short-range order be b, c is the width of potential bar-
rier, and f (x) = c/b is the characteristic function;
it is of periodicity, under these conditions, then the
Schrödinger equation of this system is

d2ψ

dx2
+

2m0

~2
(E − V ) ψ = 0. (1)

According to Bloch theorem, the wave function
can be written as

ψ (x) = e ikxu (x) . (2)

Using boundary conditions, we have
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A + B − C −D = 0,

i(α− k)A− i(α + k)B − (β − ik)C + (β + ik)D = 0,

A e i(α−k)b + B e−i(α+k)b − C e−(β−ik)c −D e(β+ik)c = 0,

Ai(α− k) e i(α−k)b −B i(α + k) e−i(α+k)b − C(β − ik) e−(β−ik)c + D(β + ik) e(β+ik)c = 0, (3)

where α =
√

2m0E/~2, β =
√

(2m0/~2)(V0 − E), the Secular equation for A, B, C and D is
∣∣∣∣∣∣∣∣∣∣∣∣

1 1 −1 −1

i(α− k) −i(α + k) −(β − ik) (β + ik)

e i(α−k)b e−i(α+k)b − e−(β−ik)c − e(β+ik)c

i(α− k)
e−i(α−k)b

− i(α + k)
e i(α+k)b

− (β − ik)
e(β−ik)c

(β + ik)
e(β+ik)c

∣∣∣∣∣∣∣∣∣∣∣∣

= 0. (4)

By solving Eq. (4) we can obtain

V0 − 2E√
(V0 − E) E

sinh(βc) sin(αb) + cosh(βc) cos(αb) = cos k(b + c) = F (E). (5)

It can be seen from Eq. (5) that the maximum
and the minimum are equal to 1 and –1 respectively.

Choose the step: ∆E = 0.01 V0, where V0 is the
height of scattering potential barrier. The computa-
tion gives the relation F (E) ∼ E, and by adjusting
the value of characteristic function f (x) = c/b, we can
acquire the gap state distribution of the corresponding
energy.

The schematic diagram of gap state distribution
is presented in Fig. 5 when f (x) = c/b = 1/5. It has
two allowed bands and three forbidden gaps. We can
see that the gap state distribution is not continuous,
even in band tail state. When f (x) = c/b is fixed, the
allowed area of gap state distribution is fixed accord-
ingly.

Fig. 5. The distribution of gap state f (x) = c/b = 1/5.

3.4.Comparison between experiment

and theory

For comparison, we first consider the area of al-
lowed bands. The theoretical calculated value for the
first allowed band is between 2.41 eV and 4.43 eV.
The observed value for distribution of α state system
is between 2.34 eV and 4.43 eV which is slightly dif-
ferent from the predicted value. The reason is that
we use approximate assumption when we build the
theoretical model. For example, either in the case of
single vacancy defect or in the case of multi-vacancy
defect, we have used the same potential height and
width. For the second allowed band, the distribution
between 0.50 eV and 1.00 eV should be the stretch of α

state system. It is corresponding to the area between
points c and d in β state system in Fig. 4.

According to general theory, the top of β state
system should be round and smooth, but we can see
there is an indentation between points c and d as
shown in Fig. 4. Whereas, this indentation just shows
that the second allowed band exists in α state system.
It can be found in Fig. 5, the second allowed band
is between 0.50 eV and 1.00 eV, and from measured
gap state curve it can be seen that the indentation
appears just between 0.50 eV and 0.87 eV. It is shown
that the α state system and β state system are of
different properties; then, the second allowed band of
α state system must compensate this part of the β

state system, and forms an indentation. Contrarily,
the corresponding part of β state system must com-
pensate homologous area, and bring indentation in the
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α state system. Both two pints a and b are sketched
in Fig. 4. It can be seen from the hollow degree that
the gap state density of second allowed band is very
low. Furthermore, it is half-full, and there is no state
to take it up from 0.87 eV to 1.00 eV.

4. Conclusion

From the above analyses and results, we know
that the SnO2:(Zn, In) film is of very good optical

quality, and its transmittance presents excellent pecu-
liarity in the wide range. Moreover, it is of very good
electric conduction characteristic. Due to its amor-
phous structure, this film is of very good smoothness.
The strong fluorescence phenomena prove the exis-
tence of gap states in amorphous film. Also due to
the short-range order of amorphous structure, the dis-
tribution of gap state is discontinuous, and they may
have allowed bands and forbidden bands. The gap
state density reflects the intensity of fluorescence.

References

[1] Shin H J, Kim C Y, Bae C D, Lee J S, Lee J G and Kim

S H 2007 Appl. Surf. Sci. 253 8928

[2] Jang H S, Choi D H, Kim Y S, Lee J H and Kim D 2007

Opt. Commun. 278 99

[3] Leon-Silva U, Nicho M E, Hu H L and Cruz-Silva R D F

2007 Solar Energy Materials and Solar Cells 91 1444

[4] Wang Y H, Ma J, Ji F, Yu X H, Zhang X J and Ma H L

2005 Acta Phys. Sin. 54 1731 (in Chinese)

[5] Fang G J, Li D J and Yao B L 2002 J. Phys. D: Appl.

Phys. 35 3096

[6] Kim E L, Jung S K, Sohn S H and Park D K 2007 J. Phys.

D: Appl. Phys. 40 1784

[7] Goncalves G, Elangovan E, Barquinha P, Pereira L, Mar-

tins R and Fortunato E 2007 Thin Solid Films 515 8562

[8] Wang X H, Yao B, Wei Z P, Sheng D Z, Zhang Z Z, Li B

H, Lu Y M, Zhao D X, Zhang Z Y, Fan X W, Guan L X

and Cong C X 2006 J. Phys. D: Appl. Phys. 39 4568

[9] Yang Z P, Li P L, Wang Z J, Guo Q L and Li X 2009

Chin. Sci. Bull. 54 1855

[10] Li P L, Wang Z J, Yang Z P and Guo Q L 2009 Chin. Sci.

Bull. 54 866

[11] Wang B and Xu P 2009 Chin. Phys. B 18 815

[12] Chu W G, Ge B H, Liu D F, Liu L F, Luo S D, Ma W J,

Ren Y, Shen J, Wang G, Wang C Y, Xiang Y J, Zhang Z

X and Zhou W Y 2008 Chin. Phys. B 17 2184

[13] Ding S, Liu Y L and Siu G G 2005 Acta Phys. Sin. 54

4416 (in Chinese)

127802-5


