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relationship between the infrared
(IR)  transmittance of a
transparent material and its IR-
induced heat transfer can be
explained via a simple model.
The agreement between theory
and the experimental work was
examined by measuring rising
temperature inside a glass-
window heat-insulator box under
IR irradiation, where the material
of the glass window was
modified from corning glass
(CG) to 9 at% Nb-doped TiO,
(TNO) fabricated by sputtering
deposition. The fabricated TNO
thin film was mostly transparent
in visible region and had low
transparency in IR region, which
produced the self-cooling effect
inside the insulator box. In
comparison to the window glass
made by CG, the temperature
increased inside the box would
be 24% less if the window was
made by TNO on CG, which is
potentially applicable in
manufacturing of products that
have the element of energy-cut
cooling. This energy-cut declines
proportionally to the decrease of
the glass window area.

Introduction: Increasing world
energy consumption causes the
rise of atmospheric CO, level,
which is one of the main causes
of global warming. Therefore,
this has become a challenging
subject. The transparent
conductors (TCs) - oxides as
well as non-oxides - can play an

truyén qua hong ngoai (IR)
cua vat liéu trong sudt va kha
nang truyén nhiét cam ung IR
c6 thé giai thich théng qua md
hinh don gian. Dé danh gid su
phu hop giita Iy thuyét va cac
cong trinh thuc nghiém, chung
t6i tién hanh do nhiét phat sinh
bén trong mot hdp cach nhiét
ctra so thuy tinh 1a thay tinh
corning (CG) duoc phu bing
TiO, pha tap Nb 9 at% (TNO)

dugc hau nhu trong suét trong
vung kha kién, tao ra hiéu tng
tu lam mat bén trong hop cach
nhiét. So véi ctra sb thuy tinh
ché tao tir CG, d6 tang nhiét do
bén trong hop it hon 24% néu
ctra s6 1am bang TNO trén CG,
c6 tiém nang wng dung trong
viéc ché tao cac san phiam c6
thanh phan lam lanh han ché
nang lugng. Kha niang han ché
nang luong giam theo sy giam
dién tich ctra s6 thuy tinh.




Important role in generating as
well as saving energy [1]. TCs
are of concern because of several
reasons.  Firstly, they are
transparent in visible light range
and absorb ultraviolet (UV) light
due to excitations across an
energy gap. In addition, they
reflect IR  radiation  for
wavelengths longer than the
plasma wavelength [2].

IR-reflective properties of TCs
have been reported before, such
as Sn-doped In,03 (ITO) [3-7],
Al-doped ZnO (AZO) [8-10],
and F-doped SnO, (FTO) [11-
13]. Nb-doped TiO, (TNO) is a
newcomer TC [14-17]; and TiO,
has  attributes that  other
conventional host materials of
TCs do not possess, namely the
high refractiveindex [18], the
large static permittivity [19], the
highchemical stability especially
in a reducing atmosphere [20],
and the photocatalytic [21].
TNO thin films have some
benefits, including its low cost,
chemical stability, easy
fabrication, and self-cleaning
ability. As a result, they have
potential value as an energy-
saving coating layer for “cool”
window glass, which aims to
minimize temperature rise of




black interior household
appliances caused by IR-light
absorption from solar irradiation
[22,23].

A well-known model of
solar-reflective “cool” coatings
was introduced by Levinson et
al. with a full complication of

the relationship between the
backscattering, absorption
coefficient of the coating

material and the solar irradiation
spectrum [24]. This model was
well applicable to different
colored “cool” coating pigments
[25-27]. Later, Jitka et al.
brought out a simplified in-lab
technique that targeted the
evaluation of heat-induction
inside a glass-window box [28].
It was widely used for different
transparent IR-reflective
materials [29-31]. However,
given the heat conductance and
outside surface temperature of
the glass window, the model was
still complicated. Therefore, the
concrete relationship between
the optical property of the
material and the heat-induction
inside the box had not been
discussed yet.

In this paper, the thermal
resistance effect of TNO thin
film fabricated on glass window




was investigated. The air
temperature inside a thermally
insulated box was measured. The
front side of the box had a small
window with a glass sample.
Furthermore, the effect of the
area of the glass window with a
temperature rise inside the box
was evaluated. The theorical
relationship between
transmission and temperature
increase was also discussed. By
using TNO coated glass, the
energy  for  cooling  was
calculated to decrease by 24%.

Experiment and methods

TNO thin film fabrication

TNO (Nb 9 at%) films were
sputtered-deposited on unheated
corning glass (CG) substrates.
The sputtering process was
carried out under a total pressure
of 7.5x10° Torr in pure Ar
atmosphere. The RF sputtering
power applied to the target was
kept constant at 90 W during the
process.  The  as-deposited
amorphous films were annealed
at 350°C in vacuum atmosphere
(~1x10° Torr) within 30
minutes. The thickness of TNO
films was determined by the
cross-section scanning electron
microscope  (SEM) (NOVA
NANOSEM) measurement.
Light absorption was observed




by two tools, including the
Shimadzu 2450 at UV-visible
region from 200 nm to 900 nm,
and the Shimadzu UV 3600 at
near infrared (NIR) region from
800 nm to 2600 nm. The
structure of the thin films was
examined using a BRUKER
5005 X-ray diffraction (XRD)
analyzer.

Installation of heat resistant
measurement: The temperature
increase in a closed box was
generated by the irradiation from
an IR lamp (Medilamp 250 W,
TNE Co., Vietnam) (Fig.1). The
box had cubic structure covered
by heat-resistant  Styrofoam,
whose S, side area was 49 cm?.
A window was installed at the
side to ensure that the IR rays
went through. The S area of the
window could be modified.
Inside the box, the black foam
was fixed in order to create
maximum IR absorption. The IR
lamp was placed in front of the
window within the same distance
in all measurements. The IR
power that irradiated to the
window and the box could be
considered constant. The room
temperature and the temperature
in the box (T) were measured by
a digital thermometer (Conotec,




Korea) at different timings after
the lamp had been turned on,
respectively at 1, 2, 3, 5, 7, 10,
15, 20 and 30 min. The
measurement was carried out as
the area of the window varied
between 4, 9, 16 and 25 cm®. At
each size, the process was
repeated within 3 different days
to check reproducibility. During
the experiments, “active
cooling” of the window surface
was employed by an air
ventilator.

Results and discussion

With  similar  fabrication
conditions, the thickness and
XRD pattern of the TNO thin
film were the same as our other
TNO thin film product [32]
(Fig.2). The thickness of the film
was about 230 nm. In
comparison to the characteristics
of standard anatase TiO, (JCPDS
No. 021-1272), all the detected
XRD peak positions of our
sample slightly shifted to smaller
angles. This transition
corresponded with the larger
length of the a- and c-axes of the
unit cell, which was originated
from the bigger radius size of
Nb>* ion compared to Ti** ions
and resonated with Vegard’s law
[14,17]. Besides, no impurity of
NDb,Os was detected, as we were




able to observe that Nb> ions
were fully doped to TiO, lattice.

The transmittance spectra
of the CG sample and TNO thin
film on CG sample are shown in
Fig. 3. In the whole range from
400 nm to 2600 nm containing
UV-vis and IR regions, corning
glass transfers more than 90% of
light. Regardless of the presence
of doped Nb®* ions, our TNO
thin film is observed to have
high carrier concentration, which
is estimated to be 8x10% cm™ by

Hall measurement (data not
shown). This generates
plasmonic reflectivity at IR

region [14-17]. As a result, the
transmittance spectrum of our
TNO thin film at IR region is as
low as 70%. Besides, a wave-
like spectrum is detected in the
UV-vis region of 400 nm to
1000 nm, which  might
correspond  with  the light
interference on the thin film.

Mean near-IR transmittance

was calculated by  the
800nm
Z Abs, x A,
formulaT, =200,
>
A

where T, is transmittance at 4




wavelength. Through this
formula, the mean near-IR
transmittance of CG and TNO on
CG are respectively T:¢= 92.1
% andT. " = 72.7%. If the all IR

irradiation in this range is totally
absorbed by the black foam
inside the box (Fig.1) and is fully
transferred to produce heat, the
temperature increase inside the
box will depend on the window
materials proportional to the
mean near-IR  transmittance
values.

The differential equation of
the temperature inside the box
could be written as following:

k,SP +k,(S, =S )P +(T |

1)

P is heat flux of the IR
resource; S and S, are
respectively the area of the
window and of irradiated side of
the box. Sg is the total area of the
box - in our case, the box is
cubic, hence Sz = 6S,. The heat
transfer efficiencies, which mean
the heat percentage that
increases the temperature of the
internal part of the box, are k;
relating to the window material
and k, as the box material. As
the temperature of the internal
part of the box rises, the heat
starts releasing. This release is




proportional to the temperature
difference between the internal
part of the box (T) and the room
(To). The heat release
efficiencies are labeled as o, and
o, relating to the window and the
box, respectively.

new values are

k,SP +k,(S, —S)P
C
a(S) 03 +0,(Sg —S)

c C

are later defined as heat transfer
rates regarding the  heat
induction and heat release
processes. The differential
equation could be simplified as
below:
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The solution of the first
order differential equation is an
exponential  time-dependence,
which would be T=T,+T,e™
Applying this to the equation (2),
we result in the following
calculation:

oS

T(S,t)-T, s

N

(3)

The temperature increase
inside the box exponentially
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depends on the irradiation time
and the area of the window. Fig.
4 and Fig. 5 respectively show
the time dependence  of
temperature increase inside the
box with different glass window
areas based on CG and TNO on
CG. All the experiments were
repeated 3 times on different
days and the high reproducibility
was achieved with the mean
standard error of the temperature
increase smaller than 2%.

As visualized in Fig. 4 and
Fig. 5, the temperature increase
IS exponentially dependent on
time, which resonates well with
the equation (3). By fitting the
experimental data into the
exponential function showed in
(3) using the Gnuplot program,
the ) and ©5) values can be

o(S) C
estimated.

From
those, @ , ? heat transfer

rates are calculated and showed
in Fig. 6. These heat transfer
rates are linearly dependent on
the window area, which agrees
well with our model mentioned
in equation (1). Rewrite the
definitions:
SO(S) — kzpso + (kl_kz)Pso [EJ
C C C S,

and




O'(S) _o,PS, N ((Tl —cTZ)PS0 i
C C C S,
Once, linear fitting is used to

calculate the S-depending values,

from those @,@values are

considered at boundary
conditions — S = 0 as the box
being constructed without glass
window and S = Sy as the glass
window fitting the full size of
one box-side.

Table 1 indicates the
calculated ¥ (s) , o(S) heat
C C

transfer rates with full size
windows made from CG and
TNO on CG. At S = S, boundary
p(s=5,)_PS

cC C
equals to 6.97 £ 0.53 O%in for

CG window and 5.39 + 0.53
%in for TNO on CG window.

With  this  condition, the
o(S=S,) PS,

=
022 + 0.04 min™" and 0.18 +
0.04 min™ . By replacing these
heat transfer rates to equation
(3), the saturation temperature
increase inside the box could be
estimated and  respectively
equals to 33.6+ 3.1 °C and 27.5 +
2.6 °C for CG and TNO on CG
window. In the other
vocalization, in comparison to

condition, 2k,

o#b50,) rates are




the box built with CG-window,
the cooling energy is required to
match the temperature inside the
box with outside temperature
with a 24% cut if the window is
made by TNO on CG.

The ratio of the heat
transfer rates between the two
windows — TNO on CG and CG

— IS estimated to be
TNO(c _
£ (CS; = So) | TNO
_ 1 ~
P°(8=5,) k¢ !

C
7.3%, which is very close to the
ratio of mean IR-transmittance
between two

materials, T';N(%CG = 78.9%. The
IR

small difference between these
two values might correspond
with  the wvery low heat
conduction of corning glass
material, with the surface
temperature of the window being
passively  cooled by air
ventilator, and  with  the
correlation between the IR-lamp
irradiated spectrum and the IR-
transmittance spectrum of the
material [24]. Besides, the heat

a(S=S5,)

release rate contains

two main parts: heat conduction
by the material and Boltzmann
radiation heat release [28], which
Is relatively small comparing to




the low heat release from the box
to external environment.

By writing S = 0 as
boundary condition, we
have pls=0)_PS, K, ,

C C
(S =0) _5PS,

o, . This means
C C

that the heat transfer rates are
independent of the window
material. The experiment data

shows that the @

equals

to 0.77 + 0.13 %in for CG

window and 0.69 + 0.12
%in for TNO on CG window

(Table 2). These wvalues are
mostly identical in their standard
error range, which agrees with
our suggested model. The same

result is achieved with the
o(s=0) rate.  Further, the
klk ~ 1ldenotes that the heat

2
transfer by the box materials is
very small in comparison to the
heat transfer by the window
material.

By setting up the
experiment, we minimized the
heat conduction and Boltzmann
radiation between the internal
space and external space of the
box. As a result, the heat transfer
rate related to the IR-irradiation




from IR-lamp is proportional to
the mean IR-transmittance of the
glass window material.

Conclusion: We have brought
out a simplified model to
investigate the IR-irradiation-
generated temperature increase
inside a glass window heat
insulated box. The experimental
work was carried out on two
materials of glass window: CG
and TNO on CG. The black
foam inside the box absorbed IR-
rays that went through the glass
window, hence made the
temperature inside the box rise.
As shown in the model, this
temperature increase depends on
the irradiation period and heat
transfer rate of the glass window.
In summary, the study indicates
the following points:

1. The IR-transmittance of
the  window  material s
proportional to the heat transfer
rate from the IR-lamp to the
internal space of the box.

2. TNO thin films sputtered
on CG are good for glass
window materials in  smart
construction targeted for “self-
cooling” applications.

3. The model is suitable for




only insulator boxes with active
cooling surface. Besides, the
correlation between the IR-lamps
and IR-transmittance of the glass
window sample needs to be
investigated in order to create a
good match between
experimental work and theories.
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