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Abstract— The use of flash lamp annealing as a low temperature alternative or supplement to thermal annealing is 

investigated. Flash lamp annealing and thermal annealing were conducted on 100 nm thick indium tin oxide (ITO) 
films deposited on glass to compare the films properties under different annealing methods. The ITO samples had an 
initial sheet resistance on average of 50 Ω/sq. After flash lamp annealing only the sheet resistance was reduced to 33 
Ω/sq, while by thermal annealing at 210°C for 30 minutes a sheet resistance of 29 Ω/sq was achieved. Using a 
combination of flash lamp annealing and thermal annealing at 155°C for 5 minutes a sheet resistance of 29 Ω/sq was 
achieved. XRD analysis confirmed that flash lamp annealing can be used to crystallize ITO. Flash lamp annealing 
allows for the low temperature crystallization of ITO on a time scale of 1-3 minutes. Through electrical and optical 
characterization, it was determined that flash lamp annealing can achieve similar electrical and optical properties as 
thermal annealing. Flash lamp offers method of low-temperature annealing which is particularly suitable for 
temperature sensitive substrates. 

 
I. INTRODUCTION 
 

Indium tin oxide (ITO) is a type of transparent 
conductive oxide (TCO) that has many uses in solar 
cells, optoelectronic devices, flexible electronics, 
LEDs, etc. [1-4].  ITO films can be produced by a 
variety of methods including chemical vapor 
deposition, dc and rf magnetron sputtering, 
evaporation, and spray pyrolysis [5, 6]. All the 
deposition methods for ITO require an elevated 
temperature ranging from 300 – 500°C in order to 
crystallize the material and produce a high-quality 
film. References [5, 6] have provided detailed 
information on the various deposition methods. An 
alternative to depositing the material at an elevated 
temperature is to deposit at room temperature then 
thermally anneal the substrate post process in order to 
crystallize the film [2, 5-7]. The high temperature 
needed to produce quality ITO films leads to higher 
costs and limits the potential substrates that can be 
used. For some applications like flexible electronics 
and displays [5, 8] it is desirable to deposit ITO on 
flexible polymers such as polyethylene terephthalate 
(PET) or polyethylene naphtholate (PEN). However, 
elevated temperatures are needed to produce a quality 
film, which is not possible for many polymers [2, 7, 
8]. To produce high quality ITO thin films on flexible 
polymers a low temperature method is needed.  

Thermal annealing (TA) post deposition has often 
been used to produce the desired optical and electrical 
properties for ITO films [7]. Some groups have 
suggested ultra-short laser treatment as an alternative 

to crystallize ITO films on flexible polymer substrates 
[5]. Another possibility for low temperature 
processing is flash lamp annealing (FLA) also known 
as intense pulsed light annealing (IPL), photonic 
curing, or photonic sintering [1]. FLA has been around 
for many years and been used in the semiconductor 
and solar cell industry as well as for the processing of 
printed electronics [1, 9-11]. FLA has been of interest 
in the solar cell and printed circuit industry due to its 
short processing time and ability to be used for 
thermally sensitive devices [1, 9]. [12] was able to use 
IPL to reduce the post-metallization annealing time of 
silicon heterojunction solar cells from minutes to 
seconds. There are several published works on using 
flash lamp to anneal/crystallize ITO thin films [13, 
14]. [13] focuses on how the FLA parameters affect 
the ITO film properties. [14] focuses on the process of 
FLA and how to improve absorption in the ITO film.  

This work compares the similarities and 
differences between TA and FLA annealing as well as 
a sequential TA and FLA treatment. The benefits of 
combined TA and FLA treatment of ITO are 
discussed, which serves as a paradigm for low 
temperature processing in the semiconductor and solar 
industry. 

In FLA an intense microsecond to millisecond 
pulse of electromagnetic radiation is exposed to the 
substrate. Xenon lamps are typically used for FLA, the 
spectrum of the lamp used in this study can be found 
in figure 1. The xenon spectrum shows that the 
radiation produced ranges from ultraviolet to near-
infrared, with the visible spectrum being the most 
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intensive. During FLA operation, a capacitor bank is 
charged up to the desired voltage then discharged by 
the xenon lamp which delivers the energy to the 
substrate in the form of photons. The substrate absorbs 
the electromagnetic radiation which leads to the 
heating of the substrate [1]. The voltage of the 
capacitor bank largely determines the energy density 
of the light that is delivered to the sample [9]. In figure 
1 it can be seen how the voltage of the capacitor bank 
affects the intensity of the pulses. The duration, 
frequency, voltage, duty cycle and number of pulses 
can all be controlled to fine tune the energy transferred 
to the film. The intense light absorbed by the films 
causes significant short-lived temperature increases 
[9]. The light energy absorbed excites the electrons 
which interact with phonons that then disperse the 
energy throughout the lattice [9]. The pulse duration 
of the flash is typically under a millisecond so there is 
no significant time for the heat generated in the film to 
be transferred to the substrate [8]. To ensure the 
substrate does not get damaged during the FLA 
process the discharge parameters can be adjusted to 
limit the heating of the substrate [8].  

In [15] Wünscher et al investigate different post-
deposition sintering processes for production of 
flexible electronics. FLA is appealing for flexible 
electronics since it allows for targeted heating of the 
ink while leaving the substrate largely unaffected [15]. 
To ensure that FLA operates as a localized heating 
method and prevents damage to the substrate it is 
crucial to have the pulse length much shorter than the 
time required for thermal equilibrium to be achieved 
between the ink layer and the bulk substrate [15]. In 
[11] Abbel, Robert, et al were able to show that FLA 
can work in roll-to-roll applications. FLA has shown 
promise as a fast and low temperature annealing 
method which makes it appealing for many 
applications such as ITO film crystallization. 

In this study, the properties of ITO films 
deposited on glass at room temperature post processed 
by traditional thermal annealing and FLA were 

characterized. The properties of FLA ITO films were 
investigated to determine if FLA can produce the same 
quality of films as TA and whether a sequential 
treatment could produce higher quality films. How the 
annealing methods affected the films electrical 
properties, optical properties and morphology were 
investigated. In addition to FLA the combination of 
both TA and FLA is investigated to determine if there 
are any significant changes to the properties of the 
films. This study has validated the feasibility of FLA 
as a low-temperature alternative to promote the 
crystallization of ITO films.  

 
II. EXPERIMENTAL DETAILS 

100 nm thick ITO films were deposited on 153 × 
153 mm2 glass substrates with a thickness of 300 𝜇𝑚. 
The films were deposited by DC magnetron sputtering 
in an argon gas at a pressure of 3 mTorr (0.4 Pa) at 
room temperature. Prior to the deposition the vacuum 
system was pumped down to a pressure of 1 × 10−6 
Torr (133 𝜇Pa) and underwent pre-sputtering for 10 
minutes; the power density was approximately 
20 𝑊/𝑚2.  The ITO-coated glass substrates were cut 
into 12 ×  12 mm2 square samples for subsequent 
treatment and characterization. The original sheet 
resistance of each sample was measured using a 4-
point probe (Guardian Manufacturing SRM-232-
1000). Three methods were used to process the ITO 
films in order to compare FLA to TA and the 
combination of both.   

The first procedure involved only FLA with all 
variable’s constant except the number of pulses. The 
flash conditions were as follows; the voltage was 
820V, 90% duty cycle, 1 micro pulse per pulse with a 
265 𝜇𝑠 pulse length, 2 Hz frequency and a pulse count 
which was varied as 20, 50, 100 and 200. Simulation 
of the flash lamp process was done using the 
Novacentrix SimPulse software to get an 
understanding of the process parameters and the 
temperature profile of the sample.  Three samples were 
used for each TA condition; one of these samples then 
underwent FLA treatment. Each sample was measured 
multiple times at different locations to ensure the data 
was reliable. The FLA experiments were conducted in 
air at atmospheric pressure using a Novacnetrix PF-
3300 flash lamp system which utilized three N24-VX2 
xenon lamps. For the first procedure, the samples were 
placed in the Novacentrix system and preheated at 100 
°C for 3 minutes before FLA to prevent the film from 
being thermally shocked by the FLA. After the FLA 
treatment, the samples were left in the system to cool 
to 70 ° C before they were removed to prevent a 
quenching-like effect from the flash lamp. Figure 1. Spectrum of N24-VX2 xenon lamps  
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The second annealing procedure involved only 
thermal annealing. Three samples were annealed in an 
oven (Across International ACCUTEMP-09) at 
atmospheric conditions. The oven was preheated to the 
desired temperature then the samples were put on 
preheated trays and placed inside the oven. A k-type 
thermocouple was used to monitor the actual 
temperature locally on the sample tray. Samples were 
annealed at three temperatures: 155°C, 190°C, and 
215 °𝐶 . At each temperature the samples were 
annealed for 5, 15 and 30 minutes. When the samples 
were taken out of the oven, they were left to cool on 
the trays for 5 minutes before being removed.  
For the third annealing procedure, the samples first 
underwent thermal annealing following procedure 
two, then the samples underwent FLA using the 
conditions described in procedure 1 but with a 
constant pulse count of 100.  

After annealing, the samples electrical, optical, 
and structural properties were characterized. Guardian 
4-point probe was used to measure sheet resistance. 
Mobility and carrier concentration were measured 
using a Lake Shore Cryotronics HMS-TT FastHall 
station. Transmittance and reflectance were measured 
using a UV-Vis-NIR spectrophotometer (KLA 
Instruments, F20) with a resolution of approximately 
1 nm. Glancing angle x-ray diffraction (XRD) was 
performed on a Rigaku SmartLab system at an 
incident angle of 1° using Cu Kα radiation having a 
wavelength of 1.54 Å, power of 1200 W and a scan 
rate of 2.4° /min. The morphologies of the samples 
were investigated by SEM with an accelerating 
voltage of 3 kV (Carl Zeiss, Auriga Dual Column 
Focus Ion Beam SEM). The film thickness was 
measured using a (Brunker DektakXT) profilometer 

with a 6.5 𝜇𝑚 tip, and a stylus force of 10 mg.  
 
III. RESULTS AND DISCUSSION 

 
The flash lamp annealing process was simulated 

using Novacentrix SimPulse Software to estimate the 
substrate temperature profile. The SimPulse Software 
uses a 1-D heat conduction model to predict the 
temperature profile throughout the film stack; for a 
more in depth understanding of the model see [16]. 
The flash conditions used were 820V, 90% duty cycle, 
pulse length of 265 μs at a frequency of 2 Hz. The total 
pulse count was varied as 20, 50, 100 and 200 while 
all other process parameters were held constant. Using 
the SimPulse software the temperature at various 
depths in the film and substrates were simulated for 
100 pulse counts as shown in figure 2, where there is 
a pulse every half second so 50 seconds corresponds 
to 100 pulses. The temperature profile was monitored 
at the surface of the ITO layer (0 μm), the end of the 
ITO layer (0.1 μm), 10 μm into the glass substrate and 
on the back side of the substrate as shown in figure 3. 
In figure 1, the surface of the film reaches a max 
temperature of 181.7 °C at the instance of the pulses, 

Figure 2. Novacentrix Convective Temperature 
profile simulation, showing temperature at 
different depths in the substrate for a pulse 
count of 100 

Figure 3. Schematic of film and substrate orientation 
with depth markers 

Figure 4. Novacentrix simulation of 
temperature profile at surface of film for a 
film with absorption coefficient of 0.02 and 
0.10 
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while the average temperature is 135.2 °C. At a depth 
of 10 μm the max temperature is 153.5 °C, while the 
average temperature is 129.6 °C. The back side of the 
substrate reaches a max temperature of 133.1 °C with 
an average temperature of 125.9 °C. Figure 4 shows 
how the temperature profile of the films changes 
substantially with the absorption coefficient. Figure 4 
shows that the absorption coefficient is very important 
for determining the flash conditions as significant film 
temperatures can be reached. For simulation purposes, 
we used an absorbance of 2.5% since the average 
absorbance over the visible spectrum (400-800nm) 
was 2.5% based on transmission and reflectance 

measurements taken of the as-deposited sample. We 
only considered the visible spectrum since this is the 
range over which the xenon lamps are the most 
intensive.  The average temperature at the film’s 
surface for increasing the pulse counts can be seen in 
figure 5. The max temperature is achieved at the 
instance of the pulse after which the temperature drops 
rapidly before the next pulse. Due to the short duration 
of the pulse measuring the actual instantaneous 
temperature profile is difficult and thus the 
temperature profile is based only on the simulation. 
The energy delivered to the film during the pulse 
quickly disperses throughout the film which accounts 
for the average temperature of the substrate.  

XRD measurements for the various annealing 
conditions can be found in figure 6. The XRD 
diffraction peaks in figure 6(a) proves that FLA can be 
used to crystallize the ITO. For all annealing methods 
the (222) plane scatters the most intensively. For a 
pulse count of 20 or 50 only the (222) plane can be 
seen in the XRD patterns. For higher pulse counts of 
100 and 200 there are additional peaks corresponding 
to the (211), (400), (440), and (622) planes which, 
along with the (222) plane, are all characteristic of ITO 
films as seen by other work [6, 7, 17, 18]. The 
intensities of the peaks increase with the pulse counts, 
indicating a more crystalline film. Figure 6(d) shows 
that thermal annealing at 155°C, 190°C or 215°C for 

Figure 5. Average temperature at surface of film 
for increasing pulse counts 
 

Figure 6. XRD diffraction patterns for a) FLA treatment at different pulse counts b) TA at 190°C for different times 
c) TA and FLA at 190°C for different time d) TA at different temperature e) TA and FLA at different temperatures   
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15 minutes can crystallize the film and that higher 
temperature leads to higher intensities in the XRD 
pattern. Figure 6(b) illustrates that longer annealing 
times leads to higher diffraction intensities, which 
means an enhanced crystallization.  Comparing figures 
6(b, d), to 6(c, e) it is apparent that the addition of flash 
lamp annealing after thermal annealing only aids in the 
crystallization of ITO if the thermal annealing step 
was short. The sample annealed at 190 ° C for 5 
minutes saw more intensive XRD peaks particularly at 
the (222) plane after FLA. The most intensive 
scattering was achieved for sample TA at 215°C for 15 
minutes. FLA at a pulse count of 100-200 can produce 
the same XRD diffraction intensity as TA at 190°C for 
30 minutes which proves FLA is a much faster 
crystallization method.  

The Sherrer formula (equation 1) was used to 
calculate the crystal size of the samples [17, 18]. 𝜆 is 
the wavelength of the x-ray radiation used in nm. 𝛽 is 

the full width at half max (FWHM) in radians. 𝜃 is the 
Bragg angle in radians which corresponds to the peaks 
in the XRD data. K is a dimensionless factor which for 
ITO is commonly accepted between 0.89-0.9 [17, 18].  

 

𝜏 =
𝐾𝜆

𝛽 cos 𝜃
       (1) 

 
Using Sherrer’s equation the mean crystal size 

was calculated for each peak for each annealing 
condition. The crystal sizes for the three of the most 
intensive XRD peaks at different annealing conditions 
be seen in figure 7. The mean size of the crystals in the 
(222) plane was smallest for the pulse count of 20 
while for pulse counts of 50, 100 and 200 the crystal 
size was almost identical at roughly 26 nm. The 
smaller crystal size for the pulse count of 20 can be 
attributed to the lower energy being transferred to the 
film. As more energy is transferred to the film more 
atoms can diffuse and larger crystals can form. There 
is no change in crystal size from 50-200 pulses. In the 
(400) and (440) planes the pulse count of 200 had a 
larger mean crystal size than the pulse count of 100. 
The higher the pulse count the more energy is 
transferred to the film which explains the slightly 
larger crystal size. Figure 7-c shows that the annealing 
time does not have any significant effect on the crystal 
size since all times had roughly the same crystal size. 
Varying the annealing temperature similarly did not 
greatly affect the crystal size. The effect of flash lamp 
on the crystal size after thermal annealing appears to 
be negligible as for some conditions the crystal size 
increases slightly and for others it decreases slightly. 
Overall, the different annealing conditions did not 
have substantial effect on the crystal size. In [2] Joshi, 
Salil M., et al found that after annealing at high 
temperatures up to 750 °𝐶  there was no significant 
grain growth which concurs with these finding that 
annealing temperature did not have significant effect 
on crystal size. Ghorannevis, Z., et al in [17] had 
crystal size being 25.440 nm for 100 nm thick ITO 
film, grown by RF sputtering which is similar to what 
was found in this study for the (211) and (222) planes. 
Ahmed, Naser M., et al in [19] found that the crystal 
size in the (222) plane increased with annealing 
temperature, which was not seen in this study. In their 
study they annealed the ITO samples at much higher 
temperatures from 250 − 550 ° C, therefore higher 
annealing temperatures are needed to promote growth 
of larger crystals. Given the results of [19] significant 
energy is needed to promote large grain growth in ITO 
so FLA would not be suitable.  Figure 7. crystal  size for a) FLA treatment at 

different pulse counts b) TA and TA/FLA at 
different temperatures c) TA and TA/FLA at 
different times 
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The SEM images in figure 8 do not show much 
difference in the film morphology for the different 
pulse counts. Images for TA samples similarly 
revealed no significant structural differences.  

Figure 9 shows the carrier concentrations (n) for 
different annealing treatments. The carrier 
concentration varied from 3 × 1020 𝑐𝑚−3  to 4.81 ×
1020 𝑐𝑚−3. Carrier concentration generally decreased 
with increased annealing time and increasing 
temperature. During thermal annealing, defects in the 
material are removed which affect the charge carriers. 
Buckeridge et al in [21] suggest that oxygen vacancies 
act as shallow donors in ITO which contribute 
significantly to the carrier concentration. [6] states that 
annealing in air removes oxygen vacancies which act 
as donors and thus decrease the carrier concentration. 
The authors in [21-23] label oxygen vacancies as 
electron donors. Our hypothesis is that the thermal 
annealing in air removes the oxygen vacancies which 
act like electron donors and decreases the carrier 
concentration. The higher the temperature or longer 
the annealing time the more defects and vacancies are 
removed and thus the lower the carrier concentration. 
In figure 9(c) the carrier concentration increases at first 
for TA at 155°𝐶 . It is believed that this is due to 
removal of defects that act as traps; not enough energy 
has been transferred to the film yet to remove oxygen 
vacancies, but as the time increases the carrier 
concentration drops again due to removal of those 
oxygen vacancies. There does appear to be a saturation 
of the oxidizing effect for TA at 215°𝐶 as there is no 
further decrease in n from 15 to 30 minutes as shown 
in figure 9(c). This saturation of the oxidizing effect is 

not seen in FLA as the carrier concentration continues 
to decrease at 200 pulse counts as seen in figure 9(a); 
perhaps a higher pulse count is needed to see such a 
saturation.  

The carrier concentration initially increases but 
then decreases after a pulse count of 50 as shown in 
figure 9(a). During the interval over which the carrier 
concentration increases is the same as when the 
mobility remains constant.  The hypothesis is that the 
FLA treatment at low pulse count does not input 
enough energy into the film to repair defects that 
require high activation energy, such as impurities or 
oxygen vacancies; but the low pulse energy is enough 
to repair dangling bonds at grain boundaries which 
reduce the recombination rate and thus increases the 
carrier concentration while leaving the mobility 
unchanged as seen in figure 10. For higher flash counts 
and during TA, there is sufficient energy to remove 
oxygen vacancies which is responsible for the 
decrease in carrier concentration. Our results agree 
with the literature which suggests that oxygen 
vacancies are a major carrier donor in ITO [20, 21]. 
FLA after TA had no real effect on carrier 
concentration at 215 °𝐶  but further decreased for 
190°𝐶.  

Mobility increases after TA or FLA until it 
reaches a maximum value. For FLA the mobility 

Figure 8: SEM images of flash lamp annealed 
samples (scale reads 100 nm) a) pulse count 20 b) 
pulse count 50 c) pulse count 100 d) pulse count 200 
 

Figure 9. Carrier concentration (scale 1020) as a 
function of a) flash annealing pulse count c) 
thermal annealing time and temperature b, d-f) 
thermal annealing and FLA.  
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ranged from 35 to 65 𝑐𝑚2 𝑉−1𝑠−1 , while for TA it 
ranged from 35 to 76 𝑐𝑚2 𝑉−1𝑠−1 which is similar to 
values in other literature [20]. The increase in mobility 
can be attributed to the transition from the amorphous 
structure of the as-deposited film to the crystallized 
films produced by TA and FLA as proven by XRD 
analysis. During the annealing process defects in the 
lattice are removed; the removal of defects along with 
the increase in crystallinity allows for higher carrier 
mobility. Electron mobility can be affected by lattice 
scattering, neutral impurity scattering, ionized 
impurity, and grain boundary scattering [7, 20]. 

The initial change from amorphous to crystalline 
reduces scattering and recombination due to removal 
of defects but does not account for the variation in the 
mobilities. Except for two TA treatments and a FLA 
treatment with a pulse count of 20 where the average 
crystal size was slightly smaller for some crystal 
orientations the average grain size remained almost 
identical for each treatment condition. Crystal size 
does not change substantially with the heat treatment 
so the heat treatment methods presented here mostly 
aid in the reduction of defects not in crystal growth. 
The consistency of the grain size suggests that grain 
boundary scattering is unlikely the main mechanism 
by which mobility increases. Since the average grain 
size was roughly the same for all treatment methods; 
the grain boundary would be roughly the same size so 

no change in scattering from grain boundaries is to be 
expected. 

 Figure 10 shows how the heat treatments affect 
the mobility. The general trend is that increasing the 
annealing time or temperature causes the mobility to 
increase. This increase can be attributed to the reduced 
defects and thus decreasing scattering. The sample 
annealed at 215 °𝐶  for 30 minutes shows a slight 
decrease in the mobility. Several mechanisms could 
contribute to this effect, such as concentrated 
impurities at grain boundaries due to high 
temperatures. The actual mechanism needs further 
characterization.  

 For FLA, as seen in figure 10(a) the mobility 
originally remains constant then increases rapidly as 
high pulse counts. XRD analysis shows the film is 
barely crystallized for a pulse count of 20 or 50 so the 
dramatic change in mobility can be attributed to the 
crystallization at a pulse count of 100. Further FLA at 
higher pulse counts would increase the crystallinity 
and remove defects, accounting for the increase in 
mobility. From figure 10(b, d, f) FLA after TA 
generally causes an increase in the mobility, which is 
more pronounced for shorter annealing times. FLA 
removes additional defects after TA, which decreases 
scattering.  

Figure 10. Mobility as a function of a) flash 
annealing pulse count c) thermal annealing 
time and temperature b, d-f) thermal annealing 
and FLA 
 

Figure 11. Sheet resistance as a function of a) flash 
annealing pulse count c) thermal annealing time and 
temperature b, d-f) thermal annealing and FLA 
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The average sheet resistance of the as deposited 
films was 50 Ω /sq. After TA or FLA the sheet 
resistance decreases as shown in figure 11 with the 
lowest resistance achieved being 29 Ω/sq. This sheet 
resistance was achieved by TA alone at 215 °C for 30 
minutes and at 155 ° C for 5 minutes with FLA 
treatment. The sheet resistance or resistivity of the film 
depends on both the carrier concentration and the 
mobility. For FLA the sheet resistance drops initially 
due to the increase in carrier concentration but later is 
attributed to the increase in carrier mobility. For TA as 
the annealing time increases the sheet resistance drops, 
which is mainly due to the stark increase in mobility. 
For either treatment, as the time or pulse count 
increases the sheet resistance decreases. Using the 
combination of TA and FLA only has substantial 
effect for annealing at 155 °𝐶   and 190 °𝐶  for 5 
minutes, otherwise the sheet resistance saw minimal 
change after the TA. FLA does not offer much 
improvement in the electrical properties after TA since 
thermal annealing transfers a large amount of energy 
to the lattice which is sufficient to promote 

crystallization and removal of many defects. FLA is a 
high energy process that only last a short time so after 
thermal annealing FLA does not provide enough 
energy to further promote crystal growth or removal of 
significant defects.  

The optical bandgap seen in figure 12 shifts to 
shorter wavelengths (higher energies) after both FLA 
and TA. The higher the pulse count the larger the shift 
in the optical bandgap as expected since a larger pulse 
count corresponds to more energy being deposited in 
the film and more crystallization occurring as shown 
by XRD analysis. Thermal annealing similarly shifts 
the bandgap to lower wavelengths. At 190 ° C 
annealing for more than 15 minutes has no effect on 
the optical bandgap. The benefit of increasing 
temperature appears to reach a plateau at around 190 
°C since annealing at 215 °C causes no further shift in 
the bandgap. 3.8 eV is the max bandgap achieved 
through either TA or FLA.  Combining flash lamp 
annealing and thermal annealing does not cause an 
increase in the bandgap beyond what either treatment 
can achieve individually as seen in figure 12. 

Figure 12: Optical bandgap for a) different flash annealing conditions b) different 
thermal annealing temperatures c) comparison of annealing methods d) different 
thermal annealing times 
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Absorption coefficient was calculated using Beer-
Lamberts law (equation 2). R in equation 2 is the 
reflectance, T is the Transmittance and t is the film 
thickness.  

 

𝛼 =
1

𝑡
ln (

100 − 𝑅

𝑇
)                    (2) 

 
Optical bandgap was subsequently graphed using 
equation 3 [7, 24]. In equation 3 𝛼 is the absorption 
coefficient, ℎ𝜈  is the photon energy and 𝐸𝑔  is the 
optical bandgap.  
 

(𝛼ℎ𝜈)2 = ℎ𝜈 − 𝐸𝑔        (3) 
 
         ITO is a degenerate semiconductor, so the 
widening of the bandgap is often attributed to the 
Moss-Burstein effect which is due to increased carrier 
concentration [3]. Here it was found that the bandgap 
widens after TA or FLA but the carrier concentration 
typically decreases. For FLA with a pulse count of 20 
or 50 the carrier concentration increases but the 
bandgap does not change substantially from the as-
deposited sample so the Moss-Burstein effect does not 
play a dominating role. The defect in the as-deposited 
film causes intermediate donor levels which 
effectively lower the bandgap so when these defects 
are removed the donor levels are removed and the 
bandgap effectively widens. Joshi, Salil M., et al in [2] 
state that doping with Sn causes oxygen vacancies 
which create shallow donor states close to the 

conduction band. It is hypothesized that during TA or 
FLA at high pulse counts oxygen vacancies are 
removed, which would remove these shallow donor 
states and account for the widening of the optical 
bandgap. This is supported by other research which 
similar suggests that removal of oxygen vacancies 
which act as shallow donors allows for widening of the 
bandgap [21].  
 Transmittance remains constant under FLA until 
a pulse count of 200 as shown in figure 13. For a pulse 
count of 200 there is an increase in transmission over 
most of the spectrum but most significantly in the 
ultraviolet (UV) and infrared regions (IR). TA 
increases the transmittance as shown in figure 13(b, c) 
where a higher/longer annealing temperatures/times 
corresponds to higher transmittance. Again, the 
transmittance increases somewhat over the entire 
spectrum most significantly in the UV and IR regions. 
The transmittance in the visible region increases 
slightly with high annealing temperature or pulse 
count but otherwise remains unchanged. Looking at 
figure 13(e) FLA after TA does not change the 
transmission.  
 In [6] it is suggested that a lower carrier 
concentration leads to higher transmittance in the IR 
region due to less carriers being available to scatter the 
light. In [25] they found decreasing transmittance in 
the IR region with increasing carrier concentration 
which is in agreement with our findings. A decrease in 
carrier concentration was found which would account 
for the increase in transmittance in the IR region. The 

Figure 13. Transmission spectrum for a) different flash annealing conditions b) different thermal 
annealing temperatures c) different thermal annealing lengths d) thermal annealing and flash annealing e) 
comparison of all three annealing methods 
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transmittance increase in the UV region is explained 
by the widening of the bandgap, allowing higher 
energy photons to be transmitted. The slight increase 
in the transmittance over the visible spectrum is 
believed to be due to the decrease in oxygen vacancies 
as indicated by the decrease in carrier concentration.       
 Figure 14 shows the reflection spectrum for 
various annealing conditions. The reflectance 
decreases over the visible and IR regions for both FLA 
and TA. This reduction in reflection is accompanied 
by a increase in the transmittance. At an annealing 
time of 15 minutes the reflectance is unchanged for 
different annealing temperatures. For all annealing 
conditions there is an increase in the reflectance in the 
range of 300-400 nm. This increase in reflection could 
be due to reduced absorption accompanied by the 
widening of the bandgap. The reflectance increase 
with annealing temperature as in figure 14(c). The 
annealing time appears to reach saturation at or before 
15 minutes since there is no further change in the 
reflectance for increased annealing time.  
 For the FLA treatment with pulse count of 20 and 
the TA treatment at 190°𝐶 for 5 minutes, there is about 
a 10% decrease in the reflection in the UV region and 
a smaller decrease in the IR. This reduction in 
reflection is accompanied by a corresponfing increase 
in the transmittance spectrum for the sample TA at 
190°𝐶 for 5 minutes. The transmittance spectrum for 
the FLA of 20 however does not see any increase. For 
both these conditions there is a increase in the carrier 
concetration as indicated in figure 9(a, c). The 
mechanism for this decrease in relfectance in the UV 

region for FLA with a pulse count of 20 is unexpected 
and requires futher characterization. 
 FLA after TA has minimal effect on the reflection 
spectrum for ITO. The lack of change in the 
transmission or reflection with the combined 
annealing treatment is attributed to the lack of 
significant change to the crytal structure of the film 
with the additional FLA treatment.  
 
IV. CONCLUSION 

 
Comparison of the electrical properties, 

optical properties, and morphology of ITO films post 
processed by FLA and TA were conducted. 100 nm 
thick ITO films underwent flash lamp annealing and 
thermal annealing. XRD analysis showed that FLA 
can crystallize ITO under high pulse count. The crystal 
size of the ITO films did not vary substantially 
between FLA or TA samples. The sheet resistance was 
decreased substantially with both FLA and TA, 
achieving a resistance of 29 Ω /sq. The mobility 
increased from 30-40 to 70-80 𝑐𝑚2 𝑉−1𝑠−1 for FLA 
and TA as the film shifted from amorphous to 
crystalline and defects were removed. The carrier 
concentration decreased for TA and for FLA due to 
oxygen vacancies being removed. By tuning the 
parameters of FLA ITO films with similar electrical 
and optical properties to TA samples is achievable. 
The sequential treatment by TA at low temperatures 
followed by FLA can be used to achieve better film 
properties than thermal annealing alone at longer and 
higher temperatures. The combination or sequential 

Figure 14: Reflectance spectrum for a) different flash annealing conditions b) different thermal annealing 
temperatures c) different thermal annealing lengths d) thermal annealing and flash annealing e) comparison 
of all three annealing treatments  
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treatment via TA and FLA offers improved film 
properties and lower processing time. Given FLA 
performance on creating quality ITO films on glass 
and its low temperature nature it offers an appealing 
solution for processing of ITO films on temperature 
sensitive substrates. FLA offers a much faster 
processing time than TA which makes it especially 
interesting for production applications. 
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