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研究成果の概要（和文）：塗布光照射法では、紫外パルスレーザー照射時の数十ナノ秒程度のごく短時間における表面
温度上昇が酸化物薄膜の低温合成に重要な役割を果たしており、その実測による定量化が望まれてきた。そこで、高速
応答の近赤外フォトディテクターを用いて、レーザー照射時の試料表面からの放射光を検出する装置を開発し、溶融凝
固時のプラトー現象を利用することでナノ秒温度計測が可能であることを見出した。本計測手法の開発により、種々の
酸化物薄膜の光結晶成長機構における光熱反応の定量化が可能となった上、本研究はエキシマレーザープロセスのモニ
タリングツールとしても有用であり、プリンタブルエレクトロニクスへの応用展開も期待できる。

研究成果の概要（英文）：In the excimer laser-assisted metal organic deposition (ELAMOD), a surface tempera
ture rise at a few tens of nanoseconds upon the irradiation of pulsed UV laser is the key to the low tempe
rature fabrication process of oxide thin films. In order to understand this photo-thermal process quantita
tively, we have developed a novel system utilizing near-infrared sensors that can detect thermal emission 
signals from the irradiated surfaces. Utilization of plateau, which was observed in the emission signal hi
story, enables the conversion of emission signal intensities into temperatures. This method enables us qua
ntitative analysis of photo-thermal process of photo crystal growth in the ELAMOD process, and is also use
ful as a monitoring tool for excimer laser processing, which will expand the ability of ELAMOD process int
o flexible and printable electronics.
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１．研究開始当初の背景 
	
 塗布光照射法はスピンコート等により塗
布した金属有機化合物膜もしくはナノ粒子
膜にエキシマレーザーを照射することによ
り、エピタキシャル膜等の高品質酸化物薄膜
を 300℃以下の低温で堆積させることができ
るコーティング技術である。たとえば、塗布
光照射法により 3 元系の RbVO3薄膜を PET(ポ
リエチレンテレフタラート)上に堆積させる
ことも可能であり、白色無機蛍光体をフレキ
シブルな有機基板上へ室温で製膜できた画
期的な成果として報告されている[1]。熱分
解や CVD による高品質酸化物薄膜の堆積には
通常 500-1000℃と高い製膜温度が必要で、ま
た PLD 等のレーザーアブレーションでは大面
積化が困難であったのに対し、本手法は前述
の特長に加えて、大面積化やパターニングも
可能であり、蛍光材料に加え、透明導電膜や
抵抗体膜応用に向け、国内外の産業界から大
きな注目を集めている。一方で、塗布光照射
法における光照射時の結晶成長メカニズム
は詳細にはわかっておらず、本手法の厚膜へ
の適用や、大気圧プラズマやフェムト秒レー
ザーといった新規光源の検討を困難にして
おり、適用領域拡大へ向けて、学術界、産業
界共にその解明を強く望んでいる。	
 
	
 塗布光照射法では紫外エキシマレーザー
を照射するため、光化学反応を主とした光励
起エピタキシャル成長が製膜メカニズムを
支配していると考えられてきた。しかしなが
ら、最近の差分法を用いたシミュレーション
によれば、パルス幅 25ns 程度のエキシマレ
ーザーを照射した時、表面近傍は数十 ns の
間で 1500℃以上に加熱されており[2]、本手
法においても熱反応が重要であることがわ
かってきた(以後、光を照射したときの化学
的反応を光化学反応、熱的な反応を光熱反応
と呼ぶ)。本温度上昇結果だけをみれば逆に
光熱反応のみでも結晶成長が起こりうるこ
とが考えられるが、皮膜中の結晶成長方向の
電子顕微鏡観察結果との整合性が取れない
ことなど実験と不一致な部分も多いことか
ら、光熱反応と光化学反応の両者が光結晶成
長機構において重要な役割を果たしている
と考えられている。これら 2 つの反応の影響
を定量的に理解するためには、表面温度変化
を実測することが必須であるが、ナノ秒オー
ダーでの温度計測の困難性から今日まで試
みられてこなかった。	
 
	
 一方で、我々はこれまでに溶射粒子の衝突
現象における微小領域の超高速温度測定方
法の開発をおこなってきた[3-6]。本計測装
置では~50µmの溶射粒子の温度を50ns程度の
時間分解能で計測することが可能であった。
本成果をもとに塗布光照射法における温度
計測可能性を見積もると、レーザー照射面積
は 0.1~1	
 cm2 程度で溶射粒子サイズに比べて
数桁大きいことから、ナノ秒オーダーの時間
分解能でも放射光検出は十分可能であると
考えられた。そこで、温度計測の可否を検証

するために InGaAs フォトダイオード、フィ
ルター、集光レンズを組み合わせた簡易の計
測装置を試作し、エキシマレーザー照射時の
試料表面からの放射光の検出を試みたとこ
ろ、ノイズが見られるものの放射光を検出す
ることが実際に可能であった。本計測は集光
条件も不完全で、素子感度も低い安価なもの
を用いていることから、試作装置の高度化を
測れば、温度計測は十分可能であると考え、
本研究の開始に至った。	
 
 
２．研究の目的 
	
 そのような背景下、本研究では、1.	
 高速
応答近赤外素子を用いた紫外パルスレーザ
ー光照射時のナノ秒温度計測技術の確立、2.	
 
ナノ秒温度計測による光熱反応の定量化に
基づく塗布光照射法における光結晶成長機
構の解明の 2 点の達成を目指した。	
 
 
３．研究の方法 
（１）エキシマレーザー照射装置の開発[7]	
 
図 1に本研究で開発したエキシマレーザー照
射装置の概略図を示す。本装置はその場計測
装置とレーザースキャンシステムから構成
される。その場計測装置はエキシマレーザー
を照射したときに試料表面から放出される
熱輻射光を収集するために用いられる。レー
ザースキャンシステムはレーザー照射箇所
の大面積化を測るのに用いる。XeCl エキシマ
レーザー(レーザー波長λ	
 =	
 308	
 nm、光子エ
ネルギー4.0	
 eV、半値幅	
 FWHM	
 =	
 26	
 ns	
 
(Light-Machinery	
 Lumonics	
 Pulse	
 Masster	
 
PM-882)を試料照射用レーザーとして用いた。
レーザー光はビーム成型器で形状を整え、レ
ーザー光強度は減衰器を通して調整した。調
整したレーザー光は両凸の溶融石英レンズ
(f	
 =	
 300	
 mm)を用いて試料表面上に集光した。
パルス紫外レーザー照射時に試料は急速加
熱され、熱放射を発するようになるが、その
試料からの熱放射をアンプ付きの InGaAs フ
ォトダイオード(Newport	
 818-BB-30A)を用い
て検出した。このフォトダイオードの有効直
径、波長域、上昇時間はそれぞれ 0.1	
 mm、
1000-1600	
 nm、及び、400	
 ps である。2 つの
反射防止膜付き片凸溶融石英レンズ(対物側
が f	
 =	
 150	
 mm で検出器側が f	
 =	
 100	
 mm)を用
いてこの熱放射を集光した。得られた熱放射
はカット波長が 800	
 nm のロングパスフィル
ターを用いて迷光の混入を抑制した。また、
有効直径が 1	
 mm、波長域が 190-1100	
 nm で上
昇時間が 1	
 ns のアンプ付き Si フォトダイオ
ード(Ophir	
 Optronics	
 FPS-10)を用いてレー
ザーパルスの検出をおこなった。これらの得
られた信号は 1	
 m 長の BNC 同軸ケーブル
(RG58)を通して、周波数 500	
 MHz で 4 チャン
ネルのデジタルオシロスコープ(Tektronix	
 
DPO3054)を用いて記録した。このとき、Si フ
ォトダイオードでえられた信号をトリガー
として、熱放射光の取得をしている。	
 
	
 取り外し可能なミラーを利用して、その場



計測装置とレーザースキャン装置間の光路
切り替えができるようにした。試料は電動ス
テージ上にマウントできるようになってい
る。XeCl エキシマレーザーは円筒レンズを用
いて、10	
 x	
 0.5	
 mm2の線上に集光してあるた
め、10	
 mm 幅の試料までは 1	
 mm/s の速度でス
キャンすることができる。このとき、レーザ
ーのパルス周波数は 10	
 Hz が多かったため、
単位面積当たり 5パルスのレーザーが照射さ
れたことになる。	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
図１:	
 エキシマレーザー照射装置の概略図。
エキシマレーザー照射時の表面からの放射
光を収集するその場計測装置と大面積照射
を可能とするレーザースキャンシステムか
ら構成される。レーザーの光学路は計測装置
とレーザースキャン装置の間でミラーによ
り切り替えできるようになっている。	
 
	
 
（２）放射温度測定	
 [7]	
 
	
 プランクの黒体放射スペクトル分布則に
基づいて熱放射シグナルから温度を見積も
ることができる	
 [8,9]。	
 
	
 
	
 
 
ここで、λ及び T はそれぞれ波長及び温度、
M(λ,	
 T)は黒体放射のスペクトル放射分布、
そして、c1及び c2はそれぞれ第一および第二
放射定数(c1	
 =	
 5.9548	
 ×	
 10

7	
 Wµm4/m2、c2	
 =	
 
1.4388	
 ×	
 104	
 µmK)である。検出器によって集
められた熱放射シグナル I	
 (T)	
 は次のように
表せる	
 [8-11]。	
 
	
 
	
 
	
 
ここで、θ及びφはそれぞれ極角及び方位角、
A は検出器によって測定される試料の領域、

the present paper, we further develop this measurement
system and establish a conversion scheme from thermal
emission signals to a temperature profile, particularly for
transient temperature profiles of tin-doped indium oxide
(ITO) thin films under excimer laser irradiation. In addition,
the transmittance data of In2O3 and ITO thin films are
measured in order to discuss some optical properties, which
are required to be monitored for a better controllability of the
excimer laser processing.

2. Materials and methods

2.1 Development of excimer laser irradiation system
Figure 2 shows a schematic of the excimer laser irradiation
system developed and used in this study. This system
comprised an in situ measurement system and a laser
scanning system: The in situ measurement system was used
to collect the thermal radiation signals from surfaces
subjected to excimer laser irradiation. The laser scanning
system was used to obtain a large area of laser irradiation. A
XeCl excimer laser [­ = 308 nm, photon energy = 4.0 eV,
and full width at half maximum (FWHM) = 26 ns] (Light-
Machinery Lumonics PulseMaster PM-882) was used to
irradiate the samples. The laser beam was shaped with a
beam shaper. The power of the laser beam was adjusted using
an attenuator. The adjusted laser beam was made to converge
on the samples using a biconvex fused silica lens (focal
length f = 300mm). The thermal emissions from the
samples, owing to the rapid increases in temperature induced
by pulsed UV laser irradiations, were detected with an
amplified InGaAs photodiode (PD; Newport 818-BB-30A).
The active diameter, spectral range, and rise time of the
InGaAs PD were 0.1mm, 1000–1600 nm, and 400 ps,
respectively. Two planoconvex fused silica lenses ( f =
150mm on the objective side and f = 100mm on the detector
side) with anti-reflection coatings were used to collect the
thermal emissions. The accumulated thermal emissions were
filtered using a long pass filter with a cut-on wavelength of
800 nm. Another amplified Si PD with active diameter of
1mm, a spectral range of 190–1100 nm, and a rise time

of 1 ns (Ophir Optronics FPS-10) was also included in the
experimental set-up to detect the laser pulses. These signals
were channeled via 1-m-long BNC coaxial cables (RG58)
to a four-channel digital oscilloscope (Tektronix DPO3054)
employed for sampling at the rate of 500MHz. The signals
detected using the Si PD were used as triggers for recording
the evolution of the thermal emission signals.

A removable mirror was used to switch the optical path of
the laser beam between the in situ measurement system and
the laser scanning system. The samples were mounted onto
a motorized stage. The XeCl excimer laser was focused to
a 10 © 0.5mm2 line using a cylindrical lens. Samples with
widths less than or equal to 10mm were scanned in the
motorized stage at the rate of 1mm/s. A typical laser
frequency is 10Hz; therefore, five laser pulses per unit area
were irradiated.

2.2 Radiometric temperature measurement
The temperature can be estimated from the thermal emission
signals on the basis of Planck’s blackbody radiance spectral
distribution law:22,23)

Mð!; TÞ ¼ 2"c1
!5

1

exp

!
c2
!T

"
$ 1

; ð1Þ

where ­ and T are the wavelength and temperature,
respectively; Mð!; TÞ is the spectral radiant emittance of the
blackbody radiation; and c1 and c2 are the first and second
radiation constants (c1 = 5.9548 © 107W0µm40m2 and
c2 = 1.4388 © 104 µm0K), respectively. The thermal emis-
sion signals collected by the detector, I (T) (in V), can be
expressed as17,22–24)

IðTÞ ¼ A

"

Z !2
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where ª and º are the polar and azimuthal angles,
respectively; A is the area on the sample which is sensed
by the detector; "ð!; $;#; TÞ is the spectral directional
emissivity; and %ð!Þ, Fð!Þ, and Gð!Þ are the transmittance
of the two lenses, the transmittance of the filter, and the
responsivity of the detector multiplied by the gain of the
detector preamplifier, respectively. The emissivity term can
be simplified as

Z #¼2"

#¼0

Z $¼"=2

$¼0

"ð!; $;#; TÞ cos $ sin $ d$ d# ¼ "e!; ð3Þ

where "e and ! are the effective emissivity and the solid
angular field of view, respectively. By employing a maximum
responsive wavelength of ! ¼ 1:52µm as the representative
wavelength of the detector, !e, and defining the effective
temperature Te as the representative temperature, Eq. (2) can
be simplified as

IðTeÞ ¼
"eKð!eÞ

exp

!
c2
!eTe

"
$ 1

; ð4Þ

where

Kð!eÞ ¼
2A!%ð!eÞFð!eÞGð!eÞ!!e

!5
e

: ð5Þ

Fig. 2. (Color online) Schematic of the excimer laser irradiation system
that comprises an in situ measurement system used to collect the thermal
radiation signals from surfaces subjected to excimer laser irradiation and a
laser scanning system employed to obtain a large irradiation area. The optical
path of the laser can be switched between the measurement system and the
laser scan system through the mirror indicated by a dotted line.
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はスペクトル方向放射率、τ(λ)、
F(λ)、及び G(λ)はそれぞれ 2 つのレンズの透
過率、フィルターの透過率、そして検出器の
応答に検出器のプリアンプの増倍率を掛け
た値である。この放射率の項は以下のように
単純化できる。	
 
	
 
	
 
	
 

ここで、εe 及びωはそれぞれ実効放射率及び
視野の立体角である。本研究で用いた検出器
の実効波長λe として最大応答波長であるλ	
 =	
 
1.52	
 µm を選べば、(2)式は次のように単純化
できる。	
 
	
 
	
 
	
 
ここで、	
 
	
 
	
 
	
 
である。	
 
従って、もしεe が既知であれば、実効温度は
以下のように見積もることができる。	
 
	
 
	
 
	
 
	
 (5)式に従えば、K(λe)を計算することがで
きるが、実効温度を直接測定できるほどには
精密に求めることはできなかった。従って、
後述するように、ITO(インジウムスズ酸化
物)のプラトー温度を用いて、εe	
 K(λe)	
 =	
 2.07	
 
×	
 103	
 mV と校正した。	
 
	
 
（３）実験	
 [7,	
 12-14]	
 
①	
 その場計測装置の妥当性検証実験	
 
	
 開発したその場計測装置の時定数の妥当
性を検証するために、Si(100)の単結晶を用
いて測定をおこなった。比較のために、既報
のコード[2]を用いて、１次元の熱伝導数値
計算も併せておこなった。ただし、このシミ
ュレーションコードでは溶融や凝固といっ
た相変態の項は考慮していない。次に、
GEOMATEC社製の厚さ200nmの ITO薄膜が堆積
されたガラス基板(10	
 ×	
 10	
 ×	
 0.7	
 mm3)を用い
た。レーザー照射時の熱放射を開発したその
場計測装置により検出した。	
 
	
 
②	
 本実験	
 
	
 基板には SrTiO3（STO、バンドギャップ
3.2	
 eV）及び LaAlO3（LAO、バンドギャッ
プ 5.6	
 eV）単結晶を用い、アモルファス
La0.8Sr0.2MnO3（LSMO）薄膜を化学溶液法に
より作製した。La:Sr:Mn	
 =	
 0.8:0.2:1.0 と
なるように混合したトルエン希釈の 2-エ
チルヘキサン酸溶液を 2000	
 rpm で 15	
 s の
条件で単結晶基板上にスピンコートした。
得られた膜を大気中で100℃-10	
 minで乾燥
させ、500℃-10	
 min で仮焼した。この手順
を 5 回繰り返し、およそ 170	
 nm の膜厚のア
モルファス膜を得た。光源には光子エネル
ギーが 4.0	
 eV（波長 308	
 nm）で半値幅が
26	
 ns の XeCl エキシマレーザーを用いた。
本レーザー装置を用いて紫外パルス光をサ
ンプル表面に照射したときの表面温度上昇
を放射光強度の変化としてアンプ付きの
InGaAs フォトダイオードを用いて検出し
た。	
 
	
 

the present paper, we further develop this measurement
system and establish a conversion scheme from thermal
emission signals to a temperature profile, particularly for
transient temperature profiles of tin-doped indium oxide
(ITO) thin films under excimer laser irradiation. In addition,
the transmittance data of In2O3 and ITO thin films are
measured in order to discuss some optical properties, which
are required to be monitored for a better controllability of the
excimer laser processing.

2. Materials and methods

2.1 Development of excimer laser irradiation system
Figure 2 shows a schematic of the excimer laser irradiation
system developed and used in this study. This system
comprised an in situ measurement system and a laser
scanning system: The in situ measurement system was used
to collect the thermal radiation signals from surfaces
subjected to excimer laser irradiation. The laser scanning
system was used to obtain a large area of laser irradiation. A
XeCl excimer laser [­ = 308 nm, photon energy = 4.0 eV,
and full width at half maximum (FWHM) = 26 ns] (Light-
Machinery Lumonics PulseMaster PM-882) was used to
irradiate the samples. The laser beam was shaped with a
beam shaper. The power of the laser beam was adjusted using
an attenuator. The adjusted laser beam was made to converge
on the samples using a biconvex fused silica lens (focal
length f = 300mm). The thermal emissions from the
samples, owing to the rapid increases in temperature induced
by pulsed UV laser irradiations, were detected with an
amplified InGaAs photodiode (PD; Newport 818-BB-30A).
The active diameter, spectral range, and rise time of the
InGaAs PD were 0.1mm, 1000–1600 nm, and 400 ps,
respectively. Two planoconvex fused silica lenses ( f =
150mm on the objective side and f = 100mm on the detector
side) with anti-reflection coatings were used to collect the
thermal emissions. The accumulated thermal emissions were
filtered using a long pass filter with a cut-on wavelength of
800 nm. Another amplified Si PD with active diameter of
1mm, a spectral range of 190–1100 nm, and a rise time

of 1 ns (Ophir Optronics FPS-10) was also included in the
experimental set-up to detect the laser pulses. These signals
were channeled via 1-m-long BNC coaxial cables (RG58)
to a four-channel digital oscilloscope (Tektronix DPO3054)
employed for sampling at the rate of 500MHz. The signals
detected using the Si PD were used as triggers for recording
the evolution of the thermal emission signals.

A removable mirror was used to switch the optical path of
the laser beam between the in situ measurement system and
the laser scanning system. The samples were mounted onto
a motorized stage. The XeCl excimer laser was focused to
a 10 © 0.5mm2 line using a cylindrical lens. Samples with
widths less than or equal to 10mm were scanned in the
motorized stage at the rate of 1mm/s. A typical laser
frequency is 10Hz; therefore, five laser pulses per unit area
were irradiated.

2.2 Radiometric temperature measurement
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the present paper, we further develop this measurement
system and establish a conversion scheme from thermal
emission signals to a temperature profile, particularly for
transient temperature profiles of tin-doped indium oxide
(ITO) thin films under excimer laser irradiation. In addition,
the transmittance data of In2O3 and ITO thin films are
measured in order to discuss some optical properties, which
are required to be monitored for a better controllability of the
excimer laser processing.

2. Materials and methods

2.1 Development of excimer laser irradiation system
Figure 2 shows a schematic of the excimer laser irradiation
system developed and used in this study. This system
comprised an in situ measurement system and a laser
scanning system: The in situ measurement system was used
to collect the thermal radiation signals from surfaces
subjected to excimer laser irradiation. The laser scanning
system was used to obtain a large area of laser irradiation. A
XeCl excimer laser [­ = 308 nm, photon energy = 4.0 eV,
and full width at half maximum (FWHM) = 26 ns] (Light-
Machinery Lumonics PulseMaster PM-882) was used to
irradiate the samples. The laser beam was shaped with a
beam shaper. The power of the laser beam was adjusted using
an attenuator. The adjusted laser beam was made to converge
on the samples using a biconvex fused silica lens (focal
length f = 300mm). The thermal emissions from the
samples, owing to the rapid increases in temperature induced
by pulsed UV laser irradiations, were detected with an
amplified InGaAs photodiode (PD; Newport 818-BB-30A).
The active diameter, spectral range, and rise time of the
InGaAs PD were 0.1mm, 1000–1600 nm, and 400 ps,
respectively. Two planoconvex fused silica lenses ( f =
150mm on the objective side and f = 100mm on the detector
side) with anti-reflection coatings were used to collect the
thermal emissions. The accumulated thermal emissions were
filtered using a long pass filter with a cut-on wavelength of
800 nm. Another amplified Si PD with active diameter of
1mm, a spectral range of 190–1100 nm, and a rise time

of 1 ns (Ophir Optronics FPS-10) was also included in the
experimental set-up to detect the laser pulses. These signals
were channeled via 1-m-long BNC coaxial cables (RG58)
to a four-channel digital oscilloscope (Tektronix DPO3054)
employed for sampling at the rate of 500MHz. The signals
detected using the Si PD were used as triggers for recording
the evolution of the thermal emission signals.

A removable mirror was used to switch the optical path of
the laser beam between the in situ measurement system and
the laser scanning system. The samples were mounted onto
a motorized stage. The XeCl excimer laser was focused to
a 10 © 0.5mm2 line using a cylindrical lens. Samples with
widths less than or equal to 10mm were scanned in the
motorized stage at the rate of 1mm/s. A typical laser
frequency is 10Hz; therefore, five laser pulses per unit area
were irradiated.

2.2 Radiometric temperature measurement
The temperature can be estimated from the thermal emission
signals on the basis of Planck’s blackbody radiance spectral
distribution law:22,23)
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the present paper, we further develop this measurement
system and establish a conversion scheme from thermal
emission signals to a temperature profile, particularly for
transient temperature profiles of tin-doped indium oxide
(ITO) thin films under excimer laser irradiation. In addition,
the transmittance data of In2O3 and ITO thin films are
measured in order to discuss some optical properties, which
are required to be monitored for a better controllability of the
excimer laser processing.

2. Materials and methods

2.1 Development of excimer laser irradiation system
Figure 2 shows a schematic of the excimer laser irradiation
system developed and used in this study. This system
comprised an in situ measurement system and a laser
scanning system: The in situ measurement system was used
to collect the thermal radiation signals from surfaces
subjected to excimer laser irradiation. The laser scanning
system was used to obtain a large area of laser irradiation. A
XeCl excimer laser [­ = 308 nm, photon energy = 4.0 eV,
and full width at half maximum (FWHM) = 26 ns] (Light-
Machinery Lumonics PulseMaster PM-882) was used to
irradiate the samples. The laser beam was shaped with a
beam shaper. The power of the laser beam was adjusted using
an attenuator. The adjusted laser beam was made to converge
on the samples using a biconvex fused silica lens (focal
length f = 300mm). The thermal emissions from the
samples, owing to the rapid increases in temperature induced
by pulsed UV laser irradiations, were detected with an
amplified InGaAs photodiode (PD; Newport 818-BB-30A).
The active diameter, spectral range, and rise time of the
InGaAs PD were 0.1mm, 1000–1600 nm, and 400 ps,
respectively. Two planoconvex fused silica lenses ( f =
150mm on the objective side and f = 100mm on the detector
side) with anti-reflection coatings were used to collect the
thermal emissions. The accumulated thermal emissions were
filtered using a long pass filter with a cut-on wavelength of
800 nm. Another amplified Si PD with active diameter of
1mm, a spectral range of 190–1100 nm, and a rise time

of 1 ns (Ophir Optronics FPS-10) was also included in the
experimental set-up to detect the laser pulses. These signals
were channeled via 1-m-long BNC coaxial cables (RG58)
to a four-channel digital oscilloscope (Tektronix DPO3054)
employed for sampling at the rate of 500MHz. The signals
detected using the Si PD were used as triggers for recording
the evolution of the thermal emission signals.

A removable mirror was used to switch the optical path of
the laser beam between the in situ measurement system and
the laser scanning system. The samples were mounted onto
a motorized stage. The XeCl excimer laser was focused to
a 10 © 0.5mm2 line using a cylindrical lens. Samples with
widths less than or equal to 10mm were scanned in the
motorized stage at the rate of 1mm/s. A typical laser
frequency is 10Hz; therefore, five laser pulses per unit area
were irradiated.

2.2 Radiometric temperature measurement
The temperature can be estimated from the thermal emission
signals on the basis of Planck’s blackbody radiance spectral
distribution law:22,23)
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by the detector; "ð!; $;#; TÞ is the spectral directional
emissivity; and %ð!Þ, Fð!Þ, and Gð!Þ are the transmittance
of the two lenses, the transmittance of the filter, and the
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the present paper, we further develop this measurement
system and establish a conversion scheme from thermal
emission signals to a temperature profile, particularly for
transient temperature profiles of tin-doped indium oxide
(ITO) thin films under excimer laser irradiation. In addition,
the transmittance data of In2O3 and ITO thin films are
measured in order to discuss some optical properties, which
are required to be monitored for a better controllability of the
excimer laser processing.

2. Materials and methods

2.1 Development of excimer laser irradiation system
Figure 2 shows a schematic of the excimer laser irradiation
system developed and used in this study. This system
comprised an in situ measurement system and a laser
scanning system: The in situ measurement system was used
to collect the thermal radiation signals from surfaces
subjected to excimer laser irradiation. The laser scanning
system was used to obtain a large area of laser irradiation. A
XeCl excimer laser [­ = 308 nm, photon energy = 4.0 eV,
and full width at half maximum (FWHM) = 26 ns] (Light-
Machinery Lumonics PulseMaster PM-882) was used to
irradiate the samples. The laser beam was shaped with a
beam shaper. The power of the laser beam was adjusted using
an attenuator. The adjusted laser beam was made to converge
on the samples using a biconvex fused silica lens (focal
length f = 300mm). The thermal emissions from the
samples, owing to the rapid increases in temperature induced
by pulsed UV laser irradiations, were detected with an
amplified InGaAs photodiode (PD; Newport 818-BB-30A).
The active diameter, spectral range, and rise time of the
InGaAs PD were 0.1mm, 1000–1600 nm, and 400 ps,
respectively. Two planoconvex fused silica lenses ( f =
150mm on the objective side and f = 100mm on the detector
side) with anti-reflection coatings were used to collect the
thermal emissions. The accumulated thermal emissions were
filtered using a long pass filter with a cut-on wavelength of
800 nm. Another amplified Si PD with active diameter of
1mm, a spectral range of 190–1100 nm, and a rise time

of 1 ns (Ophir Optronics FPS-10) was also included in the
experimental set-up to detect the laser pulses. These signals
were channeled via 1-m-long BNC coaxial cables (RG58)
to a four-channel digital oscilloscope (Tektronix DPO3054)
employed for sampling at the rate of 500MHz. The signals
detected using the Si PD were used as triggers for recording
the evolution of the thermal emission signals.

A removable mirror was used to switch the optical path of
the laser beam between the in situ measurement system and
the laser scanning system. The samples were mounted onto
a motorized stage. The XeCl excimer laser was focused to
a 10 © 0.5mm2 line using a cylindrical lens. Samples with
widths less than or equal to 10mm were scanned in the
motorized stage at the rate of 1mm/s. A typical laser
frequency is 10Hz; therefore, five laser pulses per unit area
were irradiated.

2.2 Radiometric temperature measurement
The temperature can be estimated from the thermal emission
signals on the basis of Planck’s blackbody radiance spectral
distribution law:22,23)
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respectively; A is the area on the sample which is sensed
by the detector; "ð!; $;#; TÞ is the spectral directional
emissivity; and %ð!Þ, Fð!Þ, and Gð!Þ are the transmittance
of the two lenses, the transmittance of the filter, and the
responsivity of the detector multiplied by the gain of the
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where "e and ! are the effective emissivity and the solid
angular field of view, respectively. By employing a maximum
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the present paper, we further develop this measurement
system and establish a conversion scheme from thermal
emission signals to a temperature profile, particularly for
transient temperature profiles of tin-doped indium oxide
(ITO) thin films under excimer laser irradiation. In addition,
the transmittance data of In2O3 and ITO thin films are
measured in order to discuss some optical properties, which
are required to be monitored for a better controllability of the
excimer laser processing.

2. Materials and methods

2.1 Development of excimer laser irradiation system
Figure 2 shows a schematic of the excimer laser irradiation
system developed and used in this study. This system
comprised an in situ measurement system and a laser
scanning system: The in situ measurement system was used
to collect the thermal radiation signals from surfaces
subjected to excimer laser irradiation. The laser scanning
system was used to obtain a large area of laser irradiation. A
XeCl excimer laser [­ = 308 nm, photon energy = 4.0 eV,
and full width at half maximum (FWHM) = 26 ns] (Light-
Machinery Lumonics PulseMaster PM-882) was used to
irradiate the samples. The laser beam was shaped with a
beam shaper. The power of the laser beam was adjusted using
an attenuator. The adjusted laser beam was made to converge
on the samples using a biconvex fused silica lens (focal
length f = 300mm). The thermal emissions from the
samples, owing to the rapid increases in temperature induced
by pulsed UV laser irradiations, were detected with an
amplified InGaAs photodiode (PD; Newport 818-BB-30A).
The active diameter, spectral range, and rise time of the
InGaAs PD were 0.1mm, 1000–1600 nm, and 400 ps,
respectively. Two planoconvex fused silica lenses ( f =
150mm on the objective side and f = 100mm on the detector
side) with anti-reflection coatings were used to collect the
thermal emissions. The accumulated thermal emissions were
filtered using a long pass filter with a cut-on wavelength of
800 nm. Another amplified Si PD with active diameter of
1mm, a spectral range of 190–1100 nm, and a rise time

of 1 ns (Ophir Optronics FPS-10) was also included in the
experimental set-up to detect the laser pulses. These signals
were channeled via 1-m-long BNC coaxial cables (RG58)
to a four-channel digital oscilloscope (Tektronix DPO3054)
employed for sampling at the rate of 500MHz. The signals
detected using the Si PD were used as triggers for recording
the evolution of the thermal emission signals.

A removable mirror was used to switch the optical path of
the laser beam between the in situ measurement system and
the laser scanning system. The samples were mounted onto
a motorized stage. The XeCl excimer laser was focused to
a 10 © 0.5mm2 line using a cylindrical lens. Samples with
widths less than or equal to 10mm were scanned in the
motorized stage at the rate of 1mm/s. A typical laser
frequency is 10Hz; therefore, five laser pulses per unit area
were irradiated.

2.2 Radiometric temperature measurement
The temperature can be estimated from the thermal emission
signals on the basis of Planck’s blackbody radiance spectral
distribution law:22,23)
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by the detector; "ð!; $;#; TÞ is the spectral directional
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Fig. 2. (Color online) Schematic of the excimer laser irradiation system
that comprises an in situ measurement system used to collect the thermal
radiation signals from surfaces subjected to excimer laser irradiation and a
laser scanning system employed to obtain a large irradiation area. The optical
path of the laser can be switched between the measurement system and the
laser scan system through the mirror indicated by a dotted line.

Jpn. J. Appl. Phys. 53, 05FB08 (2014) K. Shinoda et al.

05FB08-2 © 2014 The Japan Society of Applied Physics

Therefore, if "e is known, the effective temperature can be
estimated as follows:

Te ¼
c2
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ln
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"eKð!eÞ

I
þ 1
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We calculated Kð!eÞ from Eq. (5); however, the degree
of accuracy was not high enough to measure the effective
temperature directly. Nevertheless, our recent study derived
that "eKð!eÞ ¼ 2:07% 103 mV for ITO.21)

2.3 Experiment
In order to validate the time constant of the developed in
situ measurement system, Si(100) single crystal was first
evaluated using this system. For the validation, a one-
dimensional numerical simulation was conducted by employ-
ing a code described elsewhere.6) Phase changes such as
melting and solidification were not included in this
simulation. Then, commercially available ITO thin films
(thickness h = 200 nm) on glass substrates (10 © 10 ©
0.7mm3; GEOMATEC) were used as test specimens in this
study. The thermal emissions from the laser-irradiated
specimens were detected using the previously discussed
in situ measurement system. The detail of the ITO thin films
and the main observation of the measurement results are
described elsewhere.21) In the present study, we focused on
the transient temperature profile calculated from Eq. (6). A
numerical simulation was conducted using one-dimensional
heat transfer equations with the through-thicknesses of the
ITO thin films. For comparison, the in situ measurements
were also conducted for STO(100) single crystals and
amorphous La0.8Sr0.2MnO3 (LSM) thin films, which were
fabricated on the STO(100) substrates through chemical
solution deposition. The starting solution for the LSM films
was pre-mixed solution of 2-ethylhexanoate solutions of
La, Sr, and Mn (molar ratio of La : Sr : Mn = 0.8 : 0.2 : 1.0)
diluted with toluene. This solution was spin-coated onto the
STO substrates at 2000 rpm for 15 s. The coated films were
dried at 100 °C in air to remove the solvent, and then pre-
heated at 500 °C in air for 10min to decompose the organic
components of the films. This procedure was repeated five
times to increase the film thickness. The thickness of the
amorphous films was approximately 170 nm. The maximum
temperature was calculated from the thermal emission
signals.

As will be shown, the thermal radiation measurements and
the conversion from thermal emission signals to the temper-
ature were successfully conducted. In order to develop this
in situ measurement technique for a better controllability of
the excimer laser processing, an additional experiment was
conducted. Commercially available indium–metal–organic
solution was used for fabricating In2O3 thin films on quartz
glass substrates. The films were irradiated with a XeCl
excimer laser. In order to compare the effect of the laser
treatment with that of furnace heating, thermally treated
specimens were prepared by heating in a furnace. The
crystallinity of these films was examined through X-ray
diffraction, which revealed that polycrystalline In2O3 films
were successfully fabricated but with different grain sizes.
The transmittance of these films was measured ex situ as a
reference for the optical properties using with a Shimadzu

UV-3150 spectrometer. The use of Si or InGaAs detector is
essential for nanosecond timescale measurement owing to
their high detector response speed. Therefore, the trans-
mittance was measured at UV to near-infrared (NIR) region.
Other properties, which could can be used for the in situ
process monitoring, were estimated from the transmittance
data.

3. Results and discussion

Figure 3 shows the signals from a Si(100) single crystal
collected using our system for a laser fluence of F = 533
mJ/cm2. After 11 ns of the laser pulse intensity (black)
reaching its maximum, the emission signal (green) detected
using an InGaAs detector also rapidly reached its maximum
value and then decayed. A surface temperature profile of the
thin film (red) calculated for this condition under an assumed
laser profile (blue) is also shown in Fig. 3 for comparison.
The time at which the surface temperature reached its
maximum was consistent with that at which the emission
signal intensity reached its maximum. Thus, we supposed
that we successfully estimated the thermal emission from the
Si substrate using the InGaAs detector and that the time
constant of the measurement system was small enough to
observe an increase in surface temperature in the ELAMOD
process.

Figure 4 plots the time-dependent temperature profile of
the ITO thin films on glass substrates that were subjected to
the XeCl excimer laser irradiation. The temperature profiles
were obtained at a fluence of F = 225mJ/cm2. The increases
in the temperature were well reproduced through numerical
simulations. Meanwhile, the measured temperature decreased
faster than the simulated temperature. At higher fluences
(F = 377 and 462mJ/cm2), plateau-like regions were clearly
observed in the cooling curve, suggesting recalescence upon
solidification. We previously reported the existence of such
plateaus in thermal emission signal profiles,20,21) and this
was also confirmed from the temperature profiles. Because

Fig. 3. (Color online) Normalized intensities a XeCl excimer laser pulse
detected by a Si detector [laser (EXP)] and those of an emission signal
detected by an InGaAs detector [emission (EXP)] when the laser pulse is
incident on a Si single crystal. The signal intensity is normalized to its
maximum value, smoothed through a moving boundary method. The laser
pulse intensities used for the simulation [laser (SIM)] and the calculated
surface temperatures [temperature (SIM)] are also shown.
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４．研究成果[7,12-14]	
 
（１）計測装置の妥当性	
 
	
 図 2 にレーザーフルエンス F	
 =	
 533	
 mJ/cm2

で照射したときに Si(100)単結晶から得られ
た信号を示す。レーザーパルス強度が最大に
なってから 11ns 後に InGaAs 素子による検出
信号も最大に到達し、その後、減衰するプロ
ファイルがえられた。同じ条件で計算した表
面温度プロファイル及びそのときに仮定し
たレーザープロファイルも併せて図中に示
した。表面温度が最大に到達する時刻と検出
信号が最大に達する時間は極めてよく一致
していることから、測定系の時定数はエキシ
マレーザープロセスにおける表面温度変化
を計測するのに十分小さく、プロセスのその
場計測が可能であることが示された。	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
図 2.	
 Si 検出器によって得られた XeCl エキ
シマレーザーのパルス波形及び InGaAs 検出
器によって得られた Si 単結晶からの信号	
 
	
 
（２）マンガン系ペロブスカイト酸化物にお
けるその場計測	
 
	
 STO 単結晶、及び、LAO 単結晶基板に XeCl
エキシマレーザーを照射した。STO 単結晶基
板に照射したときには、エキシマレーザーの
パルス光が入射してからおよそ 20	
 ns 後に検
出光の強度は最大に達した。このずれは熱拡
散の影響によるものであり、パルス光照射に
よって、加熱された基板からでてきた輻射光
を正しく検出できたことを示している。一方、
LAO 単結晶基板の場合には、パルス光の波形
と検出光の波形に時間的なずれは見られな
かった。また、得られた検出光の強度は STO
の場合に比べて、2 桁小さかった。パルス光
の入射に対して、検出光に遅れがないという
事実は検出光が熱輻射光でないことを示し
ている。XeCl レーザーの光子エネルギーは
4.0	
 eV であり、LAO のバンドギャップ 5.6	
 eV
よりも小さいことから、XeCl レーザーは LAO
基板に吸収されず、加熱効果はないことが予
想されたが、それと矛盾しない結果である。
検出光の因子として、LAO 基板に含まれる不
純物などの蛍光を拾っていることが考えら
れるが、現時点で検出光のソースは特定でき
てはいない。ただし、観察事実として、光子
エネルギーとバンドギャップの関係から吸

収が起こらないとされる場合においても、こ
のように光が検出されることがあることに
は注意する必要がある。このことは、検出光
強度のみの比較では、解釈を誤りうる可能性
を示しており、その場観察においては時間依
存変化など検出光波形についても観察する
重要性を示唆している。	
 
	
 図 3 に、(a)	
 STO、及び、(b)	
 LAO 単結晶基
板上に製膜した LSMO 薄膜からの放射光の時
間変化プロファイルを示す。両方の場合にお
いて、パルスレーザー光が最大強度に達して
から約 20	
 ns 後に放射光も最大強度に達した。
我々が行った１次元の伝熱に関する数値計
算結果とも時間軸はよく一致したことから、
サンプルからの熱放射光を適切に捉えるこ
とができたと考えられる。両者の放射光の最
大強度に大きな差はなかったものの、特筆す
べきは、STO 基板上の LSMO 薄膜の減衰速度す
なわち冷却速度は LAO 基板上のものと比べて
より小さく、減衰過程に明瞭な違いが見られ
たことである。	
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図 3:	
 InGaAs 検出器により測定された LSMO
薄膜からの放射シグナル。(a)	
 STO 基板上、
(b)	
 LAO 基板上。	
 
	
 
（３）透明導電膜におけるその場計測	
 
	
 図 4(a)に XeCl エキシマレーザー照射時に
ガラス基板上の ITO 薄膜から得られた表面温
度変化プロファイルを示す。本プロファイル
は F	
 =	
 225	
 mJ/cm2のときに得られたものであ
り、温度上昇部は数値計算結果と良く一致し
ていた。一方で、冷却過程に関しては実験の
ほうが早く冷却していた。300	
 mJ/cm2以上の
高いフルエンス領域ではプラトー領域が観



察され、凝固に伴うリカレッセンスが起きて
いることが示唆された。ただし、数値計算で
は相変態を考慮していないので、計算プロフ
ァイルにはこの変化はみられない。今後の数
値計算では相変態の項を取り組んでいくこ
とも重要である。このときの最大到達温度に
ついて図 4(b)にプロットした。融点で校正し
ているので絶対温度自体は参考程度である
が、特筆すべきは傾きが極めて良く一致して
いることである。傾きについては実験方法の
項で述べたように仮定を入れていないため、
その場計測手法の正しさを示しているとと
もに、プロセスの加熱過程は断熱的におこっ
ているとみなせることがわかった。	
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図 4:	
 (a)	
 XeCl エキシマレーザー照射ときの
ITO 薄膜の温度変化。実線がその場計測結果
で、点線が数値計算結果である。(b)	
 最大到
達温度のプロット。	
 
	
 
	
 図 5 に様々なフルエンスで処理した ITO 薄
膜の表面粗さを示す。ITO 薄膜の AFM で観察
した表面形態は F	
 <	
 300	
 mJ/cm2では大きく変
化しなかった。このことは、表面粗さがほぼ
一定の値を取っていることとも矛盾しない。
一方で、F	
 >	
 300	
 mJ/cm2になると、表面形態
が大きく変化し、溶融、凝固したことを示す
マッドクラックパターン状の組織を呈した。
この遷移に伴って、表面粗さも大きく増大し
た。その後、F の増大とともにいったん表面

粗さは小さくなった。このことは薄膜と基板
の密着性が向上していることを示唆してお
り、マッドクラックパターンのサイズが小さ
くなっていることからも類推できる。F	
 ~	
 
400-450	
 mJ/cm2で極小を迎え、それ以上のフ
ルエンスでは再び表面粗さが大きくなり、粒
状の組織が観察されるようになった。このこ
とは高いフルエンス領域で膜のアブレーシ
ョンが起きていることを示唆している。以上
をまとめると、図 5 に併せて示したように 3
つの領域、すなわち、アニール、溶融・凝固、
アブレーションに分類でき、本その場計測に
よりそれらが判別できることはプロセスモ
ニタリングツールとしても非常に有用であ
ると考える。	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
	
 
図 5:	
 レーザーフルエンス変化時の ITO 薄膜
表面粗さの変化	
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Fig. 9. Comparison of maximum surface temperature (Tmax) measured experimen-
tally with that calculated by numerical simulation for ITO thin films. Thermal
emission signals measured in situ are utilized to derive experimental temperatures
under the assumption of Planck’s law.

determined temperature agrees fairly well with that of the numer-
ically simulated temperatures.

4.3. In situ monitoring of excimer laser processing

As was briefly introduced in Section 1, from a technical point
of view, typical excimer laser processing techniques can be clas-
sified into annealing, crystallization, ablation, etching/patterning,
and cutting [5,8,16–22]. From a phenomenological point of view,
the detection of the phases and phase changes such as melt-
ing/resolidification and evaporation occurring during processing
with these techniques is the key to controlling the excimer laser
processing. Since we can observe a signal of resolidification of the
ITO thin films because of the recalescence behavior, it is probable
that we can distinguish these phenomena occurring under irra-
diation by a pulsed UV laser in situ with our thermal radiation
measurement technique.

Since the optical properties of TCOs are sensitive to the dopant
level and oxygen defects, our simulation result implies that it will
be difficult to determine the proper laser fluence. For example, in
Fig. 4, the temperature of nondoped In2O3 thin films can reach
1500 ◦C (melting point of ITO) at F ∼ 125 mJ/cm2. Meanwhile, that of
the heavily Sn-doped In2O3 thin films, namely, ITO thin films, can
reach the melting point at F ∼ 300 mJ/cm2. Thus, more than dou-
ble the laser fluence is required to heat ITO thin films to the same
temperature as In2O3 thin films. Therefore, instead of just numeri-
cal simulation, precise adjustment of the laser fluence is required,
depending on the changes in the thin film state. One source of guid-
ance for this adjustment will be provided by the in situ monitoring
technique, which can detect these rises in temperature.

The melting and solidification regime (region II in Fig. 8) may
be useful for improving the quality of ITO thin films in terms of
the surface roughness. In the excimer laser-assisted metal organic
deposition (ELAMOD) process, the annealing regime (region I) is
typically used [7,8]. In region II, however, the surface roughness of
ITO thin films tends to decrease with laser fluence to levels simi-
lar to those obtained in the annealing region. This suggests that in
addition to the conventional ELAMOD region, the melting regime
can also be used to improve thin films.

An additional experiment was conducted using a scanning laser
to obtain a larger area for the electrical property measurement.
Areas of 10 mm × 10 mm of ITO thin films on glass substrates were
scanned at 1 mm/s  with a XeCl excimer laser that was  focused to
a line 10 mm × 0.5 mm by means of a cylindrical lens. The laser

Fig. 10. Sheet resistance Rsh of ITO thin films irradiated at various fluences F. Laser
irradiation onto the samples was conducted using a laser scanning method.

frequency was 10 Hz, so five laser pulses were irradiated per unit
area. Fig. 10 shows the sheet resistance Rsh of ITO thin films irra-
diated at various F values. Even though the different type of laser
irradiation was  used; that is, a line scan was used instead of a fixed
irradiation, the change in the resistivity still occurred in the vicinity
of F = 300 mJ/cm2, which is consistent with the other results men-
tioned above. The detail analysis of this increase in the resistivity
will be given elsewhere, but the increase was  likely attributed to
discretization of grains. Although the surface roughness reached a
minimum at around F = 400 mJ/cm2 in Fig. 8, its effect on a reduction
of the electrical resistivity was limited and hidden by the resistivity
increase.

5. Conclusions

In the present paper, we have discussed the applicability of
our in situ technique for the measurement of thermal radiation to
the excimer laser processing of ITO thin films. Thermal emission
signals from ITO thin films were detected successfully with a near-
infrared sensor. Non-monotonic decay suggesting recalescence was
observed in the thermal radiation from ITO thin films under XeCl
laser irradiation at F > 300 mJ/cm2, which agrees well with AFM
observations. This method will be useful for elucidating the fun-
damental process of the photo-assisted crystal growth of TCO thin
films and will also be helpful to study the onset of ablation [30,31].
From a technological point of view, it can also be used to monitor the
ELAMOD process and the excimer laser etching/patterning of TCO
thin films, and thus it will be a powerful tool for low-temperature
fabrication processes for TCO thin films for printable electronics.
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