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Thank you, chairman.

My name is Toshiyuki Kawaharamura belonging to Research Institute, Kochi University
of Technology.

Today, I want to report about the multiple quantum well Fe,0,/Ga,O; fabricated by
open-air atmospheric pressure solution based thin film fabrication method, that is mist
chemical vapor deposition based on Leidenfrost Effect.

This is the contents of today’s talk.
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Background 1 - Quantum Devices

Quantum devices, such as, LED using quantum
well and topological insulator, have been actively
developed for next-generation devices recently.

E

J} Bartram,

Now, MBE and MOCVD are mainly used for
quantum device fabrication.

How much energy do these systems consume?
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As you know, quantum devices, such as LED using quantum well and Topological
Insulator (TI), have been actively developed for next generation devices recently. Now,
vacuum processes, such as molecular beam epitaxy (MBE) and metal organic chemical
vapor deposition (MOCVD), are mainly employed for fabricating high quality thin film
of quantum devices. By the way, do you know how much energy these systems
consume?
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Background 2 - Advantages of Non-vacuum

The electric power consumption ratio
in a semiconductor plant

If non-vacuum process is

Process tools employed in the plant,
Heater Sy environmental load can be
10.3% 350 reduced dramatically.

Others
) Utility cost; Cheap.
System construction; Simple.
Maintenance; Easy.

g T Huang, Solid State Technol. 51 [10], 30 (2008). ¥

Significant advantages of system conversion from vacuum to non-vacuum!!

Therefore,
Thin film fabrication under atmospheric pressure has attracted great attention.
There are many related reports about the atmospheric pressure processes.

Then why has not the report of quantum device fabrication by
non-vacuum process been announced yet?
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This figure shows the report on the electric power consumption ratio in a semiconductor
plant. From this figure, over 22% energy in the plant is used to just operate vacuum
pump. If non-vacuum process is employed in the plant, environmental load can be
reduced dramatically. And there are a lot of advantages in non-vacuum process compared
with vacuum process. Utility cost is cheap, system construction is simple, and
maintenance is easy. So, there are significant advantages of the system conversion from
vacuum process to non-vacuum process! Therefore, thin film fabrication under
atmospheric pressure has attracted great attention, now, and there are many related
reports about the atmospheric pressure processes. Then why has not the report of
quantum device fabrication by non-vacuum process been announced yet?
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Background 3 - Vacuum vs. Non-vacuum

Vacuum process Non-vacuum process
Few influence « Side reaction -— Influence
Few influence <« Disturbance - Influence

When the high quality thin films are fabricated by non-vacuum processes,
Precursor flow and ambient temperature have to be controlled carefully!!

But...
Conventional non-vacuum process does not provide highly controlled technology.

This is a reason why the report of quantum device fabrication by non-vacuum process
has not been announced yet.

Open-air atmospheric pressure solution-based fabrication method
using mist, “mist CVD”, has been developed.
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To put it simply, it is concerned with whether the influence of side reaction and
disturbance has to be considered or not. In other words, the side reaction and disturbance
do not have big influence on the fabrication of high quality thin film under a vacuum. On
the other hand, those influences cannot be ignored under an atmospheric pressure.
Therefore, precursor flow and ambient temperature have to be controlled carefully when
the high quality thin films are fabricated by non-vacuum processes. But conventional
non-vacuum process does not provide highly controlled technology. This is a reason why
the report of quantum device fabrication by non-vacuum process has not been announced
yet. Therefore, we have developed the open-air atmospheric pressure solution-based
fabrication method using mist. That name is mist CVD!

FAVTEHICE 213, BIRSRCANELD 2% 25 2 72 1T AUX T 22 W0 i 2 BE
boT&EET, DFV, BEZE Tt A TlL., IO E L WNELORELE 2
HYENIRL . — T, FEELESa ATl BIKGOEE L AVEL D A %
W92 2 ENRHRT, BB ER A ER T 25 72 DT FUR O 2680 28 P U
FE & BT 2 BN H D5 TT, 2010FERICA-TH—mic, FEEZE
TRt ATELTNA ZAZFER LT W) RELZRE VDR, REPICEE
@ﬁﬂ&%ﬁ%ﬁﬁ“é#ﬁ%fﬂ%XT)‘E%?%‘SF%%Eéhfé’rﬂ\foewa%f:“é:%%_i
FIT, BAIZINOOREZEARRICT S, I A MR AW R
AT 5 T3 A MEFEEMKRE(CVD)E] 2B L TCEE L,



Mist CVD

> Mist (chemical vapor) deposition

One of the solution-based thin film fabrication techniques under atmospheric pressure.

. : ; 1) In the supply unit
Supply unit Reaction unit the precursor solution is misted by
dilution = ultrasonic transducers. As a result, mist is
> ¢ = 5 formed from um size drople.
. ) 3) 2) In the transportation
carrier the mist is transferred from the supply
1) —— b unit into the reaction unit with a carrier gas.
P sub.
T T e 3) In the reaction unit
mtrasomc.". h \t‘&—‘_;?_;"' : thin films or particles are fabricated by
transducerSi— eat ¢ exhaust| thermal decomposition.

> Feature of mist

Suitable for controlling the
behavior of precursor under
atmospheric pressure.

A.Floats in air
B. Evaporates with small energy
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Mist deposition, Mist Chemical vapor deposition, is one of the solution-based thin film
fabrication techniques under atmospheric pressure. This slide shows schematic apparatus
of mist deposition. In the mist deposition system, there are two parts, supply unit and
reaction unit. Supply unit consists of a solution tank and a few ultrasonic transducers.
Reaction unit consists of a reactor chamber and a heater. First, we prepare the precursor
solution and it is misted by ultrasonic transducers in the supply unit. As a result, mist is
formed from micrometer size droplet. Then, mist is transferred from the supply unit into
the reaction unit with a carrier gas. And, thin films or particles are fabricated by the
thermal decomposition in the reaction unit. The significant feature of the mist deposition
is the usage of mist. Mist floats in air and evaporates with small energy. These features
are suitable for controlling the behavior of precursor under atmospheric pressure.
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Leidenfrost effect

B.S. Gottfried et al, Ind. Eng. Chem. Fundam. 5 (1966) 561.
T Kawaharamura, [JAP 53, (2014) 05FF08 .
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Similarly, in the mist CVD, mist droplets of a few micrometers in diameter are
heated near a hot substrate and migrate on the substrate surface, exhibiting
the Leidenfrost effect. The molecules, ions, or atoms of precursor materials
are supplied to the substrate through the vapor film as a mass flux until the
mist droplet disappears, that is, for as long as 100 ms at 400°C.
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By the way, do you know the Leidenfrost effect? As an example around our life, we can
see this phenomenon when a droplet drops on a heated pan. Droplet jumps up and down
on the heated pan. More specifically, droplet is covered with a steam film by abruptly
heating, which is low thermal conductivity, and droplet is floated in air. Similarly, in the
mist CVD, mist droplets of a few micrometers in diameter are heated near a hot substrate
and migrate on the substrate surface, exhibiting the Leidenfrost effect. The molecules,
ions, or atoms of precursor materials include in the mist droplets are supplied to the
substrate through the vapor film as a mass flux; this continues until the mist droplet
disappears, that is, for as long as 100 ms at 400° C.
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Fine Channel type Mist CVD System

Dilg“atsio;; /r =l IAssist gas
| Solution, mist gas Reaction space: 1 mm height
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Ultrasonic generator
g

100 nm 1GZO thin film
on @100 mm substrate
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This is an actual mist CVD system in my laboratory. And this system has a fine channel
design, shown here, which effectively enables the Leidenfrost effect. Precursor solution
is misted by ultrasonic transducers in the mist generator. And mist droplets are changed
to the Leidenfrost state in this reactor. This picture is one of the thin films prepared by
this system. We can easily obtain a uniform thin film on the entire substrate of 100 mm
in diameter.
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Motivation of this work

Using mist CVD with the Leidenfrost effect,

Fabrication of the thin film
controlled at the atomic layer level???

[t is interesting to ask whether this can be realized or not.

Therefore,
a quantum well structure was fabricated by mist CVD
in order to answer the question.
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In this work, we fabricated a quantum well structure by mist CVD to answer the question
whether fabrication of thin films controlled at atomic layer lever can be realized at
atmospheric pressure or not.

(From these explanations, it is considered that fabrication of the thin film controlled at
the atomic layer level can be performed, using mist CVD with the Leidenfrost effect. We
thought, it was indeed interesting to ask whether this consideration was correct or not.
Therefore, the quantum well structure was fabricated by mist CVD in order to answer the
question. This is the motivation of this research.)
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Growth conditions

«-Ga, 0, «-Fe, 0,
Solute : Ga(acac), Fe(acac);®
Solvent (Mixing ratio) : DWH®, HCI® (100: 1) DW®, HCI® (100: 1)
Concentration (mol/L) : 0.020 0.020
Temperature (°C) : 400 400
Substrate : c-plane sapphire (c-Al,05)"
System :  Fine-channel type mist CVD system (30 mm ver.)
Carrier gas (flowrate) : Air, 2.5 L/min
Dilution gas (flow rate) : Air, 4.5 L/min

Ultrasonic transducer® : 2.4 MHz, 24 V- 0.6 A, 3 (frequency, power, number)
a) Honda Electronics HM-2412

b) Gallium acetylacetonate; 99.99%, Sigma-Aldrich

¢) Iron acetylacetonate;

d) Distilled water; Wako Pure Chemical Industries

e) Hydrochloric acid, 35-37%, Wako Pure Chemical Industries

f) Kyocera

TITIHI

! Time (s)
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The growth conditions of this experiment are shown in here. In this time, a-Ga,O5 and a-
Fe,0; were selected because those crystals are corundum structure, that is, a same as a
sapphire substrate. Precursor materials were acetylacetonate compounds. Substrate
temperature was set at 400° C. First an a-Ga,O; buffer layer was fabricated for 10 min.
Then, supply of the Fe precursor for 30 sec and supply of the Ga precursor for 1 min
were repeated. And finally, an a-Ga,O; cap layer was fabricated for 3 min.
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STEM image of QW

Ga,0; Fe,04

14 nm & Hm

14 nm 6 nm

133 nm
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This is the STEM image of 20 QWa-Fe,0,/a-Ga,05 on c-sapphire fabricated by mist
CVD. As you can see, the multiple quantum wells was formed by stacking the layer by
layer. The thickness of a-Ga,0O; and a-Fe,O; were 14 nm and 6 nm, respectively.
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Component analysis of EDS

The layers of a-Ga,0; and a-Fe,0, were separated, clearly.
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From a component analysis of EDS, it is evident that a-Ga,O; and a-Fe,O; were
separated at each layer and those thin films were formed by stacking the layer-by-layer.
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High resolution TEM image of QW

a-Fe, 05 was given stress
from a-Ga,0;.
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Nice atomic arrangement
is visible
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From a high resolution TEM image, it is clear that the continuity of the lattice between a-
Ga,0; and o-Fe,0; was maintained from bottom to the top. And nice atomic arrangement
is visible, indicating high single crystallinity. On the other hand, a-Fe,O; layer was given
stress from a-Ga,O; layer.
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Fe,0;/Ga,04(0006) diffraction

| Satellite peaks associated with a-Ga,04
' (0006) are observed from the MQW.

\ Fe,0,
(0006

Ga,04
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ol

Super high quality thin films of a-Ga,0;
and a-Fe,0, were fabricated, as evident
from numerous Laue fringes.
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This figure shows the x-ray diffraction results of a-Ga,0; thin film, o-Fe,O; thin film,
and the MQW. Super high quality thin films of a-Ga,0O; and a-Fe,O; were fabricated, as
evident from numerous Laue fringes. And satellite peaks associated with a-Ga,0; (0006)
are observed from the MOQW.
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RSM of (101,10) Fe,0,/Ga,0, MQW
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- There is no stress between Ga,0,/Al,0,
because the positon of the Ga,0; (10110) is

0.72 almost original.

”eaks : ;
* - And satellite peaks assigned to the

0.70 Fe,0,/Ga,0, MQW can be seen.
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And, reciprocal space map around the Al,O; (10110) is shown in here. The orientation of
Al,O; (10110) is 17.85° tilted from the Al,O; (0001) plane. This peak and this peak
originate from the Al,0, (10110) plane and the Ga,O; (10110) plane, respectively. There
is no stress between Ga,0,/Al,0; because the positon of the Ga,0; (10110) is almost
original. And satellite peaks assigned to the MQW can be seen.
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Properties of MQW fabricated by mist CVD
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* There is no stress between Ga,0,/Al,0, because positon of the Ga,0; is almost original.
* Fe,0,/Ga, 0, MQW can be fabricated because there is satellite peaks.

* The structure of Fe, 0, is given stress from Ga,0; because of no Fe,0; peak.

* Fe,0,/Ga,0; MQW are parallel and coherent formation to Al,0; (0001).

* Period of the MQW = 20 nm, corresponding with the image of a TEM.
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And, reciprocal space map around the Al,O; (1129) is shown in here. The Al,05 [0001],
[1010] and [1120] direction are perpendicular to each other. Because MQW satellite
peaks are parallel to the q, axis, MQWs are parallel and coherent formation to the Al,O,
(0001) plane. Then, period of MQW satellite peaks suggests that the period of MQW is
20 nm, corresponding with the TEM image.
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Conclusions

Multiple quantum well a-Fe,0,;/a-Ga,0; has been successfully fabricated
by open-air atmospheric-pressure solution-based mist CVD.

* The structure of Fe,0; is given stress from Ga,0; because of no Fe,0; peak.
- Fe,05/Ga, 0, MQW is parallel and coherent formation to the Al,0, (0001).
- Period of the MQW = 20 nm.

In the near future,
The electrical and optical properties will be reported
Fabrication of oxide quantum devices is planned now.

Fabrication of the thin film controlled at the atomic layer level
can be performed by mist CVD.

* Precursor flow and ambient temperature are controlled carefully.
* The droplets of the Leidenfrost state are used.
Hoping,

this technique becomes an index of non-vacuum process conversion.
supports the reduction of environmental load.
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OK. This is conclusion of my talk. Multiple quantum well a-Fe,05/0-Ga,05, which is
coherent formation to the c-sapphire substrate, has been successfully fabricated by open-
air atmospheric-pressure solution-based mist CVD. In the near future, the electrical and
optical properties are reported. And now, we are making a plan to fabricate the oxide
quantum devices using this technology. And, it was demonstrated that fabrication of the
thin film controlled at the atomic layer level can be performed by mist CVD, with
carefully control of precursor flow and ambient temperature, such as using the special
state of droplet. We are hoping that this technique becomes an index of non-vacuum
process conversion and supports the reduction of environmental load.
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