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Abstract

Resistive switching behaviors of unipolar
nonvolatile memory for flexible device
applications

Woocheol Lee
Department of Physics and Astronomy
Seoul National University

Nowadays, kectronic devices such as transistors and memaigeehave become
flexible, transparent, or stretchable. Si which hesn the most commonly used substrate
for electronic devices barely has these properfiesovercome the limitation of Si for
flexible electronic devices, researchers have Heeking for flexible substrates and
flexible active materials. Many kinds of substrasesh as plastic films, fiber papers, or
tapes have been used for flexible application. Agnibrese, the scotch tape can be a good
flexible substrate with good flexibility, attachitity, and low price

On the other hand, organic materials have also beed as active materials of
flexible electronic devices because of their gdedilhility. Organic resistive memory is
one of the promising data storage technologiedalseveral advantages such as versatility
of organic materials, low-cost device fabricatiand application on printable and flexible
devices. However, the mechanism of the resistivécbimg phenomenon in organic
resistive memory devices has not been clearly staled

In this regard, first, | have fabricatedx8 arrays of non-volatile resistive memory
devices on a commercially available tape as thdbile substrate. The memory device

structure was Au/AIGAU/AIOL/Al/tape. The fabrication process to make memomjaies
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was dry and did not require a high-temperature ggecTherefore, the tape substrate did
not suffer from any damage during the fabricatiime fabricated memory devices showed
typical unipolar non-volatile resistive memory peofy. The memory devices were turned
to ON-state at ~3.5 V and turned to OFF state 8tVs1showing a negative differential
region after ~5 V. The memory devices exhibiteebh ODN/OFF ratio, good reproducibility,
good stability, and high yield. Specifically, theN@FF ratio was high as ~4,0and the
devices endured over 200 cycles of reading/wrifingcess. The retention time of the
devices was longer than 14 | observed that ~68 % of the total fabricateshory cells
were well-operated. More importantly, the devicesvged stable electrical properties
under various bending conditions.

Although flexible memory devices were fabricatdok bperating mechanism of the
unipolar resistive memory device was still not cldainvestigated the time-dependent
current behavior of unipolar-type memory devicedarconstant voltage stress. In this
measurement, the current abruptly increased setreied and reached ON state even when
the applied stress voltage was below the turn-dtage which was obtained from voltage
sweeping. The distribution of the time requiredgach ON state (denoted as turn-on time)
could be described with Weibull distribution whicas often been used for time-dependent
gate dielectric breakdown in semiconductor transsstThrough statistical analysis of the
turn-on times, | found that the abrupt increasewfent followed a specific probability
law. The probability of current increase over tiwees found to be constant in the OFF state
and in all intermediate resistance states undeisdmee voltage stress. The probability
exponentially increased as the stress voltagangasased. Through the statistical analysis,
| estimated that the process of turning on the mgn® probabilistically forming a

conducting percolation network through which theent passes through the active layer.
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During my thesis study, | fabricated flexible megndevices using unipolar resistive
memory and investigated the switching mechanisomdgolar resistive memory devices.
This research has led to understanding a largeoptré switching mechanism of unipolar
resistive memory devices and suggested operatitigoaie for efficient use of the memory
devices. Furthermore, this research may provid®#ndld to manufacture more improved

unipolar resistive memory devices in the future.

Keywords: Resistive memory device, Organic memory deviceitthimg behavior of
resistive memory, Unipolar memory device.

Student Number: 2014-22373
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Chapter 1. Introduction

1.1. Brief introduction of resistive memory devices

A resistive memory device refers to a device tligtirdyuishes ON and OFF states by
using resistive switching in response to the apgithm of a strong external electric field.
The resistive switching phenomenon was first reggbbty Hickmott in 1960s. In the 1960s
and 1970s, a lot of research on the resistive himgcwas followed, but as the 1980s
approached, research interest in this field rapiéiglined. This is because of the stagnated
research progress in the field of resistive mendenjices and the remarkable development
in the field of silicon-based electronics [1].

However, in the 2000s, as the issue of the fund#hphysical limitations of silicon-
based memory devices emerged and the understanfliogide materials increased,
resistive memory devices received considerablaetdieagain. Resistive memory devices
have several advantages including a fast proaesgdwer consumption, and high-density
integration ability. Additionally, a variety of meials can be used as the resistive switching
layer such as oxide-based materials [2,3], nitddsed materials [4,5], and organic
materials [6-8].

On the other hand, as research on resistive medestiges becomes active, research
on fabricating flexible memory devices using regestmemory devices has also been
actively conducted. The silicon-based memory devare difficult to fabricate as flexible
memory devices because they are manufactured asiagl silicon substrate. On the other
hand, since the resistive memory devices can heécédbd using various materials, the

substrate can be freely selected including flexsollestrates.



1.2. Organic materialsfor flexible resistive memory devices

Organic materials for resistive memory devices gl®wmany advantages, including
material variety, solution-based process capabiityd mechanical flexibility [8,9]. By
utilizing these properties of organic materialsgéascale mass production is possible by
applying a roll-to-roll process, and productiontsosre expected to be very low [10-12].
Therefore, many researchers have been studyingiorgesistive memory devices, and
experimentally found that organic memaories carsBathe essential requirements for high-
performance memory devices such as high ON/OFB, rming endurance and retention
characteristics, and fast switching speed. Howeter,operation mechanism of organic
resistive memory devices remains unclear, which miager the development of the

organic resistive memory devices.

1.3. Unknown switching mechanism of unipolar resistive memory

devices

Resistive memory devices can be categorized intdypes according to the operation
method. If the polarity of the voltage requiredttion the memory device on and off is
opposite, the memory device is called bipolar mgmand if the polarity is the same, the
memory device is called unipolar memory. Unipolamory can be classified into two
major categories depending on the presence or edsdémegative differential resistance
(NDR). Most of the organic resistive memory devieghibit the characteristic of unipolar
memory including NDR. Although the first reporteésistive memory device showed

unipolar memory characteristics including NDR, am@ny organic memory devices
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showed the same characteristics, the operatingipl#nof these memory devices has not
been revealed.

There are not many, but research has been caui¢d better understand the principle
of operation of unipolar resistive memory devicestil the 2010s, many researchers
thought that resistance changed as charge trappibe iactive layer of memory devices
[13-16]. In more detalil, it is explained that theoge is trapped, forming an energy barrier,
making charge injection difficult, and increasitg tresistance. However, in the 2010s,
arguments were raised that the resistance was dowegcause a conducting path was
formed in the active layer regardless of the chénaygping [17-19]. It has also been argued
that the two concepts are combined that the comdppgth is formed by the charge trap

[7,20]. Discussion on the principle of operatiostid ongoing [1].
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Chapter 2. Attachable and flexible aluminum oxide
resistive non-volatile memory arraysfabricated on tape as

the substrate

In this chapter, | will discuss about flexible r&tsre memory devices on the tape substrate.
| fabricated 8 x 8 arrays of non-volatile resistiveemory devices on commercially
available Scotch Magic™ tape as a flexible substrate. The memomjcds consist of
double active layers of AlQwith a structure of Au/AIQAU/AIG/AI (50 nm/20 nm/20
nm/20 nm/50 nm) on attachable tape substrates. idecdhe memory devices were
fabricated using only dry and low temperature psses, the tape substrate did not suffer
from any physical or chemical damage during theritation. The fabricated memory
devices were turned to the low resistance state8di V and turned to the high resistance
state at ~10 V with a negative differential resmt@ region after ~5 V, showing typical
unipolar non-volatile resistive memory behavior.eTmemory devices on the tape
substrates exhibited reasonable electrical perfaroes including a high ON/OFF ratio of
10%, endurance over 200 cycles of reading/writing @sses, and retention times of over

10* s in both the flat and bent configurations.

2.1. Introduction

Recently, resistive random access memory has &tfaonsiderable attention as a
promising memory device [1-3] due to its advantdageluding a fast process, low power
consumption, and high density integration abilityparticular, it allows the use of simple
architectures with electrocontrollable bistableistasice layers between top and bottom
electrodes. A variety of materials such as oxideedamaterials [4-6], nitride-based

materials [7-9], and organic materials [10-12] hbgen used as the resistive switching
5



layer. Among these candidates, aluminum oxide@Alwas employed as an active layer
material because it could be deposited by usirgrlb@am evaporation system at relatively
low temperature [13]. ADsz has gained interest as an active layer due gwas reliability
and controllability [14, 15]. Although there aremyagreviously reported results of resistive
memory devices using ADs layers, further improved electrical performances laghly
desirable, particularly for endurance or electritability. In this regard, using doped oxide
layers [16, 17], inserting metal layers into théwaclayer [15], or using different oxide
layers that are sequentially deposited [18, 19]ehbgen conducted to deliver better
electrical characteristics. In these efforts, itisgra metal layer in the active layer can be
regarded as an effective and facile approach taawipg the electrical stability of the
resistive memory devices.

In addition, because the demands for new electrapjitications, such as wearable
electronics, have increased, there have been avabié efforts to demonstrate flexible
device applications [20-22]. In this manner, aafserganic materials has attracted much
attention to realize soft electronics due to thgreat flexibility, low-cost, and low
temperature processability. However further enhamec#s respecting to operation
voltages and environmental reliability are stitju@ed for practical applications. Recently,
inorganic layers, especially metal oxide layerdwains of nm thickness have been widely
employed as a switching layer to realize flexiblennory devices [23]. This strategy can
address aforementioned issues of organic matenals though metal oxide materials have
relatively less mechanical flexibility.

Additionally, low-cost processes are highly dedeafor the realization of future
disposable electronics such as electronic tags|]dabnd newspapers [24, 25]. However,

silicon-based electronic devices cannot be falgttan low-cost flexible platforms due to



their high-temperature processes and chemicaliaelgitocesses. Moreover, to develop
disposable memory device applications, the usestfeffective materials and fabrication
methods is required on low-cost platforms, suclpaser or polymer substrates. In this
regard, research groups have demonstrated dispofialol effect transistors on various
paper substrates [26—28]. Our group also reportethinoxide-based resistive memory
devices on wrapping paper [29]; however, there hagen no attempts to realize
individually operated memory arrays on these adedmdatforms.

Here, | report aluminum oxide resistive non-voatthemory devices realized on
commercially available Scotéh Magic’™ tape substrates, which provides good
attachability to a wide range of materials. Théstese memory devices in cross-bar arrays

were fabricated using low-temperature

2.2. Experiments

A conventional tape (Scot€hMagic™ tape, 3M Inc.) was used as the substrate.
Before fabrication, | confirmed from a thermal tdbft the tape could not endure
temperatures over 120 °C (see figure 2.1). Thesefow-temperature processes were used
for the device fabrication. For convenient fabiimat the tape was attached to a smooth
paper surface from which the tape could easily &maahed. The tape substrates were

cleaned by rubbing with cotton swabs. After thebiaob, the substrates were dried by

blowing N\: for ~30 s. Figure 2.1(a) shows a schematic of the ddaimécation process.

The eight lines of the Al bottom electrodes werpaséted through a shadow mask on the

tape substrate by thermal evaporation with a dépogiate of 0.5 A/s and at a pressure of



~10® Torr. The thickness and width of the Al bottomatlede line was 50 nm and 200

um, respectively.

100 °C heating 120 °C heating 140 °C heating 160 °C heating

Figure 2.1 Optical images of the tape substrates after thermal treatments at (a)
100 °C, (b) 120 °C, (c) 140 °C, and (d) 160 °C for 10 min on a hot plate.

One ALO:; layer can act as a resistive memory layer [3043@)ever, the endurance
and yield of the memory devices could be improwethberting a metal layer between the
AlOs layers [15]. AbOs is usually deposited by atomic layer deposition [P\ However,
the ALD process requires a temperature of 200 h€;tape substrate will be surely
damaged at this temperature. Thus, | used an e-lesaporator, which can deposit
materials at room temperature. The layers aOAlAu, Al,Os, and Au (20 nm/20 nm/20
nm/ 50 nm) were deposited sequentially by the eladbeam evaporator at the same
pressure and with the same deposition rate asgpesdion conditions of the Al bottom
electrodes. The first ADs layer was deposited covering all eight lines & & bottom
electrodes. Then, the Au layer was deposited thr@ghadow mask forming 64 square
cells (see figures 2.2(a) and (b)). Next, the sdcAhOs layer, which has the same
thickness as the first AD; layer, was deposited. Last, the Au top electrods deposited
by the electron-beam evaporator using the sameitommsl The top electrodes had the

same patterns as the bottom electrodes but créssdabttom electrode lines orthogonally

8



in the cross-bar array architecture. After the déjmm processes, the tape substrates were
cut into 1.5 x 1.5 chpieces using scissors. Because tape was useé aslibtrate, the
fabricated devices can easily stick to any surfabe. right image of figure 2.2(b) shows

that the fabricated memory devices stick verticalythe curved wall of a vial.

( a ) Tape substrate

-)

1st Al,O, layer deposition Deposition of
on patterned Al bottom electrodes patterned Au layer

(b)

2nd Al,0O, layer deposition Deposition of Au
top electrodes

—

c)

O-I

o o
o o
T T

Distance (nm)
[¥) - -h
o 0
o o

N
o0
o

| :.r,
0.0 05 1.0 0.0 05 1.0 0.0 05 1.0
Au (a.u.) Al (a.u.) O (a.u.)

300

Figure 2.2 (a) Fabrication procedure of the memory devices on Scotch® Magic™
tape as a substrate. (b) Photographic and optical microscope images of the
memory devices. (c) A cross-sectional TEM image with specified element

percentage graphs along the yellow line.

Figure 2.2(c) shows the cross section transmissdietron microscope (TEM) image
of a memory device with the proportion of each @atralong the cross section. | could
verify that Au was deposited as the top electraut the active layer between the.@4
layers from the Au proportion graph. The O-richtpandicate the AlD; active layers,
which were well-deposited without aggregation diedes even though they were formed
by the low-temperature thermally vaporized procesisg an e-beam evaporator. The

bottom ALOs layer was thicker than the top8k layer, because the Al bottom electrode

9



was naturally oxidized forming an A); film. The Pt on the Au top electrode layer was

deposited as a protection layer for the focusedéam process, which was needed to make

the specimen for TEM examination.

The electrical properties of the memory devicesaweeasured with a semiconductor
parameter analyzer (Model 4200 SCS, Keithley Imside a N filled glove box at room
temperature. To measure the electrical charadtarist the flat and bent conditions, the

memory devices were attached on glass substrateseani-cylinders, respectively.

2.3. Results and discussions
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Figure 2.3 (a) Representative current—voltage graph of a memory device in the
flat condition. (b) Color map of the current—voltage graphs of 65 memory devices.

A double-log plot analysis of the current—voltage characteristics at various

10



temperatures in (c) ON state and (d) OFF stateet Igeaphs are slops versus
1000/T (T: temperature).

Figure 2.3(a) shows the representative electricapgrties of the memory devices.
The inset is a photograph of the memory devicethertape being measured in the flat
condition. To make the ON state (low resistancte)stéorward and backward sweeping
voltages were applied from 0 to 5 V and then fromo B V. The current jumped swiftly
from the OFF state (high resistance state) to tNestate around~4 V. The ON state was
maintained as long as a low voltage was applieiiwmeans the memory devices have a
non-volatile memory characteristic. To make theidev in the OFF state, | swept the
voltage from 0 to 10 V. The current was reduce@raft5 V, showing a negative
differential resistance region [33, 34]. After thike current was maintained in the OFF
state at low voltage. As a result, the device amdontrollable stable states so that it can
be used as a rewritable non-volatile memory. The@h¥ ratio was found to be high

enough (- 10% at a read voltage of 0.5 V. | examined a tota®4fmemory device cells
and confirmed 65 cells worked well (device yield ©f70%). Figure 2.3(b) shows a color

map of the current—voltage graphs of all 65 workimgmory cells, which confirms that the
memory window between the ON and OFF states wage l@anough statistically.
Additionally, figure 2.3(b) shows that the OFF ants of most devices abruptly changed

to ON currents. Note that the failure 6f30% devices showed either short currents or

only OFF state currents.

Many research groups have explained charge transpechanism in resistive
switching memory devices with space charge limibedrent (SCLC), Poole—Frenkel
conduction, and Fowler—Nordheim tunneling [35-3freviously explained that Poole—

11



Frenkel conduction and SCLC were dominant for tharge transport in a similar metal

oxide memory system [29]. For the clear understamdiperformed variable temperature

measurements, as the results are temperature htrgectransport mechanism in our

memory device might not be explained solely by S@t®oole—Frenkel conduction. The

temperature-independent transport properties mggesi tunneling conductions through

trap sites in the switching layer [38]. Therefdrpropose a traps-associated tunneling (see

figure 2.4).
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Figure 2.4 (a) Energy band diagram of traps-associated tunneling with a large

potential barrier in the OFF state. (b) Schematic of current paths in the OFF state.

(c) Energy band diagram of traps-associated tunneling with a small potential

barrier in the ON state. (d) Schematic of a current path in the ON state.

From the unipolar switching behaviors with negligitemperature dependence

(figure 2.3(c) and (d)), the main switching meclsamcan be thought to be traps-associated

12
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tunneling through the trap sites in the switchiagers. Because the &l; layers were
deposited using an e-beam evaporator at low-teryrera lot of defects might be created.
Although it is not exactly the same system, | haveviously explained trap-related
resistive memory systems by trap-associated tranhdpehaviors. Figure 2.4 shows
schematics of the traps-associated tunneling mawaleghe initial state, all trap sites are
empty. During the OFF state, the first trap-leVelsep traps) are started to be filled via
trap-to-trap tunneling because the potential bahgight (P1) between the trap sites is too
high to transport by thermionic emission over aeptal barrier (see figure 2.4(a) and (b)).
If the first trap-levels are fully filled, followig charges should be trapped in an upper
energy level in the same trap site. After therfgliprocess, charges can transport by trap-
totrap tunneling through the second trap-levelal(stv traps) forming current paths. Note
that the charges in the second trap-levels can easily move to neighboring trap sites
because the potential barrier heigh®] is lower thanbl (see figure 2.4(c)). At this point,
the state is changed into an ON state (low resisttate). At the voltage in the negative
differential resistance (NDR) region, charges im finst trap-levels start to be ejected out
by tunneling. At this point, the current path woblel disconnected and the memory state
is changed into an OFF state. | think that thisus best effort to understand the charge
transport mechanism of our memory devices, but nubdear understanding of the

mechanisms will require further investigations ifuture study.
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Figure 2.5 (a) The cumulative probability of the memory devices in the flat

condition at a read voltage of 0.5 V. (b) The distribution of the threshold voltages.

(c) Endurance test and (d) retention test results of the memory devices.

One of the important characteristics of memory dewiis reliability. | tested the

reliability using statistical methods. Figure 2)5¢aows the ON and OFF currents of 65

memory device cells at 0.5 V. | could find that tberest ON current was over two orders

of magnitude higher than that of the highest OFfferu. This indicates that the memory

devices had two stable states at the read volkagere 2.5(b) shows the distribution of the

threshold voltage values, which are the voltaggsired to turn the devices to the ON state.

The average threshold voltage was found to-h8.6 V with a standard deviation of 0.3

V. This small distribution of threshold voltagedlicates that the memory devices had

statistical uniformity. Figure 2.5(c) shows the erahce test results of the memory devices.
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The ON states were achieved by applying 5 V, whlsufficiently higher than the

threshold voltage of~3.6 V. Then, the OFF states were achieved by appl¥D V for

approximately 0.1 s. The read voltage was 0.5 \é. ifilemory devices maintained the wide

memory window of three to four orders of magnitbééveen ON and OFF states for over

200 cycles of ON and OFF states. Although thereeweveral failures to turn on (see some

scattered red data points in figure 2.5(c)), itmiod mean the memory device had broken.

Figure 2.5(d) shows the retention test resultsraéaory device. The read voltage was 0.5

V and the reading interval was 30 s for both the & OFF states. The currents of both

the ON and OFF states were stably maintained~di0* s with a high ON/OFF ratio of

~10%. Note that the performances of these memory dswicethe tape substrate were

comparable to those of the memory devices fabidcateanother plastic substrate, OHP

film (see figure 2.6).
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Figure 2.6 (a) Representative current-voltage graph of a memory device on OHP
film. (b) Color map of current-voltage graphs of 19 memory devices. (¢) The
cumulative probability of the memory devices at read voltage 0.5 V. (d) The
distribution of threshold voltages.

Figure 2.6 shows the electrical properties of thsistive memory devices of
AU/Al0s/Au/Al,O5/Al fabricated on OHP films. 19 cells out of 301lsgl63 %) worked
well as operative memory. Figure 2.6(a) is the espntative electrical characteristics of
the memory devices. The device turns to ON statd &t and showed negative differential
resistance (NDR) after ~5 V. Figure 2.6(b) is acahap of collection of 19 cells’ electrical
properties. | could confirm that the memory windawas large enough for switching
operation. The lowest current of ON states was +it8s larger than the highest current
of OFF states at read voltage (figure 2.6(c)). FegRL6(d) represents the distribution of
threshold voltages of the memory devices. The @eetlareshold voltage was found to be
~4.0 V with the standard deviation of ~0.3 V. Thessults indicate that the devices

fabricated on OHP films can also be used as resiastin-volatile memory.
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Figure 2.7 (a) Representative current—voltage graph of a memory device in the
bent condition with a bending radius of 5 mm. (b) Color map of current—voltage

graphs of 30 memory devices.
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To investigate the electrical properties of the rmgnudevices in bending conditions,
| attached the devices on a semi-cylinder withdausaof 5 mm and performed the same
measurements that were conducted on the memorgedein the flat conditions. Figure
2.7(a) is the representative electrical charadtesisof a memory device in the bent
condition. Similar |-V characteristics were obserwe the flat and bent conditions (see
figures 2.4 and 2.7). | investigated a total of@@mory device cells in the bent condition.

The device yield was found to be 64% (30 of 47), which was slightly lower than that

(—~70%) in the flat condition. The color map in figut&(b) shows that the large memory

window was well maintained in the bent condition.
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Figure 2.8 (a) The cumulative probability of the memory devices in the bent
condition with a bending radius of 5 mm at read voltages of 0.5 V. (b) The
distribution of threshold voltages. (c) Endurance test and (d) retention test results

of the memory devices.
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The cumulative probability graph (figure 2.8(a)psls that the high ON/OFF ratio at
read voltage was maintained in the bent conditiime distribution of the threshold
voltages was also similar to that for the flat dtnd (figure 2.8(b)). The average and the

standard deviation of the threshold voltage wenenébto be ~3.5 V and ~0.1 V,

respectively. The memory devices on the curvedasarfstill endured 200 cycles of
ON/OFF. Although the ON/OFF ratio was slightly dadgd and the deviation of the OFF
currents became larger than in the memory deviodb® flat surface (figure 2.8(c)), the
devices maintained two well-separated stable st&igare 2.8(d) also supports that the
bending did not have any noticeable harmful infeeson the retention characteristics of
the memory devices. Also, during 1000 cycles ofdimmprelaxation at a bending radius of
5 mm, the devices maintained a high ON/OFF curnadit of ~ 10* with threshold voltage
of ~3.5 V and no significant changes of the switchiefdviors were observed during
this measurement (see figure 2.9(a)). And, the mmgmdevices well maintained their
electrical properties including the ON/OFF staterents and threshold voltages under a
harsh bending condition with a bending radius omd, as shown in figure 2.9(b).
Moreover, the memory devices exhibited good retentime of ~10* s and stable
switching-operation during the 200 cycles of begdialaxation at the bending radius of 1
mm (see figures 2.9(c) and (d)). All these ressiliggest that our memory devices on the
tape substrate can be attached on any curved susftiin the bending radius of 1 mm

without serious performance degradation.
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Figure 2.9 (a) Bending cycle test with a bending radius of 5 mm. (b)
Representative current—voltage graph of a memory device with a bending radius
of 1 mm. (c¢) Endurance test and (d) retention test results of the memory devices

with a bending radius of 1 mm.

2.4. Conclusion

In summary, | fabricated resistive memory devicegs on conventional Scofth
Magic™ tape substrates using dry and low tempezgitocesses. The attachable memory
devices showed typical unipolar resistive switchimgpperties with good electrical

performance in both flat and bent configuratiortse memory devices endured 200 cycles

of switching and maintained their states for ov@ swith a high ON/OFF ratio~(10%).

The attachable memory device arrays fabricatedexibfe and disposable tape substrates
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may provide a pathway for the realization of preaitiand reliable resistive memory

applications such as disposable electronic tageJdaand sticker memory devices.
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Chapter 3. Investigation of Time-Dependent Resistive
Switching Behaviors of Unipolar Non-Volatile Organic

Memory Devices

In this chapter, | will discuss about the switchibghavior of unipolar non-
volatile memory devices. Organic resistive mememjiaks are one of the promising next-
generation data storage technologies which canmiiztiy enable low-cost printable and
flexible memory devices. Despite a substantial Idpweent of the field, the mechanism of
the resistive switching phenomenon in organic tesismemory devices has not been
clearly understood. Here, | investigate the timpatedent current behavior of unipolar
organic resistive memory devices under a constaltdige stress to investigate the turn-on
process. The turn-on process is discovered to opolabilistically through a series of
abrupt increases in the current each of which carassociated with new conducing paths
formation. The measured turn-on time values cacddectively described with Weibull
distribution which reveals the properties of theqmated conducting paths. Both the
shape of the network and the current path formataia are significantly affected by the
stress voltage. A general probabilistic naturehs percolated conducting path formation
during the turn-on process was demonstrated amarigolar memory devices made of
various materials. Our results are also highly redat for practical operations of the
resistive memory devices since | can potentially ggédelines for time-widths and

magnitudes of voltage pulses required for writimgl aeading operation.

3.1. Introduction

Organic materials for electronic devices have ettty great attention due to their
advantageous properties such as material variety, production cost, mechanical
flexibility, and large area processing capablfiff. Among various organic electronic
devices, organic non-volatile resistive memoryris of actively researched areas.

The organic resistive random access memory (ORRdédw)ces can be realized by
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sandwiching various organic materials between taptmttom electrodes in a vertical two-
terminal structur&* The ORRAM devices possess at least two stablstagsie states
which can be switched to each other by an exteetedtric field. ORRAM can be
categorized according to the polarity of the switghelectric field: unipolar memory
devices which can be switched ON and OFF by apglifre electric field in the same
polarity and bipolar memory devices which requitkee electric field in the opposite
polarities for the ON and OFF switching. Throughessive studies by many research
groups, the electrical performances of ORRAM dewvitcave been significantly improved
along with advancement of architectural design antelgration™> Nevertheless, the
memory operation mechanism of ORRAM is still notnmetely understood. Especially,
the operating principles of unipolar ORRAM deviedsich show S-shape current-voltage
characteristics with a negative differential remise (NDR) region are still
controversialt*-13l

Various experimental tools have been employed testigate the fundamental
properties of ORRAM device$or example, impedance spectrosdépyo directly probe
the charge trapping in the active layer and a tispatial mapping of the current paths
within the layer via elemental analy§&!® | have recently employed 1/f noise
measurements to show that the conduction pathsrgan@ nanocomposite memory
devices form a percolation network from the resistascaling of the 1/f noisg:'¢l A
further study of time-dependent current fluctuatimhaviors during the turn-off process
in the NDR region demonstrated that the percolatingduction paths dynamically
changed before completely getting disconnected @ state):>1¢ However, there has
been little research conducted on the formatioiegss of this percolation network during

the turn-on process in details.
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In this study, I investigated the time dependent resistive switching behaviors,
especially in the turn-on process. I observed how the current in the device increased with
time while applying a constant voltage stress for ORRAM devices that were made of a
nanocomposite layer of polystyrene (PS) and pheyl-C61-butyric acid megésyer (PCBM)
The fundamental properties of the PS:PCBM ORRAM devices were revealed through a
statistical analysis of the turn-on time values from multiple measurements by employing
Weibull distribution®”! which has been widely sed for describing the eleaitbreakdown
of various material8822 Our study is the first attempt of applying the Weibull statistics in
the context of ORRAM devices, to the best of our knowledge. I compared the results for
the PS:PCBM ORRAM devices with other devices made from three different organic and
inorganic materials, and I extracted some common fundamental properties among the

unipolar resistive memory devices.

3.2. Results and discussion

NN

Bottom Al electrode PS:PCBM spin-coating Contact pad exposure Top Au electrode
on SiO, substrate and soft baking and PS:PCBM hard baking
(b)
n
PS:PCBM
Al
[6,6]-Phenyl C;, butyric : 50 nm
Polystyrene (PS) acid methyl ester (PCBM) Si0, e,

Figure 3.1 (a) A schematic showing the device fabrication processes for

Al/PS:PCBM/Au organic resistive memory devices. (b) The molecular structure
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of the PS:PCBM composite material. (c) A crossieeel TEM image of the
memory device.

Figure 3.1(a) shows the fabrication process ofGR&®RAM devices. First, Al (30 nm thick)
was deposited as the bottom electrode on &SiGubstrate using a thermal evaporator.
Then, a composite solution made with PS:PCBM dissblin chlorobenzene was spin
coated to form the memory layer (see Figure 3.1{fer a soft-baking of the samples,
the contact pads of the Al bottom electrodes wemsed by sobbing with an acetone-
soaked Q-tip cotton swab. After a hard baking efsamples on a hot plate at 120 °C for
60 min, Au (30 nm thick) was deposited for the ébpctrodes. As a result, memory cells
with a size of 10@um x 100 um were fabricated (see Methods for more detailigjurie
3.1(c) shows the cross-sectional transmission releamnicroscope (TEM) image of a
memory cell, indicating a well-defined PS:PCBM meynltayer with a thickness of ~40

nm without any noticeable penetration of metals éd Al) into the layer.
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Figure 3.2 (a) A representative current-voltage graph of aPE8M memory
device. (b) A representative current-stress timeewnder a constant voltage
stress, Wyress Of 2.7 V.
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The memory devices showed a typical unipolar befrawith the NDR. Figure 3.2(a)
shows a representative current-voltage (I-V) cwia PS:PCBM ORRAM device. The
SET process consisted of sequential forward anersewoltage scans between 0 and 5 V.
Note that the bottom Al electrode was groundedabéhs voltage was applied at the top
Au electrode. The resistive state changed frongh tesistance state (HRS; OFF state) to
a low resistance state (LRS; ON state) at the ltlotds/oltage in a range of3 V during
the voltage sweep in the SET process. The LRS vwaistained even when the applied
voltage was removed, exhibiting non-volatile memadngracteristics. The RESET process
consisted of a single voltage sweep from 0 to 1&1Which the current decreased after ~4
V and showed the NDR behavior. When the appliethgel was removed at around 12 V,
the memory device turned back to HRS. The memoricds could endure over 500 cycles

of ON/OFF switching cycles and maintain the menwiates for longer than 46.
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Figure 3.3 (a) Basic current-voltage characteristics, (bileal endurance test,
and (b) retention test results of the PS:PCBM megrdevice. (¢) The distribution

of the turn-on voltages of the same device.

In more detail, PS:PCBM memory devices shows typigapolar |-V curves
regardless of the polarity of the applied voltagge(figure 3.3(a)). Figure 3.3(b) represents
the distribution of the threshold voltages at whatinupt current increases appeared during
the voltage sweep from 0 to 5 V. The average valdle threshold voltages was extracted
to be ~3.16 V from the Gaussian fitting of the #i@ld voltage distribution (see figure
3.3(b)). Figure 3.3(c) shows the electrical endoeanf the PS:PCBM memory device
discussed in the main manuscript. As shown inftige, the device endured 500 cycles
of switching. The distribution of the OFF curreev¢l had a finite distribution. However,
it did not affect tha which is obtained from the time dependent switghimeasurements
under a constant voltage bias. This is becauseutrent increase depends linearlyon
(see figure 3.10(a) in the main manuscript)ill be decided bysk: (in the order of 18 A)
regardless of the OFF current value (in the or@td 10'°A). Figure 3.3(d) shows the
retention test of the memory device. The devicenta@ied its ON and OFF states over the
duration of 10s.

Generally, to turn the memory devices from the HRERS, a voltage pulse with the
magnitude above a certain voltage is applied. Haldsvoltage is commonly determined
as a voltage at which the current abruptly increasethe current-voltage sweep scans.
When memory devices are operated in the voltageepubde, a certain duration of voltage
pulse is required to turn on the memory devicesuinprevious study, | observed that the
smaller the applied voltage, the longer the minintime required to turn on the memory

deviced?®l Here, one may expect that the turn-on processdcoctur even when the
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applied voltage is below the threshold voltageyjated that one applies the voltage for a
long enough time. Thus, | measured the currentiiwerwhile applying a constant voltage
stress (Vuresy Of an arbitrarily chosen value of 2.7 V (belowe threshold voltage, see figure
3.2(a)). | observed that the current underdrregularly increased with several steps over
time (see figure 3.2(b)). After several step inse=athe current ultimately reached 2.0 mA
(set as the compliance) which is the expected ouafeON state.

After the current reached the compliance, the RESiE©&tess described above was
conducted to confirm the reversibility of the swiitag event. The memory device showed
the same I-V curve of the RESET process showmyinrdi 3.2(a) and turned off. This means
that the state of the memory device could changm fthe OFF to ON state undekids
below the threshold voltage and that this procesfféctively the same as the SET process.
Here, | could infer that the threshold voltage @ a fixed value but is a variable that

depends on the voltage stress-time.
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Figure 34 (a) Current-stress time curves of time-dependentrent

measurements in the same device undesf 2.7 V. The measurements were
manually stopped at different resistance stat@d-Vbcurves of the same device
for the different resistance states which were &y the process shown in the

(a). The color codes in (a) and (b) corresponthéosseame resistance states.
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The current steps revealed the existence of meliiplermediate resistive states
(IRSs) before reaching the ON state. In order &ckhhe stability of the IRS, | manually
removed the stress voltage while at the IRS. | dotlvat the IRS was stable, and that the
resistance value of the IRS corresponded to theeviaist before the stress voltage was
removed. In more detail, intermediate resistana gtRS) was shown when the memory
devices switched from high resistance state (HR¥w resistance state (LRS) under a
constant voltage stress. In order to check whelteelRSs were stable, | manually removed
the voltage stress when the device was in IRS figeee 3.4(a)). After removing the
voltage stress, | swept the voltage from 0 to 1t Yeset the device. Figure 3.4(b) shows
that IRSs were well maintained even after the applioltage disappeared. The inset of
Figure 3.4(b) shows that the current-voltage cuwee not linear, which means that the

conduction mechanism is not ohmic conduction.
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Figure 3.5 (a) Selected current-stress time curves from 100 cycles (shown as
different colors) of time-dependent current measurements in the same device
under Vess 0f 2.7 V. It Was chosen as a reference current value for the device in
the ON state. The times taken for the device current to reach Iset, tum-on, Were read
from the points represented as the circular marks for each Iy of 0.8 mA (circles)
and 2.0 mA (shadowed circles). (b) The cumulative probability of the time taken

for the device current to reach Ise, tum-on, Under Viyess of 2.7V with Is: of 0.8 and
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2.0 mA (see the circular marks in (a) for the cgpanding data). The horizontal
dotted line of 63.2% can be used to read charattetimes, T, which is discussed

later in the manuscript.

| repeated the measurement shown in Figure 3.2huitiple cycles while applying
the same MssOf 2.7 V in the same device to investigate théistteal relevance of the
results, as shown in figure 3.5(a). All the curremtves increased stepwise, however the
time difference between the steps and the heigtheokteps were all different. In some
cycles, the current reached the compliance in asesonds whereas in other cycles the
current reached the compliance after 1,000 secokds, in some cycles, the current
reached the compliance in one current step whileratycles showed several current steps
before reaching the compliance. Therefore, theturtime values have a finite distribution
which indicates a probabilistic nature of the tomprocess. This means that the device
does not turn on deterministically after a speaifittage or energy requirement is rftét.
It is also obvious that the turn-on process octlirsugh discrete events in which the
current abruptly changes. The percolation condggpiath model$>*¢! may explain the
experimental results above. Every step increafigeiicurrent may represent a new current
path formation. Each current path has a differesistance, which is reflected in the
different heights of the current steps.

For a deeper understanding of the turn-on prod¢esslected the time utn-on taken
to reach a specific current value I(see figure 3.5(a)), by conducting the same
measurements for differentidss | ran 100 measurement cycles for differegqt.3varying
from 2.7 V to 3.2 V with an interval of 0.1 V anddad {m-on Values for six differentsd
values of 0.2, 0.4, 0.8, 1.2, 1.6, and 2.0 mA. FgB.5(b) shows two representative

cumulative probability graphs ofit-onvalues which were measured at.déof 2.7 V and
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Iser0f 0.8 and 2.0 mA. The two graphs look similar, the graph forsk: of 0.8 mA shifted
to the smallerdn-ondirection compared to the graph for 2.0 mA. Thibécause if one sets
a smaller e, the memory device will reach ON state earliea given \yess A coOmplete
data set of cumulative probability distributions fiifferent Veressand ket values can be
found in figure 3.6 and 3.7. Figure 3.6(a)-(f) shewe full data of the cumulative
probability of tum-onValues. Whensk:increased, the cumulative probability curveswafd
just shifted to the right without changing the glamder different Messin these plots. This
means thatl:does not affect the shape of the distribution@ft Figure 3.7(a)-(f) contain
the same data with Figure 3.6(a)-(f) but these shewWsr.ssdependence of the distribution
of twm-on Values with fixed &t As the \gessincreased, the cumulative distribution curves of
twm-on Values shifted to the left and the slopes becdewper for the allsl, representing a

shortert and largeB.
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Figure 3.6 Iset (from 0.2 mA to 2 mA) dependence of cumulativebataility of
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Note that | observed no significant device degiradahroughout the cycles because

twm-on Showed no dependence on the number of cyclesex@mple, theykn.onfor the 29

cycle was ~120 s whereasntonfor the 50"and the 100 cycle was ~700 s and ~100 s,
respectively (see Figure 3.5a and b). The prolsaicilinature of the time-dependent

switching event can be analyzed by fitting therthstion of tun-onvalues with the Weibull

distribution. The Weibull distribution is one ofetlextreme value distributio8 which

has been widely used as an empirical law for desqithe electrical breakdown

phenomenon of a variety of insulators ranging fraxides to polymers via percolation

leakage path&®22l The following equation relates the cumulative @bty of tym-on

according to Weibull distribution,

FO=1-exp(-(2)’) |

whereg is the shape parameter ant the characteristic turn-on time. In order teess
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whether our experimental data follow the Weibu#itdbution, | plotted a linearized form
of F, defined asW = In(-In(1 — F)) as a function ofun.on Figure 4a and b show that
the plots of tim-onvalues for variousd: (under a constantsvesy and for various Mes{under
a constantsk) can all be fitted linearly. The slopes of thagsedr lines represeptwhich
is related to the width of the distribution afnton, i.€. @ largey represents a narrower

distribution of tym-onfor a givent.
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Figure 3.8 A linear fitting for Weibull plots of twm-on (2) under Vyess of 2.7 V with
six different Is; and (b) under six different Vigess with It 0f 2.0 mA. The slopes of
the fitted lines indicate the shape parameter, g, of the Weibull distribution. The
insets in (b) are schematic representation of different networks of the current paths

formed under different Vigess.

| investigated the physical meaningandz in the switching process by analyzing
their dependence onsMssand ket Figure 3.8(a) shows théthas a little dependence qa |
since the lines for differentd were fitted linearly with similar slopes. On thier hand,
S changed depending on¥ss £ increased as essincreased (Figure 3.8(b)). The fittgéd
varied from 0.88 at Mes0f 2.7 V to 2.00 at 3.2 V. Figure 3.9 shows thé dialta off3. |
can see thdt does not depend ogfrom Figure 3.9(a). However, it is obvious tiffathas

some correlation with Mess(see Figure 3.9(b)). For the range gfafrom 2.7 Vto 3.0V,
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B increased as Messincreased. When Messis larger than 3.0 V, it appears as if the linear
correlation betweefd and \ressdisappears, which might be an indication thainieenory

devices are approaching NDR where the devices hegwitch off.
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Figure 3.9 The variation of for different (a) detand (b) Vtress

The change gf with respect to Messmay indicate the nature of the resistive switching
process in the memory devices. The best analogpeaaken from the percolation model
for an electrical breakdown in insulating polym@t€5>2¢1 which has been explained as
either a percolation-like breakdown or a filameptike breakdowr?”-?¢! The insets of
Figure 3.8(b) show the schematics that represemtdifferent resulting networks of the
device in LRS. The percolation current path fororatmay have a preferred direction of
formation according to the direction of the appledctric field. When Messbecomes
larger, the percolation current path formation isrendirectional along the field, which
would tend to form more localized current pathgasThreflected in the higher value ¢f

at larger \ess
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Figure 3.10 Dependence of the characteristic turn-on time, T, on (a) I. under
different Viuess and (b) Viuess for different L. The calculated errors in T are too
small to be shown in the graph. The inset in (b) shows the dependence of the rate
of current increase over time, R, on Viuess. (¢) A schematic representation of the

overall turn-on process under a constant Vuess evolving from HRS (left) to LRS

(right).

I now investigate the physical meaning ofby analyzing its dependence oBaés
and ke. T is calculated from the linear fitting of the limeeed Weibull distribution plot in
Figure 3.8(a) according to Equation (3.1). FigurE08a) shows howt changes withsk
under different Vress Obviously, the larger theel the larger thet. The relationship
betweent and L. seems linear. Note that is a representative value @fiton, Which is
the value at 63.2% in the cumulative distributidriu@on The T values are indicated by

the arrows in Figure 3(b)t could be considered similar to the mean valuelldfua-on
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values. The apparent relationship betwaeand ke indicates that the irregular current
increases observed in Figure 3(a) are not completeidom but follow a particular
statistical behavior. | can connect this resulth® rate of the current increase at a given

time, R, which can be representedRas- %. Since T increases linearly withd, R can

be simply reduced t® = % ~ ISTet Thus, R is constant for the OFF state and all the

IRSs when VressiS constant. On the other hand, | observed tleattinrent did not increase
any more when it reached a specific current vafube@ON state, even thoughwsswas
applied for a long time. According to Figure 3.00fathe main manuscript, the current
seems to increase continuously even after reathn@N state if Wessdoes not disappear.
However, | found that the currents did not increasg more when it reached certain values
of ON states (Figure 3.11). This means that thexecartain points beyond which the rate
of the current increase over time, R, changeso. Zéis means that R is constant during
the turn-on process until the device reaches thamen current state beyond which R

changes to zero.
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Figure 3.11 Current-stress time curves undekdsof 3.0 V without compliance.
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Figure 3.10(a) shows that the slopes of thedrsust graphs increased as the:ds
increased, which means that the R increased withs\l he current increase over time can
be interpreted as a formation of new current paflss indicates that the current path
formation rate was faster for largesiMssince leiincreased rapidly withr for large values
of Vswess Figure 3.10(b) shows the same data as Figurgd.biut it displays a direct
dependence of on Vswess When \yesslinearly increasedyx exponentially decreased.
This means that the current path formation rateegptially depends onsMss(see the
inset of Figure 3.10(b)).

There are theoretical models which account for #itependent dielectric breakdown
that could be seen analogous to our observ&fiéf.Although | can not specify which
model fully matches our data due to the limitedyeanf Varess the common feature of the
existing models (e.gr « exp (—VE),? 1t < exp (1/E),?? and t « exp (—E),® where
E is electric field) is that they are all basedlmmelectric breakdown via percolation current
paths.

On the other hand, the exponential dependence of E is highly relevant for the
memory device operation, especially in writing ardding processes via voltage pulse
operation. Our results predict thatis 5.49 x 101° s for Vsressof 0.3 V which is a
reading voltage used for the device. During thalirepoperation of the OFF state, the
probability of turn-on is1.02 x 1072 % for a reading voltage pulse of 0.3 V with a pulse
width of 1 ms. This is why the memory devices aghly unlikely to turn on during the
reading operation at 0.3 V. On the other hands predicted to bel.91 x 10~* s for
VsressOf 4.5 V. The probability of turn-on is 99.8 % farvoltage pulse of 4.5 V with a

pulse width of 0.5 ms.
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In more detall, the pulse-operation typically cstsiof three main stages; writing,
reading and erasing, which all have different maglgs of the voltage. Thevalues at
different VsressCan be extracted by using E-model €xp(-E)) for a given Mess | obtained
1 for different \kressfrom the linear fitting of In() versus Vess(see Figure 3.12 and Table
3.1). The turn-on probability can then be easiliaoted by inputting the, 3, and t (in this
case a pulse width) values in Equation 3.1. Howgdisrhard to determine exactly because
it is difficult to find a clear trend fof in a wide range of Mess(see Figure 3.9(b)). Thus, |
simply chosé as 0.8 for Vess= 0.3 V which is the same value[®for Vsyess= 2.7 V and
B as 2.0 for Viess= 4.5 V which is the same value®for Vsyess= 3.2 V. Table 3.2 and 3.3
show some representative values of turn-on probafol different pulse widths of reading
and writing voltage pulses. The biggest sourcer@revould be assuming the valuefof
However, the calculated probability values shovearctrend that the turn-on probability

dramatically changes depending on the magnitudleeo¥oltage.

6F e E-model fitting -
! lger: 2.0 MA
5 » .
4t i
e |
£
3t i
[ | Equation y=a+b*x
2 N Value Standard Error _
Intercept 27.10651 1.57085 ¢
I | Slope -7.92633 0.5316
1 1 N 1 N 1 N 1 N 1 N 1
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stress (V)

39



Figure 3.12 A linear fitting graph of Inf) versus \essin order to estimate for

different Vsress The inset table shows the result of the ling#ing.

Table 3.1 Expectation values afaccording to different ¥ess

Vstress
(s)
V)
0.3 5.49x 1010
4.0 1.01x 102
4.5 1.91x 10*
5.0 3.63x 10°

Table 3.2 Expected turn-on probability for different pulsédths of the reading
pulse of 0.3 V whemandf are 5.49% 10'° and 0.8, respectively.

Turn-on probability
Pulse width (ms)

(%)
0.1 1.62x 10%°
0.5 5.86x 10°
1.0 1.02x 10°
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Table 3.3. Expected turn-on probability for different pulséths of the writing
pulse of 4.5V whemandp are 1.91x 10* and 2.0, respectively.

Pulse width (ms) Turn-on probability (%)
0.1 0.27
0.5 99.8
1.0 100

Unfortunately, these values cannot represent alPth:PCBM memory devices since
the t value is different for each device. In the worgse, thet value is different by 2
orders of magnitude among the devices. | invesidjdhe device variation in using
different devices which had the same structureidated under the same condition.
However, the extracted values were found to be different between the asv{Figure
3.12). The range of the extractedalues for the measured devices spanned slighahg m
than one order of magnitude at the samgsYIf the current in the memory flowed through
the whole area of the active layer, local variagiohmemory cells would average out and
thereforet would be the same for all the devices considetitag T is a statistically
determined value. Thus, the difference oould result from highly localized spatial extent
of the current paths. There would be some weaksqpdiere the localized current paths
readily form) in the active layer. The current gatbould be formed in the vicinity of these
weak spots which could vary from device to devitete that although the valuestwoivere
different according to the devices, the slopegHen versus Viessgraphs were almost the

same.
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Figure 3.12 Dependence of the changen Vsyessaccording to different devices

Even after considering the device variation, theuits from this work confirm the
conclusion from our previous study which demonsttathat voltage pulses of the
magnitude 4.5 V and the widths from 5 to 30 ms wericient to turn on the memory
devices®! Therefore, our discovery of the probabilistic matwf the turn-on process
enables us to provide guidelines on developingablét pulse-operation protocols. This
allows us to gain a greater control of the deviperation by predicting the turn-on
probability of the memory devices for various apglivoltages and pulse-time-widths,
which, in turn, can even be used to justify thevjmesly reported ‘trial-and-error’ method
of operating the devices.

Throughout the discussion, | have not identifie@ thicroscopic nature of the
percolated conducting paths in the PS:PCBM memewce. Although | cannot provide
a complete information on the composition, | hawaducted further experiments to

investigate the temperature-dependent charge werespd the environmental effect on the
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switching process in order to exclude some of thesiple candidates. Our analysis
suggests that the conducting paths are composechrbbn-rich regions formed by
pyrolysis between which tunneling-based conduaticeurs.

Although a complete information on the microscapéture of the conducting paths
can not be provided, | have attempted to deduce wdrsstitutes the conducting path of
the memory device from the characteristics of tBePEBM memory device shown in the

experiments below.

A. Conduction mechanism of the PS:PCBM memory elevic

I have discovered that the conducting paths ardikely to be metallic filaments
(either Au or Al). Firstly, Au is an inert metal wh requires a larger electrochemical
potential to make filamentary paths for electrocloatmetallization processes, compared
to reactive metals such as Ag and Al. | also appéiepositive voltage bias on the Au
electrode (i.e. bottom Al electrode grounded) idenrto avoid Al* ion migration in the
film. Secondly, a non-ohmic conduction was seemfte/ curves of the ON state (see the
inset of Figure 3.4). Metallic filaments typicalshow a linear I-V curve (i.e. ohmic
conduction) at a lower voltage and a slightly nioredr (concave downward) curve due to
an increased resistance by Joule heating at arhightage'®>-* which has been observed
in metal-oxide-based unipolar memories. The I-Wesrof the LRS in our study showed
an opposite trend.

I examined the temperature dependence of the I+Wesuwhile maintaining the
memory devices in the LRS and HRS. The I-V curvethe LRS remained almost the
same over the measured temperature range, whae&¥ tcurves of the HRS showed a

thermally activated transport. This indicates ti& transport mechanism of the LRS is
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completely different from that of the HRS. Possibbnduction mechanisms without a
significant temperature dependence as shown fdtR&include metallic conduction and
tunneling based conduction mechanisms. Howeveaglhedilaments could be eliminated
based on the discussion above, and therefore timeling based mechanism would be a
possible candidate. As shown in Figure 3.13(apulat describe the conduction in the LRS

with a combination of a direct tunneling and Fowlardheim tunneling equati&fl as,

3
2dVzm @ 4dVam* o2

[=CVe n  +CV%e 3av | (3.2)

where C; and C, are constantgis the electronic chargen® is the effective mass,
d is the tunneling distance arl is the tunneling barrier. Although the good fihaaot
be a complete proof of tunneling, the fit yieldseasonable physical quantities such as
® ~1eV and d ~ 1 nm. However, the above equation is by no means a lepep
description of the tunneling process, since thextgu strictly applies to a single tunneling
barrier. | expect that the tunneling most probaidgurs through multiple barriers, which
would explain the temperature-insensitive conductio

On the other hand, the conduction in the HRS wamdoto be significantly
temperature dependent since the current decredsexd thie temperature decreased (see
Figure 3.13(b)). The I-V curves for the HRS cardbscribed with an ohmic conduction at
a lower voltage (below 0.2 V) and a trap-limiteésp-charge-limited-current (SCLC) at a
higher voltage over the entire range of temperatiisee Figure 3.13(b)). The ohmic
conduction regime can be explained by a condudtioa to a small concentration of
thermally generated charge carriers and the SCh®neecan be explained with a SCLC

model with an exponentially distributed charge $i&j*%

I ~q ™uNpos (Zm — %)m (m — i)m_l (Efvir)m_l ym/dazm-1, (3.2)

m
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where N; is the density of the trap states, is the vacuum permittivitye, is the
dielectric constantu is the mobility, andd is the length of the conduction path. Figure
3.13(c) shows that the slope of the I-V curwe, is thermally activated since the occupied
trap density would depend on the temperatureTAs «, m = 2 which is the limiting
case for a trap-free SCLC conduction. Therefoeectinduction mechanism switches from
a trap-limited thermally activated transport in tHigS (i.e. an intrinsic charge transport in
the PS:PCBM film) to a tunneling based conductiothe LRS due to the formation of the

percolated conducting paths.
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Figure3.13 (a) The I-V curves over a temperature range fromK %o 350 K for
the LRS in a linear scale with a fit with the Eqaat3.2 shown as the solid line
and (b) The I-V curves over the same temperaturgerdor the HRS in a log-log
plot. (c) The temperature dependence of m in theaion 3.3 which corresponds
to the SCLC model with an exponential trap disttiiru

B. Environmental effect on the switching proce83iPCBM memory devices

| performed the environmental effect on the menu&yice operation to eliminate the
existence of metallic filaments/particles. | disemad that normally operating PS:PCBM
devices (shown in Figure 3.14(a)) could not be aj@el when measured in ambient
conditions. When the memory device was exposeit, ttha device could not be turned on
after the RESEET process (see Figure 3.14(b) d#{Q). However, when the device was

put back in vacuum, it operated normally again {gpee 3.14(d)), showing the reversible

45



effect of oxygen and moisture on the resistive duiitg. A similar environmental effect

has been reported in other organic resistive merderjces with similar unipolar |-V

curves.[41] From these experimental results, itlmaseen that conducting path formation
is a process affected by moisture and oxygen inathbient atmosphere. The memory
devices based on metallic filamentary paths caopeeated in ambient conditions.[42-44]
The metallic filament/particles formation is mostiused by electrochemical metallization
which is an electrochemical process initiated byahien migration in the active channel

which would be relatively insensitive to oxygen andisture.
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Figure 3.14 The I-V curves of the PS:PCBM memory devices iffedent

environmental conditions: (a) the I-V curve in aitial vacuum condition, (b) the
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first I-V curve in an ambient condition, (c) thecead I-V curve in the ambient

condition and (d) the I-V curve when the device wasback in vacuum condition.

C. Possible formation of carbon-rich regions

Our results shown above provide a strong indicéatat the conduction mechanism
is tunneling-based. However, | have not specifiedrature of these states between which
the tunneling occurs. Although there are multipfndidates including charge-transfer
complexes, metallic particles formed by electromitigm and carbonaceous regions formed
by pyrolysis due to Joule heatiligl. | can eliminate some of the candidates by our
experimental data.

Firstly, the charge-transfer complexes are unlikelyorm in PS:PCBM due to the
energy-mismatch of around 1 eV between B0 ® —3 eV and Eggmo = —7 eV)
and PCBM ELymo = —4 eV and Eggmo = —6 €eV). This is also supported by a nearly-
indifferent OFF current values between the PS:PC&h PS-only memory devices
(Figure 3.2 in the main manuscript and Figure 3.14)

Secondly, from these experimental results, it cansben that conducting path
formation is a process affected by moisture andyeryin the ambient atmosphere. The
memory devices based on metallic filamentary patha be operated in ambient
conditions’>81% The metallic filament/particles formation is mgsticaused by
electrochemical metallization which is an electeriical process initiated by metal ion
migration in the active channel which would be tigldy insensitive to oxygen and
moisture. Thus, metallic filamentary/particles aabso inappropriate candidates for
conducting paths of PS:PCBM memory devices.

On the other hand, the formation of carbon-richaegwithin the PS:PCBM film can

be resolved with most of our experimental outcorResider and FlemiH§ predicted that
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highly-conductive carbon-rich filamentary pathsnfioduring the resistive switching in
memory devices made of PS due to localized Jowdérethat leads to pyrolysis during
the soft electrical breakdown. They have reporteular I-V curves for the LRS and IRS
to our data shown in inset of Figure 3.4, as wekl semperature-independent resistance of
the LRS and an increasing HRS resistance with eedsing temperature, which indicate
that the conduction mechanism is similar in ourFEBM devices. | therefore expect that
there are highly conductive carbon-rich areas fofffleduring the SET process between
which the tunneling conduction occurs accordintheomodel proposed in Equation 3.2.

There are several works which have shown a temperaitdependent resistivity of
amorphous carbon made from pyrolysis of organiens!*®4° In addition, the tunneling
between carbon-rich areas can be treated analggtashe conduction in graphite-
polymer composites[50] which is described as tungdbetween graphite particles above
a threshold graphite composition ratio. The regtstof the tunneling conductiory, can
then be modelled as,[51,52] « sin (nckzT)/mckgT, where c is a function of the applied
voltage, kz is the Boltzman constant afidis the temperature. This predicts that the
resistivity is shows a small dependenceTowhenc is small, which could explain our
temperature-dependence data for the LRS. Furtherntloe reason for the oxygen and
moisture effect could be due to the reaction betmibe carbon-rich areas formed during
the pyrolysis and the oxygen which would undergeedes of reactions to oxidize the
carbon-rich areas.

Finally, 1 observed a significant dependence w©f on temperature from the
measurement of over a temperature range from 260 K to 340 K (Fg815(a)). It is

shown thatt exponentially increased when the temperature dserkfor the samesyss

(Figure 3.15(b)). This indicates a strong tempeeatiependence af considering that
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changed by two orders of magnitude when temperateaged from 260 K to 340 K for
VsiessOf 3.2 V. When the temperature was as low as 260dd not reduce significantly
even under a high Messunlike at high temperature (as seen from the slgp¢he curves

in Figure 3.15(a)). The strong temperature depecelerf t could be explained by a
varying degree of thermal dissipation through tletatelectrodes at different temperatures.
The metal electrodes have much higher thermal adivily than the PS film (~I0higher
than PS) and can be treated as a heat reserveiloWer the temperature, the higher the
rate of the heat dissipation through the electrotlesrefore, a longer time would be needed
to acquire the same amount of heat energy to foensdrbon-rich region near the electrode,
which leads to a longet. In addition, there is a contribution from a sraalhmount of
Joule heating at a lower temperature since the sti®@ed a thermally activated transport
(Ea~ 0.1 eV, see Figure 3.15(c)).

Although the formation of carbon-rich regions expéathe various properties of PS:
PCBM memory devices, there also exist some pragsedi the devices that are difficult to
account for in the formation of carbon-rich regioRsr example, it does not explain the
constant R regardless of current states. The fawmaf carbon-rich regions is induced by
Joule heating which is caused by a current flower&fore, | can infer that R should
increase when the current increases, just as Reases with an increasing voltage.
However, as | showed in Figure 3.10(a) and ins&igdire 3.10(b) in main manuscript, R
does not change according {a |

| compared the characteristics of the PS: PCBM mmgrdevices with those already
presented to explain the microscopic nature. Assallt, | found that the formation of
carbon-rich regions was the most convincing explanaHowever, further studies are

needed to clarify the microscopic nature of theFERBM memory devices in the future.
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Figure 3.15 (a) Thedependence of T on Vsyessat different temperatures from 260
K to 340 K for Lketof 0.1 mA. (b) The Arrhenius plot afunder \4yessof 3.2V and

lset= 0.1 mA. (c) The current of the HRS at differ@néextracted at 3.2 V by
fitting the data shown in Figure 3.13(b).

Now, | suggest an overall picture of the turn-oogass. During the SET process, a
trap-limited conduction occurs in the highly-resistHRS (see ‘HRS’ in Figure 3.10(c))
which begins to initiate the formation of carbockriregions via Joule-heating-induced-
pyrolysis. As a result, some of the carbon-richarg become strongly connected which
forms a current path in which the tunneling tramspocurs, whereas other current paths
remain weakly connected. This results in a sliglalyer overall resistance and the current
in the device is dominated by the well-connectederu paths. The device becomes fully
ON (i.e. LRS) when more carbon-rich areas are gg¢edrto form a larger number of

strongly connected current paths (‘LRS’ in Figur&Qgc)).
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Figure 3.16 A linear fitting for the Weibull plots of twm-on With the memory devices
made of 3 other materials: (a) PS, (b) PMMA, and (c) Al,Os with Au nanoparticles.

In order to check whether the probabilistic natfrthe resistive switching process is
universal for other active materials, | conductaslsame tests on three different materials;
PS, poly(methyl methacrylate) (PMMA), and-@ with Au nanoparticles (NPs). The
memory devices with the different active matereto turned on under a constantevs
below the threshold voltage, showing similar bebes/bf the stepwise current increase.

Figure 3.17(a) shows I-V characteristics of the rmgndevices made with PS as an
active layer. Even without the nanocomposite maligrithe devices showed a unipolar
memory property. Under a constant voltage stregsPS memory devices showed similar
properties as the PS:PCBM memory devices; the mummereased with several steps until

it finally reached the compliance (Figure 3.17(b)).
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Figure 3.17 (a) A representative I-V graph of the memory desimade with PS

as an active layer. (b) Current-stress time cumwveer \yessof 2.7 V

In order to find whether the memory devices withestorganic materials show the

same stepwise increase of current under a consiliage stress, | made resistive memory
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devices using PMMA as an active layer. Figure &a18pows that the memory devices
with PMMA had a typical unipolar resistive memomoperty. When a constant voltage
stress was applied, the memory devices also shawadar properties; the current

increased stepwise over time (Figure 3.18(b)).
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Figure 3.18 (a) A representative |-V graph of the memory devices made with

PMMA as an active layer. (b) Current-stress timeves under Vessof 2.7 V

The memory devices made of 8t with Au nanoparticles (NPs) as an active layer
were studied to investigate potential differenaeshie memory characteristics between
organic (studied in the previous sections) andganic materials. The inorganic resistive
memory devices showed similar |-V curves with tlrevipus organic memory devices
(Figure 3.19(a)). ON and OFF currents were bothelotvan the organic memory devices
but the shape of the curves were similar to thatheforganic devices. The inorganic
memory devices also showed stepwise increase mrduinder a constant voltage stress
(Figure 3.19(b)). Thus, | could guess that the ertypof the stepwise current increase is a
universal property, regardless of the active malefiunipolar memory devices that show

NDR.
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Figure 3.19 (a) A representative I-V graph of the memory desieade with
Al,O; with Au NPs as an active layer. (b) Current-sttgas curves under Mess
of 29V

The measuredut-on Values of the memory devices made of all the wfie active
materials could also be described by the Weibstritiution, as shown iRigure 3.16. The
exponential dependence afand R with \Mwesswas also consistently observed for the
different materials of PS, PMMA, and A& with Au NPs which support the percolated
network model, like in PS:PCBM.

In order to check whether the slope oftofersus \ressiS an intrinsic parameter that
depends on active materiatsof the three devices with the three different make were
obtained. Note that the valueswthemselves are not important here because thoge va
on how Letis selected. | have chosegrbased on the different ON current for the différen
materials. However, the slopes DVersus Viessdo not depend onel (Figure 3.10(b)).
Interestingly, the slopes showed almost the sanhgesandependent of the materials
(Figure 3.20(a)). This means that the voltage deégece of R is the almost same for all
the four different materials (Figure 3.20(b)). Thisuld reflect the nature of a common

underlying resistive switching mechanism of thepofar memory devices.
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Figure 3.20 Dependence of (aj and (b) R on Messaccording to devices of
different active materials angkdchosen as shown in the legend.

Therefore, our results show that the different male all show a probabilistic
formation of percolated conducting paths. The olzgen implies an underlying common
resistive switching properties in the different ervals with different materialistic
properties (i.e. varying from organic insulatorsganic hanocomposites to inorganic
insulators), as expected from the similar I-V cgreéthe memory devices (see Figure 3.17
to 3.19).

However, our results also reveal subtle differermmta/een the resistive switching in
the different material systems. The shape paramgtewas found to be different for
different materials which reflect different shapefs the percolation network of the
conducting paths. For example, the correlationgofo the properties of the percolation
network is seen clearly in the case for PMMA (Fay8r16(b)), which shows degradation
after the 11 cycle. After the degradation, the OFF current éases by an order of
magnitude which may be due to the remaining stsongdnnected current paths.
Concurrently, 8 increases sharply by an order of magnitude wimdlcates the formation
of more localized conducting paths around theseam@ng strongly connected current

paths, after the degradation. Although the changaniith respect to Messwas similar for

54



the devices with PS and PMMA cases, in the cagda¥; with Au NPs, the dependence
of # on Vsresswas not clear. A similar independencyfbn Vsiesshas been previously
reported for time-dependent dielectric breakdownasneements of inorganic gate
dielectric materials for field-effect transistéi%&3*!

Our results demonstrate that both the experimamigistatistical analysis techniques
used for investigating time-dependent resistivet@wig behaviors can be applied to
various material systems. This, combined with fertlexperiments to identify the
microscopic origin of the conducting paths, will a@owerful tool for understanding the

resistive switching mechanism in memory devices.
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3.3. Experiments

Device Fabrication:Al bottom electrodes with line-widths of 1Q®n and a thickness of
30 nm were deposited by thermal evaporation thraughadow mask on cleaned &)
substrates. UV-ozone was illuminated to clean thissate and enhance the film quality
of spin-coated PS:PCBM. Four different materialsanesed as the active layer - PS:PCBM,
PS, PMMA and AIOs; with Au NPs. PS:PCBM and PS were made from salutixtures

of 32 mg of PS and 2.5 mg of PCBM dissolved in 4 ofichlorobenzene and 8 mg of PS
was dissolved in 1 mL of chlorobenzene, respegtivehe solutions were spin coated onto
the bottom electrodes in ambient condition andrateof 2000 rpm for 40 seconds. Then,
the samples were soft baked at 60 °C for 10 mintfas contact pads of the bottom
electrodes were exposed by an acetone-soakeddttgm swab. The samples were hard
baked at 120 °C for 60 minutes. The PMMA layersenmiade from a solution of 1% of
PMMA with the molecular weight of 950,000 dissoledanisole. The solution was spin
coated onto the bottom electrodes at the rate@® 40m for 40 seconds. After the exposure
of the contact pads for contact with the swabstraples were baked at 120 °C for 1 minute.
In case of the active layers of .8k/Au NPs/AbOs, they were sequentially deposited
through the same shadow mask by an electron beaporator. The thicknesses of the
active layers were ~40 nm for PS:PCBM, ~40 nm 8y 40 nm for PMMA, and 20 nm/2
nm/20 nm for AdOs/Au NPs/ALO; layers. The top gold electrodes with line-width4 @0

um and a thickness of 30 nm were deposited throughadow mask by electron beam
evaporation for all the devices. The memory celk sivas defined as 1Q0n x 100um.

Note that | treated the substrate and bottom Adtedde with UV-ozone to enhance the
PS:PCBM film quaility and the device yield. One nzaycern that Al@formed on the Al

electrode due to the UV-ozone treatment affectstédal characteristics of the memory
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devices. However, Figure 3.21 shows the treatmiehhaok significantly affect electrical
characteristics of the memory devices, althougldthéce yield was higher due to a higher

film quality.
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Figure 3.21 Current-voltage characteristics of the resistivenmary devices (a)
with UV-ozone treatment and (b) without UV-ozoneattment.

Device characterizatianAll the electrical measurements were performed imacuum
environment (~18Torr) with a semiconductor parameter analyzer (dejt 4200 SCS).
The scan rate of the voltage sweep in |-V measun&sneas typically 0.54 V/s. The bias
voltage was applied to Au top electrode while thdédttom electrode was grounded. One
cycle of the measurement was defined as a seedfufrent-stress-time scans from 2.7 V
t03.2V (i.e., 2.7V stress, RESET, 2.8 V str&dsSET, ..., 3.2 V stress, and then RESET).
In overall, 100 cycles of the voltage-stress mezrsent were conducted for the PS:PCBM
devices. The purpose of the measurement sequers¢owaduce the systematic errors

related to the voltage-stress effect (e.g. devaggatiation).
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3.4. Conclusion

| investigated the time dependent turn-on phenoroéoaipolar resistive memory
devices by performing voltage-stress measureméhis.turn-on time was observed to
have a finite distribution which reflects an insio probabilistic nature of the turn-on
process. By statistically analyzing the turn-ondinlistribution, | found that the current
paths formed a percolation network with shape pigseand formation rate both of which
vary significantly with the stress voltage. Ourulés could be applied to estimate the turn-
on probability of the memory devices during writewgd reading processes during the pulse
operation, which strengthen the practical relevavfcthis study for developing suitable
operation protocols for unipolar resistive memorgvides. | discovered that the
probabilistic nature of the percolated conductiraghp formation was shared between
unipolar resistive memory devices with differentiae materials (PS, PMMA, and ADs
with Au NPs).Our results indicate that controlling these peroofacurrent paths could
enhance the electrical stability of the memory desj which would be a key element for
making practical memory devices. The analysis basédleibull statistics presented in the
study may also be applicable for investigatingraeastive switching properties of various

other types of resistive memaories.
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Chapter 4. Controllable deposition of organic metal halide
perovskite films with wafer-scale uniformity by single

sour ce flash evaporation

In this thesis, | described evaporation method exopskite films which can be
used for flexible resistive memory devices. Conwealt solution-processing technigues
such as the spin-coating method have been usedssfally to reveal excellent properties
of organic-inorganic halide perovskites (OHPSs) fgtoelectronic devices such as solar
cell and light-emitting diode, but it is essenttal explore other deposition techniques
compatible with large-scale production. Single-smuiflash evaporation technique, in
which a single source of materials of interestapidly heated to be deposited in a few
seconds, is one of the candidate techniques fgelarcale thin film deposition of OHPs.
In this work, | investigated the reliability and rdeollability of the single-source flash
evaporation technique for methylammonium lead iedislAPbk) perovskite. In-depth
statistical analysis was employed to demonstrad¢ tthe MAP films prepared via the
flash evaporation have an ultrasmooth surface anifioun thickness throughout the 4-
inch wafer scale. | also show that the thickness grain size of the MAPbfilm can be
controlled by adjusting the amount of the sourcéd anmber of deposition steps. Finally,
the excellent large-area uniformity of the physipedperties of the deposited thin films
can be transferred to the uniformity in the deviegformance of MAPbIphotodetectors
prepared by flash evaporation which exhibited tegponsivity of 0.2 A/W and detectivity
of 3.82- 10" Jones.

4.1. Introduction

Organo-metal halide perovskites (OHPs) have conte tine spotlight as the power
conversion efficiency of solar cell using OHPs mageased dramatically in the past few

years[1-7]. Since then, OHPs have demonstrated l@mhpperformance in other
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optoeletronic devices such as light emitting diod4sDs)[8-12], photodetectors[13, 14],
lasers[15] and phototransistors[16]. Out of varimethods studied in the field, solution-
processing[2, 17, 18], thermal evaporation[19, &@) chemical vapor deposition[21, 22]
have gained the most attention as methods for dep®HP thin films. Especially, spin-
coating is the most commonly used lab-scale daposihethod because it is a low-cost
and easily accessible process. Although some woake reported remarkable device
performances in large-area perovskite optoeleatral@vices made with spin-coated
perovskite films[9, 23], the solution-process fumagtally imposes limitations in reliably
producing uniform films over a large area. In aiddit the spin-coating methods have
evolved to achieve high-quality OHP films for stafethe-art devices by adopting
additional techniques[17] such as hot-casting[2s6lvent engineering[24, 25] and two-
step sequential deposition[3, 26, 27], which irehlif adds complexities, and therefore
reduces the overall controllability of the process.

The evaporation method, on the other hand, haseatal for uniform large-area
film deposition[28, 29], conformal film depositiamn uneven surfaces[30], as well as a
simple patterning with shadow masks[31]. Addititpadince it is a solvent-free process,
there is no need to consider surface tension obgiby of the underlying layer. Organo-
halide precursor (e.g. methylammonium iodide, Mayl lead-source precursor (e.g. lead
iodide, Pbj) can be thermally evaporated by co-evaporation na¢t® 32], sequential
deposition[33-35] or vapour-assisted deposition[387] to form OHP (e.g.
methylammonium lead iodide, MARDIfilms. Although these deposition methods are
well-established, it is still challenging to pro@u©HP films with the desired stoichiometric
ratio between the three different ionic componéwytgvaporation because the precursors

have very different vaporization temperatures[28].
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Flash evaporation method has gained attentiorcasdidate for evaporating two
or more precursors from a single thermal sourceapydly raising the temperature in a
very short time[20, 30, 31, 38-41]. In principlbgetrapid vaporization of the precursors
induces complete and uniform evaporation of theymsors, while maintaining the same
ratio between the different components in OHP. 1Smls with flash evaporated OHP films
have exhibited over 10% of power conversion efficig39, 41], which is comparable to
the early stage spin-coated OHP films[17, 42]. kenrnhore, the flash evaporation method
has been expanded to deposit OHP films with mixethic and halide species[30], which
is challenging for the aforementioned other evatamanethods[28]. Although this aspect
of flash evaporation presents a prospect of exgjod diverse compositional range of
OHPs, there has been relatively a few reports wihiabhe systematically studied the
controllability of the flash evaporation method ahd uniformity of OHP films produced
by this method. Especially, flash evaporated OHiRsfihave only been reported to be
uniform in small areas, but wafer-scale unifornhigis rarely been investigated to assess its
applicability for mass-producing devices with umnifo performance. In this paper, |
demonstrate that OHP films with wafer-scale unifitymcan be formed by flash
evaporation. In addition, it is difficult to monitahe deposition rate and control the
resulting film thickness with flash evaporation doethe rapid nature of the evaporation
process, unlike other methods. For optoelectroeidogs, the thickness of the active layer
is critical in determining the device performanc[44]. Therefore, a reliable deposition
of OHP films with controllability over a wide rangd target thicknesses is desired for
meeting different requirements in terms of film kdweristics for various device
applications. Our study directly shows that thekhess of flash evaporated OHP films can

be controlled by simply adjusting the mass of therse material. Similarly, | discovered
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that the grain size of the flash evaporated OHP films varied with the mass of the source
materials loaded, and that the grain size could even be controlled by introducing multi-step

depositions.

4.2. Results and Discussion

In this study, I focused on the deposition of MAPDI; films (see Figure 1(a) for the crystal

structure) by flash evaporation. Figure 1(b) shows a schematic image of the

Vacuum chamber
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S I 2
MAPbI, substrates
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Power supply syste':'n mp
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Figure 4.1 (a) Schematic illustration of MAPDI; crystal structure. (b) Schematic
illustration of deposition of organo-halide perovskite film via flash evaporation.
The inset shows photographs of MAPbI; single crystal powder. (c) A photograph
of the substrate holder for film uniformity test with the labels that indicate the
location of the substrates (from A to F).

flash evaporation process adopted in this work. The pre-synthesized MAPbI; single crystal
powder was used as the source instead of Pbl, and MAI precursors (see the inset of Figure
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4.1(b)) in order to obtain better quality films agito an exact stoichiometric ratio between
the different ionic components of MARbWithin the single crystal[30, 45]. The exact
amount of single crystal powder was loaded onuhggten boat which is located inside of
vacuum chamber. The source-to-substrate distansel@signed to be 30 cm which is the
longest distance among source-to-substrate digaotdlash evaporation reported so
far[20, 31, 38, 40, 41]. This is so that | coulthi@ze a uniform deposition of MAPbbver

a large area at the substrate end. The MA§ihgle crystal powder was heated by rapidly
ramping up the heater current to 100 A in 3 seca@tds constant voltage of 0.31 V. The
powder was then evaporated within 60 seconds apdsited on substrates which were
located on specific locations of the holder. Thiowgf this paper, | will refer to different
sample locations in the 4-inch wafer size substhatigler as labeled in Figure 4.1(c)
(substrate location A to F) to assess the unifgrimiithe deposited MAPBbFilm.

I checked the film quality of flash evaporated MAPBHBIms by probing their
structural and optical properties as shown in Figu.2 and 4.3. An optical micrograph of
the flash evaporated MAPMiImM patterned by a shadow mask showed a smodatitiaan
film with a clearly distinguishable boundary at tage (see Figure 4.2(a)). The top-surface
images of the films measured by field emission scanelectron microscope (FE-SEM)
and atomic force microscope (AFM) are presentétgnres 4.2(b) and 4.2(c), respectively.
A typical grain size determined from the FE-SEM gads 40 nm which | will discuss
further later in the paper. A smooth and pinhokefisurface was observed with the
roughness of approximately 5 nm (2.86 nm localigufe 4.2(c)).

Figure 4.3(a) shows the X-ray diffraction (XRD)u#s. The green line shows the
XRD result of the single crystal powders of MAPIbked as the source, which closely

resembles the calculated XRD results. It signifie a high purity MAPhIsingle crystal
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powders were successfully synthesized. The blue and red lines show the XRD results of
the flash evaporated and spin-coated MAPDI; films, respectively. The positions of the (110)
and (220) peaks were the same for all the XRD results (14.1° and 28.5°, respectively),
confirming the identical crystal structure of the flash evaporated MAPbI; film with those
prepared by other methods. As no peaks other than (110) and (220) peaks appeared, the
deposited MAPDI; films exhibit a strong preferred orientation along the (110) surface[30,
32, 46, 47]. In addition, the high purity of the flash evaporated film is indicated by the
absence of diffraction peaks that correspond to Pbl, (asterisk marks (12.6°)). Note that this
is an interesting observation because many previous studies [31, 38, 40, 41] have
demonstrated that the addition of excess MAI was necessary to deposit pure MAPbI; films

without Pbl, impurities.

Flash Sio,
evaporated substrate
MAPDI;

film

Roughness: 2.86 nm

— 25

_ e s -25
Figure4.2 (a) An optical microscope image of the flash evaporated MAPbI; film.
(b) SEM image and (c) AFM images of flash evaporated MAPDI; film surface.
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UV-visible absorbance and photoluminescence (Plgctsp were taken to
investigate the optical properties of the flashpewated MAPH film (see Figure 4.3(b)).
The estimated optical bandgap from the absorbgreetrsim by using the Tauc plot[48] is
1.61 eV (see the inset of Figure 4.3(b)) and Pl jpgeahown at 756 nm with a full-width-
half-maximum (FWHM) of 45 nm, both of which agreeliwvith the reported values for
MAPDIsin literature[15, 49]. When compared with the spoated MAPK] film produced
as a reference sample, it showed similar absorbandePL spectra. From the structural
and optical characterizations, | could safely aonfthat our flash evaporated MARbI

films had a high film quality without a significaatmount of impurities formed.
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Figure 4.3 (a) XRD data of the flash evaporated film, spimteal film and single
crystal powder. Calculated results from the unit geMAPDI; are also shown.
(b) UV-visible absorbance and PL spectra of MAFBIm deposited via flash
evaporation. The inset shows Tauc plot to estintaeoptical bandgap of the

perovskite film.

I checked that the evaporated perovskite films &achiform thickness and the
same optical properties over the whole wafer. Befesting wafer-scale film uniformity, |
compared the film uniformity between the flash ewaped perovskite film to spin-coated
perovskite film (reference) on the 1:5 1.5 cnt substrate. The thickness values of both

films were measured by randomly selecting 20 pantsross-sectional FE-SEM images.
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The average thickness values of the flash evaporated and spin-coated films were similar
(207.1 nm and 225.0 nm, respectively), while the standard deviation for the spin-coated
film was about 10 times larger (30.2 nm compared to 3.0 nm for the flash evaporated film).
Given that the standard deviation value of 3.0 nm for the flash evaporated film is similar to
the surface roughness value measured by AFM, the variation in the sampled thickness
values can be assumed to be due to the morphology, not the variation in the actual thickness
within the film. It can be seen that the film made by flash evaporation has a much uniform

thickness and a smooth surface.
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Figure 4.4 Uniformity test of flash evaporated MAPbI; films. (a) Cross-sectional

SEM images for the thickness comparison of the MAPDI; film by the substrate

location given in Figure 1(c). (b) The measured thicknessvalues presented in box

and whisker diagram at each location.

(c) A histogram of all the thickness data.

(d) Comparison circles from the Tukey test. (¢) Color map image of the average

thickness values at each substrate location on the 4-inch wafer.

(f) The

estimated thickness of the perovskite film by Gaussian process. (g) UV-visible

absorbance spectra of the MAPbI; films at the different substrate locations.

In order to investigate whether there was a change in the thickness depending on
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the location over the 4-inch wafer, cross-sectidflatSEM images were taken for the
evaporated films at each substrate location labatabrding to Figure 4.1(c) (Figure
4.4(a)). The thickness values were measured abi2@spof the film for each substrate in
order to carry out statistical analysis. Figud(H) is a graph summarizing the thickness
values extracted from each substrate location drasva box and whisker diagram. The
dots within the boxes represent the average valndsboxes show the first and third
quartile range of each distribution. The linesdesihe box represent median values and
the whiskers show the minimum and maximum valudé®e Box and whisker diagrams
show the similarity in the distribution of the thiess values at different locations. Figure
4.4(c) shows the distribution for all the measut20 thickness values from the different
locations shown in Figure 4.4(b) plotted togettmeome histogram. The thickness values
did not significantly deviate from the average eabf 115.6 nm (the standard deviation
was 3.1 nm) at all substrate locations. More imgouty, there were no multiple peaks in
the normal distribution fit, which suggests thdtthé thickness values belong to a single
distribution. Tukey-Kramer honest significant difeace test (Tukey test)[50] was
performed to quantitatively determine whether trstritbutions of the thickness values at
the six different substrate locations (shown inurég4.4(b)) can be judged as the same
distribution. Tukey test is a statistical test thewmpares multiple distributions
simultaneously and shows how different they arenfemch other, which can be used to
categorize similar distributions into separate geuFigure 4.4(d) is a graphical
visualization of the Tukey test results. The coriguar circles are shown in Figure 4.4(d)
have their centers each aligned with the averaglkrtbss values and the radii proportional
to the standard deviation values of each distrdoutirfhe more the comparison circles

overlap, the more similar the distributions are.rdiehe comparison circles are all
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overlapped and therefore all the distributions t@njudged as the same distribution
sampled from the same population. Analysis of vaxéga(ANOVA) test[51] was also run
to support whether the average values of two oerdmtributions are statistically identical.
Thus, all the average thickness values at eachtratddocation can be considered
statistically identical. To visualize the uniforgiin the film thickness over the whole 4-
inch wafer, | used a color map to plot the averegieies of the film thickness at each
substrate location from A to F (Figure 4.4(e)). Tdnerage thickness values at each
substrate location differed by less than 2 nm wiscémaller than the standard deviation
value of 3.1 nm (Figure 4.4(c)). Figure 4.4(f) slsosimulation results obtained by the
Gaussian process regression with the whole 12krtbgs data. The variation of the
predicted thickness across the wafer was as smalpproximately 2 A. In addition to the
thickness measurement, UV-visible absorbance argpBtira were measured for the films
deposited at each substrate location to confirmttiey all have the same absorbance and
PL responses regardless of location (see Figur@).4All these results consistently
support the wafer-scale uniformity of the flash mmated perovskite film over the 4-inch

wafer.
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Figure 4.5 (a) A graph of thicknessof the flash evaporated perovskite film as a
function of the amount of the MAPbDI; single crystal power source. (b) Cross-
sectional SEM images for a single- and multi-step deposited perovskite films by
flash evaporation for comparison. (c¢) Top-view SEM images for showing grain
size variation for deposition with different source mass. (d) Grain size correlation
graph of the deposited perovskite films according to the source mass. The inset
shows a predicted controllable range of the grain size and thickness of the MAPbI3
films by the empirical fit shown as the dashed line.

The controllability of the flash evaporation method was demonstrated by
depositing various thicknesses of perovskite films by varying the weight of the source
materials. The thicknesses of the films were measured by using a cross-sectional FE-SEM
as in the uniformity measurement. The thickness increased linearly with increasing the
weight of the source from 50 mg to 750 mg (see the red triangle points in Figure 4.5(a)).

However, as the weight of the source exceeded 750 mg, the increase in the thickness
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became sub-linear. In order to mitigate the noadmrelationship above the threshold
weight of the source of 750 mg, | introduced a ivatktp deposition (i.e. the perovskite
films were successively deposited multiple timdspr example, to deposit a target
thickness of 250 nm, 500 mg of the source perowgkitwders were deposited twice (a
total of 1000 mg), which could then be describecallinear relationship again (see the
blue diamond points in Figure 4.5(a)). Figure 4)5¢hows the representative cross-
sectional SEM images of MAPhfilms deposited with different weights of the soeir
Flash evaporation with 1500 mg of the source pos/dees not yield twice the thickness
of the MAPbE film with 750 mg of the source powders. Howevargcessively evaporating
750 mg of the source twice gives a MAPHIM twice the thickness (See Figure4. 5(b)).

| discovered that the grain size could also berotlat by varying the weight of
the source powders. The grain size tended to iserasithe source mass increased (Figures
4.5(c) and 4.5(d)). | also discovered that thergsae did not vary significantly depending
on the number of deposition steps while the thiskriacreased linearly for a double-step
(390 nm) and triple-step (620 nm) evaporated filanghe source mass of 750 mg, which
potentially provides a way for controlling the graize independently with the thickness
(see the inset of Figure 4.4(d) for the predicttye of grain size for each thickness). The
grain size of crystals in perovskite films, alonghwits thickness, is an important parameter
that determines the device performance of optaeleict devices. In the case of solar cells,
the carriers should be able to move freely fromabeve layer (the point of generation
within) to the electrodes (where they are extrae¢ted the larger the grain, the better the
collection efficiency[40]. In the case of LEDs, @ler rate of recombination is desired,
and therefore a smaller grain size would be requodabricate LEDs with higher emission

efficiencies[52]. Therefore, our findings can beghy relevant for investigating the
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relationship between the grain size and device performance of optoelectronic devices based

on flash evaporated perovskite films.
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Figure 4.6. Device characteristics of photodetectorgrepared by flash evaporation.
(a) I-V characteristics under 520 nm laser with different intensities. The inset
shows the optical microscope image of the fabricated MAPbI3 photodetector. (b)
Time-dependent photoresponse of the photodetector under few cycles of turn-on
and off. (c) The I-V characteristics under light and dark conditions for the
photodetectors prepared by the flash evaporated films at the different substrate

locations.

In order to demonstrate how the wafer-scale film uniformity discussed so far can
be transferred to the uniformity in the optoelectronic device performance, I fabricated
photodetectors which are one of the most suitable devices due to their simple structures
that require only the deposition of two top contact electrodes on evaporated perovskite
films (see the inset of Figure 4.6(a) for the device structure). For performance comparison,
a photodetector using spin-coated MAPDI; film was also fabricated. The detailed
fabrication process is explained in the Methods section. Figure 4.6(a) shows typical current-
voltage curves of the photodetector with the evaporated film under light illumination with
532 nm wavelength and various laser intensities. The photocurrent gradually increased with
increasing the laser intensity due to increased photogenerated carrier concentrations. The

responsivity (R) which is the ratio of the excess current generated by light illumination to
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the incident light power was studied. The respatsidecreased as the light power
increased. This can be attributed to the incresaroier-carrier scattering or filling the
deep trap states with a longer lifetime, which getalprovide a higher photocurrent at a
lower light power[53-55]. The estimated respongivit 0.20 A/W for the photodetector
with the flash evaporated film and 0.55 A/W for gtetodetector with the spin-coated film
at a bias of 20 V and light power of 0.21 uW. Détaéty (D*) which is another parameter

to characterize the sensitivity of photodetectioaswcalculated according tB* =

1
R (Raﬂ) ?  where bais the dark current, A is the area of the photdsigagegion and

e is the electric charge. The highest value ofafiefey was found to be 3.8% 10 Jones
within the measured range for the photodetectdn #ie flash evaporated film. This is a
comparable value to the detectivity of 6.%410" Jones for the device with the spin-coated
film. These device performance parameters are cabjf@to the previously reported
MAPbIs-based photodetectors[31, 56-58] and commercialpl8itodetectors (< 0.2
A/W)[47, 59]. Figure 4.6(b) displays repeated ohfgderation of the photodetector with
the flash evaporated MAPYiIM. The device showed relatively fast photo-rasges (< 1
s), stable and reproducible operation during thasuement cycles. Finally, in order to
demonstrate how the wafer-scale film uniformitycdissed above can be transferred to the
uniformity in the photodetector device performaridabricated photodetectors with flash
evaporated films at different locations (see Figdré&(c)). The measured device
characteristics were nearly identical regardlesh®bample substrate locations (B, C, and
F), which shows that | can achieve the wafer-soaléormity in the device performance

by our flash evaporation method.

75



4.3. Experiments

Synthesis of MAPDI 3. 2.66 g of PbO and 1.90 g of @KHsl (MAI) were dispersed in a
mixed acid solution of HI (18 ml, 57 wt% in watemd HPO, (2 ml, 50 wt% in water).
The solution was heated at 130 °C until all theprsors were dissolved. The solution was
then cooled to room temperature to precipitate MARBIngle crystals. The crystals were
isolated by filtration and dried in vacuum condiiso

Film preparation.

Substrate cleaning’he thermally grown 270 nm thick SiOn Si substrate and glass were
sequentially cleaned with acetone, 2-propanol, dgidnized water in a sonicator for 10
min at each step. Si@nd glass substrates were exposed to 50 W, 30@mudition of Q
plasma for 120 seconds.

Deposition of MAPhfilm by flash evaporatiorPrepared MAPRBIpowder was placed into
a tungsten boat. After the pressure in a chamb@ippd down to below 110° Torr, the
substrate holder was rotated in 24 rpm for filmfamity, and the current of tungsten boat
was rapidly increased to 100 A in 3 seconds. Thantemperature of the tungsten boat
was raised rapidly and MAPHpowder sublimated. The nominal deposition ratel f@a

the sensor was approximately-80 A/sec. When the deposition rate decreased tA/Bdc,
the process was terminated and the total depogitimwas within 60 seconds.

Deposition of MAPhIfilm by spin-coatingSpin-coating was conducted according to the
known hot-casting methéd0.5 M of perovskite precursor solution was pregaby
dissolving the prepared MAPppowder in DMF. The cleaned substrate was heated at
120 °C on the hot plate. Then, the heated substrasequickly moved to the spin-coater
and the precursor solution was spin-coated onuhstsate for 40 seconds at 5000 rpm.

Fabrication of photodetector. The Au top electrode lines with 50m width and 50 nm
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thickness were deposited using a patterned shadisk om prepared perovskite film. The
electron-beam evaporator pressure wa$d® Torr and the value of the Au deposition rate

on the sensor was approximatelj/sec.

Film Characterization.

SEM measurement$he thickness and surface morphology of the péites$ilm were
analyzed by FE-SEM (JSM-7800F Prime) using an eladbeam accelerated at 5 kV for
surface morphology study and 10 kV for thicknessiyt

XRD measurement&rystallographic structures of perovskite films evanalyzed by high
resolution X-ray diffraction (HRXRD) technique (Rikgu Smartlab).

Steady-state PL measurementteady-state PL spectra of the thin film samples
(glass/MAPD4 film) were measured using a spectrofluorometerS@@ FP-8500). The
excitation wavelength was 520 nm and used Xenofaarp (150 W).

Absorbance measuremernitie absorbance of the thin film samples (glass/BIARIM)

was measured using a UV/Vis spectrophotometer {ifeirker LAMBDA 45).

4.4. Conclusions

| designed a single-source flash evaporation settipa long source-to-substrate distance
to deposit MAPKIfilms directly over 4-inch wafer. The thicknessdstle films were
measured at various locations of the 4-inch wafidrstatistically analyzed to demonstrate
that the thicknesses of the films were constardgutinout the whole 4-inch wafer. The
optical properties of the flash evaporated filmsevalso identical throughout the wafer.
The correlation between the amount of the singletal perovskite powders loaded to the
source and the thickness of the deposited filmstizdied to demonstrate the controllability

of the evaporation. | observed that the depositédPM; film thickness was proportional
7



to the source mass until a critical point, aboveéctvithe film thickness started to saturate.
The proportionality was recovered by introducing mhultiple numbers of deposition steps
which additionally provided a way for controllinget grain size by varying the source mass
and number of deposition steps. The wafer-scaldoumity was preserved for
photodetector devices fabricated with flash evagoraViAPbE films. The fabricated
devices showed the responsivity of 0.2 A/W and alistity of 3.82 x 10 Jones which
are comparable to the previously reported MARIaised photodetectors. Our results
demonstrate that single-source flash evaporation lwa a promising route towards
controllably and reliably depositing large-areagwskite films, and therefore producing

perovskite-based optoelectronic devices in largdesc
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Chapter 5. Tailored Design-of-Experiments Approach for
Optimization of Flash-Evaporated Organic I norganic
Halide Perovskite-based

In this thesis, | described optimization methodi¢posit perovskite films which
can be used for flexible resistive memory devi8axjle-source flash evaporation method
has recently gained attention for its potentiabaspid and solvent-free deposition method
for producing organic-inorganic halide perovskit®HP) films in large-scale. However,
due to a complex nature of the different experialgrarameters involved in the deposition
process, it is not straightforward to obtain thdiogal condition for producing high-quality
OHP films. In this study, | tackle this problem émyploying the design-of-experiment
(DoE) process, which is an efficient statisticabbsis for finding an optimized condition
with a minimized number of experiments. The DoEgss was used for optimizing the
responsivity of the OHP photodetector devices aiathe input variables used in the
deposition that yielded an enhanced responsivityl@2 mA/W, which is up to an order
of magnitude higher than that of the unoptimizedais. Our experimental results using
the DoE method provide not only the conditions nelifor enhancing the device
performance but also the guidelines for improvitg toverall film quality through

exploring the variable space of the flash evapaoratechnique.

5.1. Introduction

Organic-inorganic halide perovskites (OHPs) haveemdly received enormous
attention due to their excellent properties foroefectronic[1-17] and electronic[18-21]
devices. Out of various deposition methods stutigbe field, solution-processing[7, 22,
23], chemical vapor deposition (CVD)[24, 25] ancrihal evaporation[26, 27] have
gained the most attention for OHPs. Spin-coatichneues of OHPs are mainly used in
lab-scale device fabrication because itis a logt-aod easily accessible process. Although
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some works have reported remarkable device perforesain large-area perovskite
optoelectronic devices made with spin-coated pdditevdiims,[12, 28] the spin-coating
techniques face a challenge in producing reliabteuiform films over a large area. On
the other hand, evaporation methods have showneat for producing uniform films
over a large area.[29, 30] The evaporation metllodsot require the use of solvents and
thus have the advantage that the films can be degdasithout solvent-induced-damages
which are critical for organo-metal-halide perowskifiims.[31, 32] Organo-halide
precursor (e.g. methylammonium iodide, MAI) andllsaurce precursor (e.g. lead iodide,
Pbk) can be thermally evaporated by various methoels do-evaporation method,[26, 33,
34] vapor-assisted deposition[1, 35] or sequedgalosition[36-38] to fabricate OHP (e.g.
methylammonium lead iodide, MAPIfilms. Although these deposition methods are
well-established, it is crucial to produce OHP 8Iwith the desired stoichiometric ratio
among the three different ionic components by ekatmm because each precursor has
different sublimation temperatures.[30]

The single-source flash evaporation method[273921] has gained attention as a
candidate for thermally evaporating from either @ead-precursor source or pre-
synthesized stoichiometric OHP source by expeditiotaising the temperature in a short
time. In principle, the rapid vaporization of thegle crystal precursors results in a uniform
and homogeneous evaporation of the precursors wigilataining the same ratio between
the different components in OHP.[32] Furthermolhe single-source flash evaporation
method can be expanded to fabricate OHP films witked cation and halide species,
which is challenging in other methods.[30] Althoutlilese aspects of the single-source
flash evaporation present potential of explorindieerse compositional range of OHPS,

there has been relatively few reports which hastesyatically studied the film quality
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optimization by considering the relationship betweslevant input and response variables
of the flash evaporation method.

The one-factor-at-a-time (OFAT) method, which isncoonly used as a systematic
experimental method, has clear disadvantagesttisaelatively time-consuming and does
not consider interaction effects because only opeativariable is considered at a time.
Moreover, most of the experimental designs typjcadiquire a long time to gather a
sufficiently large training data set. Even aftee tmodel is completed, precise data
predictions are limited to the variables within thage of the training data set. In this way,
the effects of single input variables, e.g., sw#tettemperature,[42] excess amount of MAI,
and chamber pressure[41] on the resulting film iquaf the evaporated OHP films have
been previously studied by following the OFAT methdHowever, multi-variable
interactions and correlations between the inputragponse variables for achieving desired
film properties have not yet been investigatedh®best of our knowledge.

On the contrary, the design-of-experiment (DOE)rapph[43, 44] is a multivariate
statistical method that is optimized for minimalpexmentation. In addition, the DOE
method allows us to consider the correlation betwbe variables in the analysis step and
discover optimal experimental conditions via regm@s analysis. Because the DOE
approach considers various variables simultanepitsiy an efficient tool for achieving
experimental targets in a relatively short peribtirae, given that a clear objective is set.
Although the DOE approach remains as a powerful too performing multivariate
statistical analysis, it has been rarely usedrfeestigating the film deposition conditions
of organo-metal-halide perovskites.[45]

In our study, the DOE approach was used to andhgeelationship between the

variables that affect the film deposition in thast evaporation method, which in turn,
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provided guidelines for optimizing the depositioonditions that produce high-quality
perovskite films with the desired optoelectronicoperties. Our developed flash
evaporation method was recently shown to be higégyoducible and only had few control

variables, both of which are suitable for employihg DOE approach for optimizing the

film quality. In the analysis process, | first istigated the input variables that affect the

physical and optoelectronic properties of the dipdperovskite films and extracted the
relationships between these properties. By extgndhe film characterizations to
photodetector devices, the DOE method was ablestdiqi the responsivity values, which
allowed us to design devices with a high respotysivalue that was up to an order of

magnitude higher than that of the devices fabretétem off-optimum conditions.

5.2. Result and Discussion
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Figure 5.1. (a) A graphical representation of the Box-Behnkesign for three
factors (heating current, source mass, and excedsradio). (b) A schematic
illustration of single-source flash evaporation deposit a MAPHKI film. (c)

surface and (d) cross-sectional SEM images, andn(@FM image of the flash-
evaporated MAPRIfilm. (f) X-ray diffraction pattern of the flashvaporated
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MAPDI; film (red) and calculated data (black) from thet well of MAPDL. (g)
UV-visible absorbance spectra (blue) and PL spémd) of the MAPK] film (h)
I-V characteristics of flash-evaporated perovskiteotodetectors under white
light illumination (red) and dark (black) conditnwhich were used to extract

responsivity R) and specific detectivityl(*).

The overall stages of DOE method can be best destas sequential procedures
that consist of 1) planning the experiments, 2akag the experiments, 3) analyzing the
results, and 4) optimizing via data analysis. mdtage of planning the experiments, input
variables, response variables and experimentabnlemie chosen according to the set
objective. In this study, | employed response s@faethod (RSM) out of various
experimental which is suited for optimizing depiositconditions for producing high-
quality flash-evaporated MAPbfiims.[46, 47] Among the RSM designs, the Box-
Behnken design was chosen because it is an effidiesign that needs relatively few
numbers of experiments for optimization. It acgsidata that correspond to experiments
at the center of each side of the cubic variabdesl8] (see Figure 5.1(a)). The length of
each side of the cube represents a range of irgudbles and each point at the center
(represented as circles in Figure 5.1(a)) corredpda a set of input variables (i.e. an
experimental condition) used for each experimenthé Box-Behnken design, when three
input variables are selected, 13 different expentaeconditions are determined, and the
center point experiment condition (dark blue ciinl&igure 5.1(a)) is repeatedly evaluated
three times to verify reproducibility and robusthesf the model. By using such an
experimental model, the experiments are arranggdady such that potential bias towards

specific experimental conditions is avoided. Therefit is a convenient model to analyze
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the effect of individual input variables on eacbpense variable, as well as the interactions
between them.

The objective of the DOE process was to find thinogd deposition condition for
single-source flash evaporation of MARKImM (from the set-up schematically drawn in
Figure 5.1(b)) that results in high-performance tpbetectors. In total, three input
variables were selected based on the previousestudi flash evaporation of OHP films.
An excess amount of MAI added to the source (heaess molar ratio of MAI to MAPbI
powder) was selected as the first variable becausss been reported to play a role in
reducing Pkl impurity in the evaporated film which is relatexdthe relative purity of the
evaporated film.[41] The other input variables wére mass of MAPRIsingle crystal
source (source mass, the second variable) andetitad current (related to the heating
temperature, the third variable) which control ikl amount of evaporated materials and
sublimation rate, both of which affect the thickeesd grain size of the deposited MAPDI
films. By combining these three input variabled ttantrol the relative purity, grain size,
and thickness of the MAPbfilms, | attempted to find out the relationshipstieen
physical properties, optoelectronic properties, #mal resulting device performance of
photodetectors made with the flash-evaporated MARbis.

In the DOE process, the selection of the evaluatmpe, which is expressed as the
size of the variable cube shown in Figure 5.1@jniportant because | can extract the
effect of multi-input-variables on each responseade, and thus find out optimum
experimental condition within the evaluated ranfjthe variables. The range of the input
variables should be selected such that it is netthee wide to prevent an accurate linear
regression analysis nor too narrow to risk the tdggenerality of the extracted model. As

a 1:1 molar ratio between MAI and MARblas found to be ideal for reducing Pbl
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impurity in a previous study,[41] the evaluatiomga was selected from 0.5 to 1.5 mol
ratio. In order to control the range of thicknessf 500 to 2000 A, the source mass (the
second variable) was evaluated in the range frodnt@550 mg. For the heating current
(the third variable), 60 A represented a slow suaation of the source, nearly approaching
the rate of conventional thermal evaporation. Tloeeg the heating current was evaluated
in the range between 60 A and 140 A. In ordernd 6ut the effect of the aforementioned
input variables, various physical and optoelectropioperties were measured. The
measured properties were chosen as the responaeleaiused to perform the multivariate
analysis. The selected response variables areugdiilon properties: grain size, thickness,
roughness, relative purity, and photoluminesceRtg peak position and photodetector
device properties: responsivity and specific détagt(Figures 5.1(c)-(h)).

Here, | show how | characterized each responsablarby outlining the results for
the evaporated film under the central conditiorfingel by the variable coordinate of 500
mg (source mass), 100 A (heating current), andribDratio (excess MAI ratio). Firstly,
the structural properties were probed by microscapy X-ray diffraction (XRD)
measurements. The resulting evaporated MARbi had a grain size of approximately 37
nm and a thickness of 1333 A (133.3 nm) as detesthfrom the top-surface image and
cross-sectional image measured with field-emissicanning electron microscope (FE-
SEM) (Figures 5.1(c) and (d)). The surface morpbgplof the film was probed by
measuring the root-mean-squared value of surfaggreess (Rq), which was measured to
be 1.8 nm by atomic force microscope (AFM) (Figbirg(e)). The crystallinity of the film
was analyzed by XRD data which showed peaks atdi®i®28.0 degrees (2 that coincide
with the predicted results (Figure 5.1(f)). In &, to determine the relative purity of the

film, Rietveld refinement[49-51] was used to qutatively estimate the amount of Rbl
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present in the MAPBIfilm from the XRD data. Since the ratio of Pbi the MAPD} film
is proportional to the XRD peak intensity, | defirthe relative purity of the films with the
following formula,

ImaPbIg (14-0°))
’

Relative purity = 111( Ipr, (1269

where Iyappr, (14.0°) and Ipy, (12.6°) represent the XRD peak intensity at

14.0° and 12.6° that correspond to MAPIlEnd Pbi, respectively. Secondly, the
photophysical properties of the MARHilm were measured by PL and UV-Vis absorbance
spectra to determine the wavelengths of the enmsgieak and absorption edge,
respectively. The PL peak position appeared at @6&rnm which is identical to the
expected results from previous studies[39, 52,a5@] UV-vis absorbance edge appeared
at 758 nm (Figure 5.1(qg)).

Two of the most important response variables oéradt can be the device
performance parameters of the photodetectors fatdavith the flash-evaporated MARDI
film. They are the responsivityR] which represents a quantitative measure of howhmu
excess electrical current output comes out whemitated with light input and specific
detectivity ") corresponding to the magnitude of the signal tésen ratio of a

photodetector per unit bandwidth and unit areaddtail, the responsivity and specific

1

detectivity are determined bR = (I;jgnt — laark)/(PA) and D*=R( 4 )2 :

2elgark

respectively, wheréign is the current under illuminatiotyaw is the dark curren® is the
light intensity,A is the area of photosensitive region of the OHIRg finde is the electric
charge.[17, 54, 55] The calculated responsivitthefdevice made with the film deposited

under the central condition was found to be 57.8\Wifat the applied voltage of 20 V and
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incident light power of 6671W) and the specific detectivity was found to be %.8CF
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Figure 52 (a) Multi-variable correlation matrix plot. (b) PRe=sentative
correlation graphs for source mass and film thiskngrain size and PL peak
position, relative purity and off current, and resgivity and surface roughness.
The ellipses in the graphs show the regions wighctinfidence level of 90 %.

I now explain how the response variables menticatsal/e were analyzed via the
DOE approach to study the correlation between st@abtural and photophysical property
of the evaporated films, which later can be reldtethe device performances. A total of
15 experiments were conducted with 13 differenegypf perovskite films made for each
condition specified in Figure 5.1(a). Before thgression analysis was conducted, the
correlation matrix plot was used to understandttiveelation between the variables, which
were quantitatively estimated through the valuecofrelations (Figure 5.2(a)). The
correlation matrix plot which is a set of scattgriplots between variables provides a
simple and holistic approach to check the relahgs between the variables before
performing detailed regression analysis. The cati@is were analyzed by extracting the

density ellipse for pairs of each input and resporeriable. The density ellipse displays
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the area that contains 90% of the total data imr€i.2(b). When 13 numerical variables
were analyzed by the correlation matrix plot, tber@ation matrix plot in Figure 5.2(a),
which consists of 8 variables, could be expressefbd¢us on a set of variables with a
significant degree of correlation. The followingufccorrelation results were aligned with
our expectations: the thickness of the depositedificreased as the source mass increased,
as expected (plot A in Figure 5.2(b)). The wavetbrgd the PL peak position increased as
the grain size increased (plot B in Figure 5.2(Bhis red-shift in the PL emission as larger
grain size is related to photon-reabsorption oftemilight in larger crystal grains, as
reported previously.[56] The higher the relativeifyuthe larger the dark (off) current (plot
C in Figure 5.2(b)), which is related to Phtting as a charge-intercept barrier[57] (i.e. the
dark current increased as the relative proportibPlo, decreased). The responsivity
decreased when the film surface became roughet [plm Figure 5.2(b)). A smooth
morphology is likely to improve the charge transpatich can lead to improved
photoconductive gain, and therefore a larger photeat.[58] Although there is no
absolute standard for the correlation coefficientétegorization, the r value falling within
the range between 0.68 and 1.0 (plot A and B incage) can be generally considered to
indicate a strong correlation, and the range betwed6 and 0.67 (plot C and D in our
case) a moderate correlation.[59]

There were nontrivial correlation results that cooé identified with the correlation
analysis such as relatively strong correlationsvbeh heating current versus off current
(+, positive correlation), PL intensity versus Hriess (+), grain size versus roughness (+),
and PL intensity versus responsivity (+) and thekveorrelations between excess MAI

ratio versus thickness, MAI ratio versus grain siedative purity versus responsivity, and

relative purity versus specific detectivilthough some of these weak correlation results
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were unexpected (e.g. excess MAI ratio versus ti@s&/grain size and relative purity
versus responsivity/specific detectivity), |1 coubdild upon these simple correlation
analyses to examine the most relevant factors foimizing the photodetector device
performance parameters by performing detailed ssipa analyses.

Before going into the regression analysis stepisitnecessary to verify the
reproducibility of the results to confirm the rolness of the experimental environment. |
checked the reproducibility by comparing the thegperiments performed for the central
condition and re-evaluated additional conditionshia DOE cube. The data clearly show
the reproducibility of the thickness, grain sizglative purity, and responsivity under the
central condition and an additional DOE Conditidhe DOE approach, which analyzes
data from multiple angles, can reduce misinterpiaidy considering the interactions that
can be overlooked in the optimizing process by OR#€thod. Through regression analysis,
each response variable can be quantitatively esgocas a function of input variables to
derive meaningful relationships between variousm filproperties and device
performance.[60] The regression analysis was paddron 7 response variables-grain size,
thickness, roughness, relative purity, PL peak tjwrsi responsivity, and specific
detectivity- which revealed that grain size, thieks, relative purity, and responsivity
values could be modeled well with input variabl@s the other hand, the accuracy of
modeling roughness, PL peak position, and sped#iectivity was relatively low, and
therefore these variables were excluded from theesyuent analysis.

For each response variable, | can represent theesgign model as a three-
dimensional (3D) scattering plot with the axes aadge corresponding to the input
variable cube shown in Figure 5.1(a). In the cdsthe thickness (Figure 5.3(a)), if |

examine a cross-section from the 3D scatteringgagtendicularly to the excess MAI ratio
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axis at MAI/MAPDbE ratio of 1 (shown as the brown dashed line in FEdu3(a)), a two-

dimensional (2D) contour plot can be extracted whh source mass and heating current

(Figure 5.3(b)). If I look closely at the lines atpwith the heating current values of 60 A

(green line in Figure 5.3(b)), 100 A (orange), dd@® A (black), the thickness increases

linearly with the source mass for all the curregitres (Figure 5.3(c)). However, the slope

of the increase in the thickness varies accordirtlyg heating current: the lower the heating

current, the larger the slope. This is an exampémanteraction effect, where the effect of

one input variable (i.e. source mass) on a respeasable (i.e. thickness) depends on

another variable (i.e. heating current).
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Figure 5.3 (a) A 3D scattering plot of the film thickness axding to the heating

current, source mass, and excess MAI ratio (MAI/NSAPfrom the regression

analysis. (b) A contour plot of the film thicknesscording to the heating current

and the source mass. (¢) Graphs of the film this&raes a function of the source
mass at the different heating currents of 60 Adgrkne), 100 A (orange line),

and 140 A (black line). (d), (e), and (f) are theng graphs as (a), (b) and (c) but
represent the grain size instead of the film théden
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The regression analysis for grain size (Figuredj)3éveals the feature of interaction
effect more clearly. | can no longer observe sintipear relationships between the source
mass and the grain size in the 2D contour plohax@ess MAI ratio of 1 (Figures 5.3(e)
and (f)). Depending on the heating current, théngseze either increases (heating current
of 60 A) or decreases (140 A) with source masss Eha good example of an interaction
effect, where a response variable (i.e. grain siajffected strongly by interaction terms
of multiple variables (i.e. heating currexntsource mass). In other words, the grain size
cannot be represented by a simple linear modes iBhihe origin of an apparently weak
correlation between the grain size and the soumgsrfrom the correlation matrix plot in
Figure 5.2, since the interaction with other vadeali.e. heating current) was neglected.
Similarly, each interaction between input variables each response variable can be
effectively expressed by the interaction plot. @¥lerl have demonstrated that the
multivariate regression analysis allows us to miedarious film properties by modeling
their complex relationships with multiple input iaies which collectively define the film
deposition conditions.

The goal of our study is to employ DOE for optimigifilm deposition conditions
for obtaining high-performance flash-evaporatedopskite photodetector devices. The
DOE process allowed us to predict the responsiatyies of photodetector devices via
regression analysis as can be shown from a higtaRe. In order to optimize the
responsivity, the deposition condition can be siniplind where the predicted responsivity
value reaches maximum in the regression analysigdtrdn this way, it is possible to
fabricate photodetectors with film deposition cdiatis predicted to achieve the maximum
responsivity value without individually controllirte factors that affect responsivity such

as grain size, relative purity, and trap densitgvéitheless, it is informative to carry out a
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detailed correlation analysis in order to find ¢ main factors accountable for the

optimized device performance. Therefore, | focusedextracting relationships between

responsivity and other response variables for whitiable regression models with high

R? values were obtained: thickness, relative pusatyd grain size.
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Figure 5.4. 3D scattering plots of (a) the responsivity andtle) relative purity
according to the heating current, source mass, MAYMAPbDI; from the
regression analysis. Contour plots of (b) respatysand (d) the relative purity is
extracted from 3D scattering data (Figure 5.4(d)(a)) at the source mass of 300,

500, 700 mg.

As shown in the 3D scattering plot (Figure 5.4(&#)% responsivity is predicted to

increase as the source mass increases. This istedpdue to the strong influence of the

source mass on the deposited thickness of the gdteviilm (Figure 5.3(c)). Since the
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tested thickness range is significantly smallenttiee expected light penetration depth in
MAPDI;[61] the generated photocurrent at the same iright power will attune to a
similar scale with the thickness of the film. | lsaaxperimentally confirmed the thickness
scaling in the responsivity by comparing photodetedevices made with multi-stacked
perovskite films.

| tried to discover hidden details within the exjeek thickness scaling of the
responsivity by looking at 2D contour plots (Figérd(b)) generated from planar cross-
sections of the 3D plot for the source mass ofrfB@red dashed line cut in Figure 5.4(a)),
500 (yellow), and 700 mg (black). Figures 5.4(c)l éd) are the 3D scattering plots and
corresponding 2D contour plots generated from #wrassion analysis for the relative
purity of the evaporated film. When comparing Fegi5.4(b) and (d) as a whole, the
responsivity and relative purity do not seem toehavclear correlation, which implies
complexities in relating the responsivity and rigkatpurity from the input variables.
However, when it comes to a smaller deposition ttmrdrange, a noticeable correlation
can be found. More specifically, if | divide thegrens according to the heating current
value as “Region A” from 60 A to 120 A and “RegiBhfrom 120 A to 140 A (see Figures
5.4(b) and (d)), a negative correlation betweepaasivity and relative purity can be seen
in Region A in the contour plot for the source maisg00 mg (top panels of Figures 5.4(b)
and (d)). This result is consistent with previoggarts that the responsivity increases with
incorporation of Pbl impurities in the perovskite film.[57, 62-64] Thaigin of the
different trends between the responsivity and ikgdgpurity in Region B is not entirely
clear, but a finite formation of extra perovskithases such as low dimensional
perovskites[52] by evaporating films at the higlativeg current values near 140 A may

contribute to the discrepancy. The grain size aspansivity showed a relatively small
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correlation, which may be due to a limited rangeth@ grain size tested in our study
compared to previous works.[65]

In order to experimentally confirm our regressiodels with actual data, |
fabricated photodetectors with perovskite filmsparated under six deposition conditions
at the edge of Region A and Region B (the orangkebdack points in Figures 5.4(b) and
(d)). Firstly, for the three conditions denotedtlas orange points in Region A, | could
confirm the negative correlation between the redatpurity and the responsivity, as
predicted by the regression analysis, i.e., thatik@ purity increased and responsivity
decreased as increasing the excess MAI ratio.

In addition, | further investigated the origin bietnegative correlation between the
relative purity of the evaporated film and the msgivity from the films deposited at these
three conditions: a low relative purity film seetngontain some Phon the surface of the
perovskite film suppressing non-radiative recomtimanear the contacts[57, 62-64].
Secondly, for the other three deposition conditidasoted as black points in Region B,
the relative purity of the film remained relativedgnstant but the responsivity decreased
with the excess MAI ratio (Figure 5.4(b)), whicls@lconfirms the predictions from the
regression model. The sound agreements betweerexperimental results for the
responsivity and relative purity with the predictiof the regression models guarantee the

reliability of the formulated regression models.
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Figure 5.5 (a) I-V characteristics of white light illuminatguhotodetectors with

three different MAPhKI films which are flash-evaporated under the optadiz
(red), central (black), and worst (blue) depositiondition. The inset shows log-
scale I-V curves of the optimized photodetectorainghite light illumination
(red) and dark (black) conditions. (b) The prediatesponsivity values from the
regression model (white) and experimental valued)(ander various deposition
conditions.

As the final step of the DOE process, | fabricaagphotodetector device with the
optimized film deposition condition and evaluatesidevice performance. The optimized
deposition condition for maximizing the responsiwias predicted to the source mass of
650 mg, the excess MAI mol ratio of 0.5, and thatimg current of 110 A. For comparison,
other photodetectors were also fabricated with ysite films deposited under the
conditions expected to perform worse: including phedicted worst deposition condition
(the source mass of 750 mg, the excess MAI mab i&til.5, and the heating current of
140 A). Figure 5.5(a) shows the photoelectric ctigrastics of photodetectors made of the
perovskite films deposited under several differdaposition conditions including the
optimized and the worst condition. As expected, phetocurrent was largest in the
optimized photodetector and smallest in the worshddion photodetector. The

responsivity of the optimized device was found €©112.2 mA/W, as confirmed from
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multiple evaluations. This is a 98% improvementrotree responsivity of the central
condition photodetector, and 600% improvement otkext of the worst condition
photodetector. Moreover, to confirm the aforemerdob influence of Pblon the
photodetector performance, approximately 0.3% &f Whs detected in the deposited film
via Rietveld refinement of the X-ray diffractiontpen.

Although the specific detectivity values of phottmtgor devices were not discussed
previously due to low reliability of the regressiomodel, the specific detectivity could be
also significantly improved with the value for thptimized device showing an order of
magnitude higher compared to that of the deviceidated under the worst deposition
condition. It is remarkable that the device perfante parameters could be improved
significantly by only proceeding parametric optiatibn of deposition conditions and
without the introduction of a new deposition metlawdarchitectural improvement of the
device. Although the optimum deposition conditi@sjuired with our analysis may not
be directly transferred to other deposition systatue to variations in experimental
conditions, the methodologies demonstrated heomgalvith our analysis results, can be
applied to any deposition systems. Furthermorewark demonstrates the advantage of
DOE process for its accuracy in the predictabiitghe photodetector responsivity values
under various deposition conditions and the efficieof the device optimization process

which requires only a small number of experiments.

5.3. Experiments

Synthesis of a MAPHBingle Crystal Powder2.66 g of PbO (99.9% trace metal
basis) and 1.90 g of GNHsl (MAI, 99.5%) were mixed and dissolved into a mird of

18 ml hydriodic acid (HI, 57 wt% in water) soluti@and 2 ml hypophosphorous acid
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(H3PQG;, 50 wt% in water) solution. The solution was hdae 130 °C on a hotplate until
the precipitates completely disappeared. Thergdhgion was cooled at room temperature
to precipitate a MAPAIsingle crystal powder. The single crystal powdas Witrated and
dried in a vacuum condition.

Perovskite Film EvaporationThe thermally grown 270 nm thick Si@n Si and
glass were used as substrates. The substratessagurentially sonicated in acetone, 2-
propanol, and deionized water for 10 min each. Thies SiQ and glass substrates were
cleaned using ©plasma treatment for 120 seconds. For flash ewaipar the synthesized
MAPDI; powder was loaded onto a tungsten boat in a vacthember. The cleaned
substrates were placed into the chamber at a h&i§btcm from the source material. Then,
the chamber was evacuated to a pressure of Tagrtuftysten boat was rapidly heated by
applying a current of 100 A. The source powder fullg evaporated within 30 s.

Characterization and Measurement: Scanning electnaoroscopy (SEM)The
images of the perovskite film were captured usiBiylZ800F Prime at 5-10 kV.

X-ray diffraction (XRD): Crystallographic structures of perovskite films eer
analyzed by high-resolution X-ray diffractometeiR¥RD) technique (Rigaku Smartlab).

Rietveld refinementXRD patterns were subject to Rietveld refinemesihg the
GSAS-Il B4 software for phase quantification. Strong prefér@ientations of the
deposited films required use of the March-Dollagacfion; peak broadening was treated
with the domain size model due to the relativelyBigrain sizes (approx. 50 nm via SEM).

Photoluminescence (PL) spectroscdpteady-state PL spectra were measured using
a spectrofluorometer (JASCO FP-8500) with a 52Cemnitation source.

UV-visible absorbance spectroscopdbsorbance spectra were measured using a

UV/Vis spectrophotometer (PerkinElImer LAMBDA 45).
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Atomic force microscopy (AFMThe perovskite layer surface was characterized by
an atomic force microscope system (NX 10 AFM, PRyktems).

Device fabrication:In order to fabricate photodetector, Au electrogdth a
thickness of 50 nm were deposited on the prepaegdvpkite film by electron-beam
evaporator through a shadow mask. The channelHheagtl width of the fabricated
photodetector were 5im and 1 mm.

Device measurementhe perovskite photodetector characteristics wezasured
using a semiconductor parameter analyzer (Keitd2Q0 SCS). All the measurements
were performed in a vacuum environment.

Data Analysis:All data were analyzed by a statistical analysegpam (SAS JMP

Pro 15).

5.4. Conclusion

I have employed DoE approach for systematicallyestigating the deposition
conditions and film properties of single-sourceslfiievaporated MAPpffilms with the
aim of optimizing photodetector device performarpetotal, OHP films were deposited
under 15 different experimental conditions spedifiy three input variables -source mass,
excess MAI, and heating current- selected by thg-Behnken design to map various
response variables that represent the structurdl gotophysical properties of the
deposited films and photodetector device paramefEng correlations between the
different film and device properties were investighby using both a correlation matrix
plot and regression analysis that enabled a ddtaleltivariate analysis. Our analysis
reveals a significant interaction between the vdeis, which indicates a complex nature of

the relationships between each film property ane ithput variables. Therefore, a
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simultaneous consideration of the variables viaudtivariate approach is essential for
optimizing the film deposition conditions, whichnreot be achieved with a commonly
practiced one-variable-at-a-time method. | havei¢abed photodetector devices with the
optimized deposition conditions predicted from thegression model (showing a
responsivity value of 112.2 mA/W), which can bewrately predicted from the regression
analysis. Overall, our work promotes DoE approashaa efficient statistical tool for

optimizing perovskite film deposition conditions dara reliable route for extracting

information on multi-dimensional relationships beem material and device properties,
which can be expanded to other complex optimizgti@mblems remaining in the general

materials and device communities.
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Chapter 6. Summary

In this thesis, | described the research resultslynéocusing on unipolar non-
volatile resistive memory devices for flexible dtenics application. In particular,
materials that can be used in flexible resistivenmey devices and the fundamental physics
of unipolar resistive memory devices were studied.

First, | demonstrated that even with inorganic malg, flexible memory devices
can be fabricated by using a low temperature apgrcess. | fabricated resistive memory
devices with AJOs on a conventional tape substrate. The memory ds\sbowed good
electrical performance regardless of bending caditThe memory devices held their
ON/OFF states for over 18 and withstood 200 cycles of switching with ahh@N/OFF
ratio (~ 10°%).

Secondly, | investigated the fundamental physicsuwipolar resistive memory
devices. The unclear operating principle of thealar resistive memory devices is a major
cause of slowing the development speed of thetnesisnemory device. | indirectly
explored the fundamental physics of the memoryadebiy applying voltage stress to the
memory device and exploring whether the currentteeavith time. By statistically
analyzing, | found that turn-on process can bearpt by formation of conducting paths
and the formation occurs probabilistically depegdon the external voltage value. |
discovered that active materials showing unipolasistive switching shared the
probabilistic nature of the conducting path forrmati

Finally, we studied an organic-halide perovskitaga material that can be used for
resistance change memory. | demonstrate that siuglece flash evaporation is a

promising method to deposit large-area perovskitesfcontrollably and reliably. Although
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| did not fabricate the resistive memory devicengghis material, | provided a milestone
for fabricating a large-scale perovskite resistivemory device by studying the MARDI

evaporation method.
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