DOI: 10.1002/adfm.201806002

Article type: Full Paper

Expl

T

oi@situ Redox and Diffusion of Molybdenum to

Enahleskhin-Film Circuitry for Low-Cost Wireless Energy

Harvem

Youngbae m&ebecm L. Peterson*

Department of E!;trical Engineering and Computer Science, University of Michigan, Ann Arbor,

Michigan,

C

122, USA

E-mail: bliters@umich.edu

Keywo
electro

This is
been th

rdsmous oxide semiconductors, thin-film circuitry, additive fabrication, large-area
nics, solution process

¢ fabrication of thin-film electronics using high-mobility, wide-bandgap amorphous oxide
semiconductor (AOS) can pave the way for integration of efficient power circuits with digital
electronics. For power rectifiers, vertical thin-film diodes (V-TFDs) offer superior efficiency and
hig§i freﬁuency operation compared to lateral thin-film transistors (TFTs). However, the AOS V-
TFDs reported so far require additional fabrication steps and generally suffer from low voltage
handht

(

form:

apability. Here, we overcome these challenges by exploiting in situ reactions of molybdenum
the solution-process deposition of amorphous zinc tin oxide film. The oxidation of Mo
rectifying contact of the V-TFD while the simultaneous diffusion of Mo increases the diode’s
Vo of operation. The resulting V-TFDs are demonstrated in a full-wave rectifier for wireless
en harvesting from a commercial radio-frequency identification (RFID) reader. Finally, by using

o film for V-TFD rectifying contacts and TFT gate electrodes, our process allows
M fabrication of both devices without any additional steps. The integration of TFTs
alopgsi -TFDs opens a new fabrication route for future low-cost and large-area thin-film circuitry

with embed@led power management.
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1. Introduction

Additivl fabrirtion of thin-film electronics offers critical solutions for the “More than

Moore” er s to compatibility with flexible substrates and large-area uniformity, additive

fabricatio rea electronics (LAE) has achieved commercial success in the display
I

market. Ts use of LAE is now expanding to provide enhanced functionality to medical,

wireless, Qand flexible systems.[12] To enable autonomous operation, wireless energy

harvesting -film components is often desired, for example in RFID tags. In parallel to

S

these LA ogls, the ongoing drive toward miniaturization of electronics demands

functional ification via heterogeneous integration. Although silicon (Si) complementary

U

metal oxi onductor (CMOS) integrated circuits (IC) offers better electrical performance

than thin-film circuits, the maximum operation voltage of sub-22nm node Si CMOS is typically

)

less than herefore integration with electrical components that require higher input

d

voltages r oard-level solutions or use of high voltage (HV) Si CMOS processes with

larger g ths. To bridge this gap, higher-voltage thin-film electronics can be directly and

additiv ricated on sub-22nm node CMOS.[45]

M

In both gof these sectors, thin-film circuits are needed to provide power harvesting and

[

managemen example, wireless powering of either LAE or miniaturized CMOS ICs requires

alternatin t-to-direct current (AC-DC) conversion, while assembly of sub-blocks for

O

diverse fu ty requires DC-DC power conversion to provide various operating voltages.

§

Such power manggement circuitry requires power rectifiers and switches that operate at high

{

efficiency ide range of voltages. To meet this need, numerous thin-film materials have

U

been invesii or use in power devices. Some work has been done on thin film transistors

for inpu t bridging or high voltage, low-current switching,[*¢-81 but most efforts have

A

focused on r rs for energy harvesters in RFID tag applications. The materials investigated
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so far for power rectifiers include amorphous oxide semiconductors (AOS),[%19 organic
semiconductors,[1112] or combined material architectures.[!3] Although research on organics(1415]
is ongom(we a higher charge carrier mobility,[*¢] which is crucial to operate power
devices at w squency and efficiency.[17] Due to the advantageous material properties of AOS,
both latéra™EHiA=fIm transistors (TFTs)[% and vertical thin-film diodes (V-TFDs)[10] have been
demonstr* use in RFID energy harvesters. V-TFDs show superior performancel10.18]
because thgir lowe@r turn-on voltage, larger conduction area, and shorter device length enable a

lower volt and higher operating frequency.

SC

Howev S V-TFDs demonstrated to date face two major challenges. First, the devices

U

cannot wi high operating voltages, limiting their use as power devices. Applying a

moderate ¥oltage vertically across a thin-film leads to high electric field within the film that can

q

create ion on and cause premature breakdown.[1920] Although the dynamics of ion

d

migration tilized in resistive memory (RRAM) applications,[2122] this mechanism should

be avol diodes that are intended to handle high voltages with long-term stability.

Howev e effect of ion migration within AOS on V-TFD performance has not been

]

characterized yet. Moreover, a way to prevent this mechanism is needed to enable wider

1

applicatio Ds. A second challenge for AOS V-TFDs is fabrication complexity. Previously

reported @ to form rectifying contacts to AOS require deposition and patterning of a new,

high work f ion Schottky metal, often followed by sophisticated oxidation steps in order to

reduce

h

ancy defects near Schottky interfaces.[?3-25] These additional process steps

i

make patible with TFT fabrication. This has led to the frequent use of diode-

connected TFTs imrectifiers (by shorting the TFT gate and drain to form a two-terminal device).

Gl

However the on-resistance of these devices causes poor rectifier performance.[926]
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In this study, we demonstrate a novel method to overcome these challenges by using a dual-
purpose solution process. We harness the chemical evolution of our ink, which can be controlled
by the Mderneath, to simultaneously enable the growth of rectifying junctions as well
as of hig @ AOS channel layers. Our solution process not only solves the fabrication
compleXity®igsue®sf V-TFDs and TFTs, but it also forms a distinct layer at the Schottky barrier
that prevehnigration and enhances the voltage handling capability of V-TFDs. As a result,
using a single fabFication process we are able to integrate high-voltage diode rectifiers - which

can opera uch higher frequency than TFT rectifiers - alongside TFTs, which can be used

USC

for future digital circuitry. Solution processing is an attractive, low-cost, and large-area
deposition.m , as its in-air deposition capability eliminates the need for expensive vacuum-

depositio ‘M It also offers inexpensive patterning via printing techniques for future

N

additive f: 27-291 Among various AOS candidates, we use amorphous zinc tin oxide (a-
Zn-Sn-0) due & s earth-abundant and non-toxic elemental composition. We have previously
demon lution process for environmental-friendly, in-air deposition of a-Zn-Sn-0 film

with consis igh quality obtained across a wide humidity range for future large scale

\

manufacturing.i3 Qur process temperature, 520 °C, allows non-destructive, additive fabrication

on standag@l CMOS and low-cost substrates like glass.[31.321 When our ink is deposited on a gate

-

dielectric, s a high quality a-Zn-Sn-O film that can be used as a TFT channel layer.[30

O

When dep n top of a Mo metallic layer, reduction-oxidation (redox) reactions and atomic

diffusion qf Mo occur in situ during a-Zn-Sn-0 film coating and annealing. The redox mechanism

h

enables_fommatiom of different interfacial layers with distinct properties in areas with different

t

underlyin s. This allows simultaneous fabrication of V-TFDs and TFTs by selective

U

patternin underlying materials. In addition, atomic diffusion at the bottom Schottky

interfa y enhances the voltage handling capability of V-TFD. The resulting high voltage

A
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and high frequency operation of V-TFDs enables wireless energy harvesting from a commercial
high frequency (HF) RFID reader. Here we specifically choose Mo as it is one of the most
commoMetal electrodes for AOS TFTs due to its high-quality ohmic contact properties
with vario @ 33-37] Thus, our exploitation of Mo interaction with a-Zn-Sn-O may be widely

adapte @t TGEHEEAQS.

2.1in situ Imaion to form rectifying contact

Prior to i ino V-TFDs with TFTs, V-TFDs using Mo and Zn-Sn-O were fabricated separately
to analyze thei ormance and material composition. Figure 1 shows the electrical characterization
results. J-Bmeasurements of V-TFDs, shown in Figure la, reveal rectifying behavior with the

Schottky junction formed at the bottom of the AOS layer. Figure 1b shows the depletion

concentrat » depth profile obtained from C-J measurements. C-V characteristics are shown in
the ins s. V where 4 stands for the device area. The inset shows that diode capacitance
decreases wj se bias, which indicates expansion of the depletion region through the thin film. It

reaches a constant minimum capacitance at a reverse bias of -5 V to -4 V, which corresponds to full

2
depletion. wwulated using % = (4) (Vp; — V), where g is electronic charge, & is the

qes€oNgepl

dielectric @ g, 1s the permittivity in free space, and V; is the built-in potential.BS] The

corresp(rtion width (w) is calculated from C = &g¢, %, Using & of 19, reported earlier for
a-Zn-Sn- I we ionﬁrm that the depletion region expands vertically throughout the thin film; the

depletion rﬂith at full depletion is around 180 nm.
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Figure 1. MI J-V characteristics obtained from Mo:a-Zn-Sn-O diodes with various sizes. The
inset show chi®matic of the V-TFDs, where d is the diameter of the top electrode. (b) Depletion
concentratjm profile for various size diodes. The corresponding C-V measurements are shown
in the inset. C-V cliaracteristics were measured at 1 MHz, across a DC sweep from +1 V to -5 V, with
50 mV of age, in parallel RC model. Full depletion is achieved at -5 V, which corresponds to

a film thicE 80 nm.

In ordermin the formation of a rectifying junction at the bottom Mo, extensive material

charact was performed as shown in Figure 2. X-ray photoelectron spectroscopy (XPS) depth

profile en at the bottom Mo/a-Zn-Sn-O junction. Figure 2a reveals that two additional layers

are formed as a result of a-Zn-Sn-O deposition on Mo. First, on top of the metallic Mo layer lies a Mo

suboxide IMis region, Mo 3d core level analysis shows that Mo co-exists in the Mo®*, Mo™,

Mo*", and m Jation states (Figure 2b). The Mo oxidation states transition from Mo to Mo*" to
Mo’* to Mo’ we move from bottom Mo metal to top Zn-Sn-O. A similar transition of Mo
oxidation Ste has been reported for thermally oxidized Mo and for MoO3; grown on Mo substrates,
where ]\Merpreted as fully oxidized MoO;, Mo>* as MoO; with oxygen vacancies, and Mo*"
as metallicwg] Second, on top of this suboxide layer is a Zn-Sn-O layer with a noticeable

amount of Mo ingorporated into it (~4 at.%) and with Sn-rich composition (Zn:Sn ratio of ~5:3

comparge] itio of ~3:1 in the upper a-Zn-Sn-O layer). We hereafter refer to these layers as MoOy

This article is protected by copyright. All rights reserved.
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and Zn-Sn-Mo-O, respectively. The spatial distribution of the Mo®", Mo’", and Mo*" oxidation states
indicates that the MoO, and Zn-Sn-Mo-O layers are formed due to oxidation and diffusion of bottom

Mo duringhe a-!n-Sn—O deposition and annealing process.

In orderQ the formation of these distinctive layers, scanning transmission electron

. I I . . . .
mlcroscop!(STEM) and energy-dispersive X-ray spectroscopy (EDS) studies were carried out.
Figure 2c shgws o distinctive regions between Mo and a-Zn-Sn-O, with a ~50 nm thick MoO, layer
and a ~80 ik Sn-rich, Mo-doped Zn-Sn-Mo-O layer. While Mo itself is low work function

metal, OyF4@-50 cV.*” and is often used to form ohmic contacts to AOS,P* its oxidized

S

counterpa igh work function, ®y,0,=4.7-6.8 ¢V, the value of which depends on oxygen

U

compositi T herefore we conclude that the thick, high-work-function MoOy layer, which is

generated af the bottom electrode as a result of our solution process, functions as a rectifying junction.

N

The rectifying nature of the bottom contact is furthermore confirmed by the C-7 measurements shown

in Figure show a deposition thickness of 180 nm. Cross-sectional STEM and scanning

d

electro (SEM) images likewise show that the thickness of the Zn-Sn-Mo-O layer and Zn-

Sn-O laye ned is 180 nm (Figure S1 in Supporting Information). Thus, the MoO, layer

M

functions as a rectifying contact and enables complete depletion of the Zn-Sn-Mo-O and Zn-Sn-O

layers in r@yerse bias. This is in contrast to the ohmic top electrode that consists of metallic Mo

[

deposited ing.

O

The underly echanism of MoOy layer formation can be explained by calculating the standard

n

Gibbs of reactions (4G,,,") that occur during our solution process. When the ink is

{

deposite glass or alumina, the zinc and tin acetates in the solution first thermally decompose into

hydroxides (Zn(OH), and Sn(OH),), and later go through a dehydroxylation process to form a

5

uniform a-Zn- film:B%

A

xZn(OH), x)Sn(OH), = Zn,Sn;_,0,_, + (2 — x)H,0. (1)
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Figure 2. S depth profile of bottom Mo/a-Zn-Sn-O deposited on Si substrate. In between the
Mo and a-Zn, , layers of MoO, and Zn-Sn-Mo-O appear. (b) XPS Mo 3d core level analysis of
the Mo ich corresponds to an etch time of 4800 s in (a). Hollow circles indicate the
summation of the de-convoluted peaks, which overlaps with the measured curve. Details of XPS core-
level analygis methods are described in Section S1 in Supporting Information. (¢) Cross-sectional
STEM darmnage and EDS elemental mapping of Zn (cyan), Sn (blue), O (green), and Mo
(orange) elements obtained near Mo/a-Zn-Sn-O junction. A STEM image of the entire film stack is
shown in in Supporting Information. Two additional interfacial layers (i.e., MoOy and Zn-

Sn-Mo-0) @ppegafbetween metallic Mo and Zn-Sn-O, which accords with the XPS depth profile
shown in ( andard Gibbs free energy of Mo oxidation during solution process of Zn-Sn-O,
showing nggative values at the film anneal temperature (793 K).

Howeveri 'iring 'is process the intermediate Zn(OH), and Sn(OH), species can interact with the

bottom Mojform MoO,:

2Zn(0H), + H), + 2Mo —» 2Mo0, + 2Zn + Sn + 4H,0. 2)

This article is protected by copyright. All rights reserved.
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The 4G,,,” values calculated for MoO, formation with Zn and Sn hydroxides are shown in Figure 2d

as a function of temperature. Both values are negative at the Zn-Sn-O anneal temperature of 520 °C

(793 K). Negatiye values of 4G,,,° indicate that Zn(OH), and Sn(OH), near Mo should spontaneously

in film annealing. Similarly, Zn and Sn hydroxide can react with Mo to form

MoO:s. ﬂlesalcula!ed AG,,,” for these reactions are also negative at 793 K, as shown in Figure S2 in

Supporting laformation. The multiple oxidation states of Mo observed near the interface in our films

G

indicate tha e MoO, and MoO; reactions occur during our solution process.

3.in situ

S

ion to enhance voltage handling capability

After maferial characterization, we evaluated the V-TFD device performance for power rectifiers

[

(Figure 3), diode rectifies an AC voltage, most of the input voltage is applied as reverse bias

d

across the ce the diode has higher impedance when it is in the off-state compared to the on-

state. T the diode breakdown voltage (BV) and reverse-bias-stress endurance are important

parame rectifier applications, which determine its voltage handling capability and lifetime.*”

The previously-reported AOS V-TFDs have faced challenges in this regard, due to low BV and severe

degradatiom reverse bias. The physical origin of these weaknesses have been attributed to

field-induc @ en vacancy (Vo) migration within AOS, as set-and-reset behavior was observed

after breakdownl in AOS V-TFDs."”?"! These weaknesses, which we also previously observed in
solution-Brgessed Pd:a-Zn-Sn-O diodes,!"” significantly limit their use in rectifier applications: the
rectiﬁerwithin short period of time (tens of minutes) and breaks down at low input AC

voltage (peak-to-pgak voltage of 5 V), as illustrated in Figure S3 in Supporting Information. These

challenges must f)vercorne for power rectifiers.

This article is protected by copyright. All rights reserved.
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The Mo:a-Zn-Sn-O diodes presented here (which will be referred as Mo V-TFD for simplicity)
offer a new way to address these challenges. For oxygen vacancy migration to degrade and cause
breakdom V-TFD, V, defects must first accumulate adjacent to the Schottky interface and
then form @ tive filament in order to short the bottom and top electrodes, as has often been
observegh inmmemmistors.'***! In our Mo/a-Zn-Sn-O junctions, the layer adjacent to the MoO, Schottky
contact is th-Mo-O film that was formed via in situ diffusion as shown in Figure 2. Therefore,
the reverse‘ias be'avior of Mo V-TFD is determined by the dynamics of Vo migration within the Zn-
Sn-Mo-O lager, shown in Figure 3a, the Mo V-TFD has a high BV of over 10 V, and exhibits a
constant lem

rrent prior to breakdown. The leakage current of Mo V-TFD was analyzed with

temperature-varying J-J measurements (Figure 3b). The temperature variance and bias independence

u

indicates t nt flow is via Schottky emission without image force lowering, obeying J, =

A*T? exp( o ) ith 4* as 0.74 Acm™”K™? and @, of 0.34 eV. Thermionic emission leads to a

constant lgakal rrent, independent of reverse bias. ®, is the potential barrier formed at the
MoO,/ interface; the larger the value of ®,, the lower the leakage current, J,. In the
future, it m ssible to minimize leakage by increasing @, through additional oxidation of Mo

via O, plasma or O, annealing."'*! In addition to a constant leakage current, Mo:a-Zn-Sn-O diodes
show negli@ible degradation during reverse bias, even when relatively high voltages of 6 V or 8 V

were applie to 60,000 s (Figure 3c¢).

The high BV and excellent bias-stress endurance of Mo V-TFD distinguish it from our previously-
reporte@, as shown in Figure 3a and 3c. We note that the same a-Zn-Sn-O and top Mo
depositiH were used for both the Pd and Mo V-TFDs, and the resulting a-Zn-Sn-O

|
thicknesses are identical (~110 nm) in these devices. As shown in Figure 3d, the poor stress endurance

and low BV of thgPd V-TFD is due to oxygen vacancy (Vo) migration within a-Zn-Sn-O, causing

trap-as neling near the Schottky contact and conductive filament (CF) formation through the

This article is protected by copyright. All rights reserved.

10



WILEY-VCH

bulk. In contrast with the Pd case where a-Zn-Sn-O layer forms a junction with a Pd Schottky contact
(confirmed with XPS depth profile?®"), for Mo V-TFD, a Zn-Sn-Mo-O layer forms in between the
Schottky junction and Zn-Sn-O. Thus, the voltage handling capability of Mo V-TFDs is dominated by
Vo dynamt @ Zn-Sn-Mo-0. As both BV and bias stress endurance are better for Mo V-TFD,
we coneludenthatavi, cannot easily migrate and accumulate within the Zn-Sn-Mo-O layer (Figure 3e).
Our experihata suggest a physical origin for the different oxygen vacancy behavior observed
within ZH_G_MO_’ First, the Zn-Sn-Mo-O layer has a Sn-rich composition with Mo incorporated by
diffusion, agss in Figure 2a and 2c. The different metal cation stoichiometry of Zn-Sn-Mo-O
compared t0"-Z#Sn-O may lead to high activation energies for Vo formation and migration, caused
by the change in @xygen ion hopping distance or in potential barriers within the ionically-bonded

structure. anh — modifying activation energies for Vo formation and its migration with the

help of im ing — is often used to tune forming behavior in memristive devices."*” Second, in

addition to ct of chemical composition, the different crystallinity of the film may affect Vg

migration_and
diffused coppEn generate crystalline clusters which results in prevention of CF forming
behavi to characterize the crystallinity of the films, high resolution transmission electron

microscopy, (HRTEM) imaging was performed with the microscope operated in conventional TEM

forming behavior. It has been previously reported that annealing a-IGZO with

mode on the same sample shown in Figure 2. The HRTEM images and fast Fourier transform (FFT)
diffraction @ obtained for the Zn-Sn-O and Zn-Sn-Mo-O layers are shown in Figure 3f and 3g,

respectix the Zn-Sn-O layer possesses an amorphous structure as expected, the Zn-Sn-Mo-

O layer polycrystalline structure. Third, as indicated by analysis of forward J-V curves in
Section S’in Supporting Information, the Zn-Sn-Mo-O layer functions as a low-doped region,
reducing the maxdimum electric field at the Schottky interface under reverse bias. All of these

mechanisms or reduce field-induced accumulation of V defects at the Schottky interface, as

illustrate ure 3e. As a result, in the Mo V-TFDs, we obtain a reduced leakage current,

This article is protected by copyright. All rights reserved.
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compared to the Pd V-TFDs, and avoid premature breakdown by CF formation. To further optimize
Mo V-TFD diode performance, in the future work can be done to quantify the diffusion kinetics
occurrinMring solution-processed film deposition and annealing, in order to more precisely

control the @ 5 and stoichiometry of the MoOy and Zn-Sn-Mo-O layers.

N
@) 10, ; NOR
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Figure 3. kdown voltage (BV) > 10 V measured on Mo V-TFDs with various electrode
sizes ( 30 um, 50 pm, and 100 pm). BV measured on Pd V-TFDs with the same sizes
are also shown for comparison. (b) Temperature-varying reverse J-V measurements (symbols)
of Mo V-TEDs. The bias-independent reverse current obeys Schottky emission over a potential
barrier ofhwithout image force lowering (solid lines). The charge transport analysis on
is shown in Figure S4 in Supporting Information. (c) Reverse bias stress in Mo
V-TFD andiP 'FD. Unlike the Pd V-TFD, which was tested at < 3 V magnitude, the Mo V-TFD

g igher reverse voltages, 6 V and 8 V, and still did not show any increase in
leakage cggfter the stress test, the Mo V-TFD still maintained its rectifying behavior as
shown in the Figure S5 in Supporting Information. (b) and (c) are from 100 pm-diameter diodes.
(d) In - , 0xygen vacancy defects (Vo in red circles) accumulate near the Pd layer, which
causes H in leakage current and premature breakdown, as shown in (c). (e) In the Mo
V-TFD, th 0-0 layer prevents Vo defects from accumulating near the MoOy Schottky
layer, preventing @n increase in leakage current and resulting in a higher BV, as shown in (c). (f)
and (g) sh EM images near Zn-Sn-0/Zn-Sn-Mo-O interface. The interface is marked with
a white dog e. The regions for FFT analysis are marked with red dashed lines and the
corres FFT patterns are shown in the insets. Zn-Sn-O shows an amorphous morphology

in (f) while 0-0 is polycrystalline (g).
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For AC rIctiﬁer’ the BV of the diode should be larger than twice the desired DC output voltage. As

the DC vo uired to drive logic circuits can be as high as 5V, a BV of > 10V is desired.
Commerci HF RFID readers, which often generate output power of 200 mW with a 50 Q

H I 5
source, carﬂeliver AC peak-to-peak voltages up to ~8.9 V to the diode (Pyurce = % X Z’(’)—pﬂ). Thanks to

the strong fieverseYbias characteristics of our Mo V-TFD, shown in Figure 3, our diode can stably

C

rectify AC voltages within this range. To confirm the rectifier behavior of the fabricated V-TFD at

S

high frequ aadl voltage ranges, we characterized the diode in a half-wave rectifier circuit, shown

in Figure 4. Figute 4a inset shows the measurement setup for observing AC-to-DC conversion. In

€

order to obtain a stable DC output voltage, the load capacitance, C;, should minimally discharge

F

through th resistor, R;, during one AC cycle (period T = 1/f), i.e. R;C;» 1/f. In addition, the

ratio betw d the diode capacitance, Cp, defines the amplitude of the small-signal AC voltage:

d

C; needs to Be large compared to Cp, C; » Cp.!"**" Therefore, a 1 uF load capacitor and 1 MQ
load resis used, which gives R,C;=1 s and satisfies C; » Cp, where Cp for the d=100 pm

diode

M

re is approximately 25 pF when measured at 1 MHz at zero bias. In this
configuration, the V-TFD rectifies the supplied AC voltage to DC (Figure 4a). AC peak-to-peak
voltages a:

10 V could be rectified to a DC output as high as 3 V (Figure 4b). As shown in

Figure 4b, d8 does not show any cutoff behavior up to 15 MHz, indicating its usefulness for HF

or

RFID tags o ing at 13.56 MHz.

Auth
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Figure 4. Weasurement configuration of the diode in a half-wave rectifier circuit is shown in

the inset. iput voltage (V,c) was generated by a function generator, operated in 50 Q mode
and used in parallgl with a 62 Q input resistor. In (a), V;, (in black) indicates the 1 MHz, 5V

sinusoidal -peak voltage across the 62 Q input resistor, measured using an oscilloscope. V,,,

(in red) sh;DC output voltage measured across the load. (b) The frequency response of the

output voltaige measured up to 15 MHz, which is the maximum frequency of the function generator, is
shown for ditferent V;, peak-to-peak values. Because the diode has BV > 10 V, the rectifier can rectify

up to peakmoltage of 10 V. The devices tested here have diameter of 100 um.

4. Co-szvf wireless energy harvesters alongside TFT switches

The commercialization of AOS TFTs in display backplane applications has been enabled by their
superior svk)erformance in metal-insulator-semiconductor field-effect transistors (MISFETs).
MISFETs diode-connected to perform rectifying functions, but their performance is
significantly worse than that of a V-TFD made using the same active semiconductor layer.'” To
confirm th o V-TFDs can be used to enhance rectifier performance of thin-film electronics, we
next der“he simultaneous fabrication of Mo V-TFDs and MISFETs on the same substrate

(Figure 5). !n EuSe thin film circuits, TFTs can be used for digital logic and analog amplification,
while V-TFDs intggrated on the same die can be used for efficient and high-frequency AC-DC
rectiﬁc{ef;brication process flow is illustrated in Figure 5a. A key feature of our process is

This article is protected by copyright. All rights reserved.
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that the Zn-Sn-O ink goes through different chemical evolution during annealing based on the
material underneath. On top of Al,O; gate dielectric, it forms a high quality AOS channel layer for
TFTs, Wm of exposed bottom Mo layers, it forms MoO, and Zn-Sn-Mo-O layers for high-
voltage V- @ e former reaction involves dehydroxylation processes (Equation (1)), while the
latter irmolwesmviemdiffusion and oxidation (Equation (2)). For this sample, we deposited five spin-
coated lathn-O instead of seven, as were shown in Figure 1 - 4. We chose five spin-coated

layers for @n-Sn-(Jj because we previously reported high quality TFT performances with five-layer

C

Zn-Sn-0,"’} TFDs made with five layers shows higher on-current while maintaining good BV

S

for use in g¥harvesters for our 200 mW RFID reader, as shown in Figure S6 in Supporting

Information. Figur@ 5b shows transfer curves of fabricated TFTs, with enhancement-mode operation.

i

For simple ircuits, enhancement-mode is more desirable than depletion-mode, as it does not

n

require lev g+

To justifgt d for V-TFDs in rectifier applications, we compare the performance of V-TFDs

a

with T diode configuration, i.e. with gate and drain shorted. When enhancement-mode

TFTs are e diode configuration, the positive turn-on voltage significantly limits the on-

M

current. In addition, diode-connected TFTs have a fundamental geometric weakness compared to V-

TFDs, dueto the long transit length (the channel length) and narrow conduction area (the cross-

[

sectional a e thin film). These limits have been previously reported for vacuum-deposited

O

AOS.P1o1T: espite attempts to minimize lateral resistance by increasing channel width,'*" and

[50,51]

decreasing{€hannel length or overlap length,”” the on-current of diode-connected TFTs is still

i

low, compared to M-TFDs. In addition, to obtain short TFT lengths, high-resolution photolithography

t

is required n be prohibitive.

U

To illustrate e points, a V-TFD and a TFT in a diode configuration were measured and

compar devices were located on the same sample and co-fabricated, and both had a size of

A
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100 um x 100 pm. For the TFT, the top contact area is included in the area calculation. Microscope
images of these devices are shown in Figure S7 in Supporting Information. Due to the V-TFD’s lower
turn-on Me,arger conduction area (size of electrode), and shorter carrier transit length (film
thickness) @ d to the lateral TFT, the on-current of the V-TFD was more than five orders of
magnitude shighemsthan the diode-connected TFT, as shown in Figure 5c. A high on-current is

important, L)nly reduces the voltage drop and increases the overall efficiency of a rectifier, but

also increaes rect;', er operating frequency.

The thecwerating frequency limits of the V-TFD and TFT were calculated for comparison.

These wer d using two approaches: the transit time of carriers (f;) and the on-current of the
rectifier (f. ders the time that it takes for the fastest electron (with velocity v) to transit from

one electrode to the other, i.e. to travel the distance L. This frequency can be expressed as:

3)

comparable to the charge stored on the load capacitance (C;) by the diode on-current. The maximum

operating f&uenc; for V-TFD (f. 7+p) and diode-connected TFT (f. 77) are expressed as:"*")

ferep ={(Vm2 + 2Woue®) cos™ () = BV |Vin® Vouﬁ} *)

-1 (Vou
fc,TFTW {(Vinz + 2Vout2) cos™ 1 (Tnt) — 3Vout ’Vinz — Voutz} &)

-
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Figure 4liﬁed schematic of simultaneous fabrication of V-TFD and TFT on a single

substrate. Thin films with different chemical composition are grown via different chemical evolution
during soluion deposition of Zn-Sn-O. Specifically, Zn-Sn-O is grown via dehydroxylation on top of

-

Al,O3, whi idation and diffusion occur on top of bottom Mo, creating MoO, and Zn-Sn-Mo-O
layers in s gions. A two-dimensional cross-sectional view (A < A) of completed devices is
shown in s@ Transfer curves obtained from a TFT with device dimensions of 100 um in width,
3 um in cha ngth, and 6 pm in overlap length, which leads to 100 um x 100 um in overall size,

including nd drain contacts. Output curves are shown in Figure S7c¢ in Supporting
Informatj omparison of /-V curves obtained from TFT in (b) with its gate and drain
connected, @nd frag V-TFD with 100 um x 100 um size. Hollow circles and squares are measured
es are from the on-current model used to calculate f. rzr and f.7mp in (d). (d)
frequencies, calculated based on transit time (f;) and measured on-current (f.).

th

data an
Maximum

U

A
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As seen in Equation (3) - (5), a shorter transit length, L, and a higher effective mobility, y, lead to
a higher rectifier operating frequency. Using a fixed Vi, of 5V, fire, forer, forep, and forer were
calculatm shown in Figure 5d. For calculation of Equation (3), a Hall mobility of 5
cmzV-is-, @ d from an identical five-layer a-Zn-Sn-O film was used.[3% For calculation of
Equatidi (49%g@ad(5), ursr and ursp were extracted from the experimental I-V curves shown
Figure 5c, ng the well-established method for f. calculations.[!*151747] An extended
discussiom@f the frequency calculations can be found in Section S3 in Supporting Information. It

is clear ths have a higher operating frequency than TFTs connected in the diode

configuration. The maximum frequency of the V-TFD under Vi, of 5 V and V,.: of 3 V (i.e, the

magenta lige i ure 4b) may be as high as 1.6 GHz. This estimate agrees with the previous
demonstr igahertz-range operation of AOS V-TFDs made with a-IGZ0.[10.18] The high
operating y of the V-TFD is primarily due to the higher effective u due to the lack of a

turn-on val -& d the shorter L due to the vertical structure. For the TFT, L corresponds to the

channe r=3 um) while for V-TFD, it is the film thickness (L7#»=150 nm).

Lastl wireless energy harvesting capability of solution-processed V-TFDs was tested,
using a full-wave rectifier with four 100 pm x 100 pm V-TFDs fabricated on the same sample
(Figure 6hdate its applicability for wireless energy harvesting, a commercial 13.56MHz
RFID tag rLP-RFIDl, DLP Design) and antenna (DLP-RFID-ANT, DLP Design) were used.
The reader utput power of 200 mW and a read range of 10 cm (Protocol: ISO 15693 and
ISO 18 full-wave rectifiers were wire-bonded to a printed circuit board (PCB) on
which twmponents and SubMiniature version A (SMA) connectors were soldered. As

shown in Figure 8a, the PCB was connected to the antenna to assess the energy harvested via

inducti& from a commercial RFID reader.

This article is protected by copyright. All rights reserved.
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The circuit diagrams of the wireless test setup for both input and output voltages are shown in
Figure 6b. The AC voltage (Vi,) delivered to the antenna via inductive coupling was measured
using 1mesistor (Figure 6b (bottom)). As shown in Figure 6c, the maximum peak-to-
peak Vi, cO @ om the reader to the antenna at 0 mm of distance was ~8.7 V, which gives the
output BHJWEESH the reader to be Vmn?/50Q = 190 mW. For DC output voltage (Vou)
measurerr,huF load capacitor and 1 MQ load resistor attached to PCB via surface mount
were conngcted t@ full-wave rectifier, as shown in Figure 6b (top). The result, shown in Figure

6¢ inset, with an oscilloscope, is excellent AC-DC conversion using the V-TFD FWR for

US

wireless ener arvesting. As shown in Figure 6¢c, reasonable output voltages are measured
across the 1 function of distance, with V,u/Vin exceeding 80% at < 40 mm of distance. At

0 mm, Vot s ~5 V is obtained, which demonstrates that V-TFDs rectifiers can be used to

n

power thin- gic circuitry.l33l In order to obtain a higher V,. at larger distance, a voltage
multiplier§co % ation can be implemented.l'll A comprehensive assessment of the FWR
behavi s input voltage and frequencies, obtained by additional measurements Vi

and Vipina onfiguration, is shown in Figure S8 in Supporting Information.

Author M
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Figure 6. @ess energy harvesting experimental setup. A commercial HF (13.56 MHz) RFID
n

antenna a with 200 mW output power were placed in parallel. The power from the reader
was wirele ested using the antenna while the distance between them was varied. The antenna
was attach SMA connection to an FWR wire-bonded onto a PCB with surface-mount loads. The
DC output voltage of the FWR was measured with an oscilloscope. The inset shows a microscope
image of a ith four 100 pm x 100 um V-TFDs. (b) Circuit diagrams showing the wireless
energy ha ] easurement setup (top). To compare the measured V,,, with V;,, V;, was measured
as the volta s a 1 MQ resistor attached to the antenna, without the rectifier included (bottom).
The maxin@l;;to-peak V;, obtained at a distance of 0 mm was ~8.7 V, which gives P,, =
V,ms/50 Q , close to the maximum output power of the reader. (c) The magnitude of V;, and

attributed nce due to mutual inductance. The inset shows V;, and V,,, measured over time
with the antShna¥a#d reader separated by a distance of 21 mm.

V. as a fuseparation distance. V,,, exceeds over V;, when the distance is < 10 mm, which is

5.Con

In concl have developed a facile solution process that enables integration of high-voltage
V-TFDs d@ fabrication of Zn-Sn-O TFTs. We achieve this by exploiting in situ redox and

diffusion o Mo electrodes that occurs during ink-based deposition and annealing of Zn-Sn-O.

The che 51 interaction of the bottom Mo during AOS deposition not only forms a rectifying
junctlo s, but also increases its voltage handling capability for rectifier applications by
forming a md Zn-Sn-Mo-O intermediate layer. After characterizing the effect of Mo oxidation
and diffus

ich leads to formation of a rectifying junction and improvement in bias-stress

endura FDs were co-fabricated with TFTs on the same sample, without any additional
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fabrication steps. Both of the devices were characterized and compared for power rectifying
applications. The performance of V-TFD diodes is far superior to that of diode-connected TFTs of the
same sizeﬁomrated at the same voltage, due to the larger on-current and shorter device length of
V-TFDs: @ abricated here show on-current at least four orders of magnitude higher than TFT,
with the: cstimmated maximum operating frequency being three orders of magnitude higher. To
experimenhrm the usefulness of the Mo V-TFD as a power rectifier thanks to its enhanced

voltage hafidling c@pability, wireless energy harvesting using a full-wave rectifier was demonstrated

C

with a comume RFID reader. Despite the advantages of V-TFDs over diode-connected TFTs for
rectifiers, thfec-t8fminal TFTs have unique functionality that cannot be replaced by V-TFDs. For
example, TFTs ; required for digital logic circuits, analog amplification, and pulse-width

modulation C conversion. TFTs fabricated in this work show enhancement-mode operation,

and can be jeated alongside V-TFD rectifiers to enhance the performance of thin-film electronics.
To our K w‘% pe, this is the first report of simultaneous formation of different materials via

chemic fink in order to fabricate different active circuit elements with a single solution-

process. Prea , Schottky diodes with AOS, including vacuum-deposited AOS, have only been

(1823251 Quch metals are

reported using noble, high-work function metals for rectifying contacts.
disadvanta!ous as they are often incompatible with TFTs due to poor ohmic contact formation, they
may requir ignal surface treatments to reduce oxygen vacancies near the Schottky interface, ™"
»l'and AO s fabricated with such metals often show vulnerability to bias stress."”*! In this
work, we !Eort for the first time a novel way to make a rectifying contact starting with low-work
function ¥|i a me'l widely used for AOS TFTs, by utilizing in situ formation of the Schottky contact

during Mo on with our Zn-Sn-O solution ink. The Mo oxidation and diffusion that occur

during sol cess, demonstrated here, can be widely exploited not only to enhance bias stress

endura¢lms, but also to create novel fabrication routes for thin-film circuitry for future

This article is protected by copyright. All rights reserved.
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LAE or heterogeneous integration. For wider implementation of thin-film circuitry, the development
of fully solution-processed electronics is highly desirable.”**” To realize our MoO,-based V-TFD
with a WOn—processed approach, solution-processed MoO, can be used for the bottom
Schottky ¢ @ Pl while the top ohmic contact could be replaced with solution-processed ITO or
120.*¥ immthismscenario, because solution-processed Mo has not been developed, a low-work-
function bhte metal for TFTs can be achieved by developing an area-selective, in situ

reduction process, in which a solution-processed MoOy layer could be converted into a metallic Mo

gate metal mbsequent gate insulator deposition and annealing.
6. Experin&ection

Preparation of precursor solutions and film formation: The a-Zn-Sn-O layer was deposited by spin-

C

coating aW 0 metal acetate precursor solution. Zinc acetate dihydrate (99.999%,
Zn(CH , CAS number 5970-45-6, Sigma-Aldrich), and tin (II) acetate (Sn(CH;COO)y,,
CAS nu 8-39-1, Sigma-Adrich) were dissolved in 2-methoxyethanol (99.8%,

CH;0CH,CH,OH, CAS number 109-86-4, Sigma-Aldrich) and ethanolamine (= 99.5%,

NH2CH2CIsOH, CAS number 141-43-5, Sigma-Aldrich), with a Zn:Sn ratio of 7:3. The solution was

stirred for Qz‘and filtered through a 0.22-pm syringe filter during dispensing, followed by spin-

coating at

controlled gumidity and temperature. After spin-coating the final layer, the samples were post-

for 30 seconds. Each spun layer was pre-annealed at 520 °C for one minute at

annealed ag520 °Ggfor one hour. We have previously used this process to deposit smooth, amorphous

zinc tin oxi jgonductor layers and fabricate thin film transistors’®®** and Schottky diodes.**>!
y y

Vertical thin-film diode fabrication: First, heavily-doped n-type Si (n"'-Si (Sb), 0.01-0.02 Q-cm,

<100>) d as a substrate, which was solvent-cleaned and dried. 100-nm Mo was sputtered to
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form the bottom electrode (Kurt J. Lesker Lab 18). After solvent cleaning, seven layers of Zn-Sn-O
were deposited using the solution process described above. To expose the bottom Mo electrode, the
depositem layer at the edge of the sample was wet etched using dilute HCI and HNO;
solution. A @ her solvent cleaning, a top electrode of 100-nm Mo was sputtered to form an
ohmic qentastsesss/n-Sn-O,"*! and patterned with lift-off. Electrical characterization was done using
an HP415Liconductor parameter analyzer and an HP 4284A Precision LCR meter.

Temperatute-depenilent current-voltage measurements were taken using an HP4156A semiconductor

C

parameter ama with a Lakeshore Cryotronics TTPX cryogenic probe station. For AC-DC

S

measuremei®s’ or®d half-wave rectifier, an HP 33120A function generator was used with a Tektronix

MS02024b oscillo§cope.

Co-fabrication of thin-film diode and transistor: Bottom-Schottky-contact V-TFDs were co-fabricated

[

with bottom-gate, top-contact TFTs. Heavily-doped n-type Si with 100-nm thermally grown SiO, was
used as th te. On top of a cleaned substrate, 60-nm Mo was sputtered to form the gate
electro nd bottom electrode for V-TFD (Kurt J. Lesker Lab 18). Then, bottom Mo was

patterned cactive ion etching (LAM 9400). Next, a 55-nm Al,O; gate dielectric was deposited

M

using atomic layer deposition at 250 °C (Oxford OpAL ALD). The Al,O; thickness was confirmed
using speciscopic reflectometry. To make an opening for bottom gate metal for TFT and to grow V-
TFD, the er was patterned by wet etch, using dilute NH,OH. After solvent cleaning, five
layers of D solution were deposited using the process described above. Next, the solution-
processﬁlayer was patterned by wet etch, using dilute HCl and HNO; solution. This etch
process enables dggice isolation and exposes the bottom gate electrode for TFT measurements. Top

electrodes Mo were then sputtered to form ohmic contact for both TFTs and TFDs (Kurt J.

Lesker La wand were patterned via lift-off. The fabrication steps are identical to those required

for bott{opcontact TFTs.
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Material characterization: XPS was measured using Kratos Axis Ultra XPS. A monochromatic Al x-
ray source (8 mA and 14 kV) was used with a 110 pm aperture, pass energy of 20 eV, and step size of
0.1eV. Mcharge neutralizer system was used. For depth profiling, argon ion sputtering was
used with ¢ @ 5 kV and ion source extractor current of approximately 90 pA, which resulted in
a sputtesingmmatemef 2-3 nm-min”. XPS measurements were performed between 240-s sputtering
intervals. hﬂ measurements, an in-situ FIB lift-out cross-sectional specimen was studied
by using a@EM%IOOROS analytical electron microscope (AEM) attached with double Cs-

correctors gpe at 300 keV. Element mapping was conducted using X-ray signals with the
e perf

microscop

annular dark-field i—lAADF) images were taken for defining mapping regions.

C
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We devmm solution processing method that can fabricate vertical thin-film diodes
and latera bin transistors in a single process. By exploiting in situ redox and diffusion of a
bottom md %4 m electrode occurring during semiconductor deposition, the thin-film diodes
achieve-hi h voltage and high frequency operation. Furthermore, we demonstrate their use in
full wave rgtlglers for wireless energy harvesting.
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