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General  
Outline Introduction 

Transparent electronics 

n-type TFTs by PVD 

n-type TFTs by solution 

Conclusions 

Other applications 
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2004 
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Source: YouTube – Samsung's 
Transparent Smart Window at 

CES 2012 [Official] ...is today a reality! 
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1st IGZO backplane in market  
(4.9”, 1280x720, shipping end 2012) 
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Metal oxide semiconductors!



11 

J. Wager, OSU 



12 



13 

•  High electrical performance (µFE & current: OLEDs) 

•  Enhanced stability and no visible light-degradation 

•  Good uniformity in large areas 

•  Can use the existing processing tools (sputtering) 

•   AOSs don’t need the expensive and demanding Si 
crystallization processes – they are AMORPHOUS!!  

•  Can be produced at low temperatures, allowing to 
use low cost flexible substrates (even PAPER) 

•  Transparency. 

R. Martins, et al. Complementary Metal Oxide Semiconductor Technology With and 
On Paper, Advanced Materials, 23 (2011) 4491–4496.  
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oxygen 2p-orbital 

metal ns-orbital metal ns-orbital 



15 

Small-sized Large-sized 

Vo
lta

ge
-D

riv
en

 C
ur

re
nt

-D
riv

en
 

LTPS Oxide Semiconductors 

Amorphous silicon 



16 

LCDs 
OLEDs 

Radar chart assessing the  
merits of different backplane 

technologies 

Source: www.IDTechEx.com/ 
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Two clean rooms: 
 classes (1st cycle)  
 research/contracts 
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rf magnetron sputtering 
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•  Ga-richer compositions highly unstable under VG 
stress (↓carrier concentration, ↑structural disorder 
close to CBM, ↑unfilled traps in the unbiased state) . 
•  Similar trends verified with ID stress. 
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Condition 
µFE           

(cm2 V-1 
s-1) 

Von 
(V) 

S 
(V dec-1) 

ΔVon 
(V) 

%O2=0.4 %, 
TA=150 °C 50.1 -1.0 0.18 ≈0 

%O2=10.0 %, 
TA=150 °C 40.8 2.0 0.29 1.5 

•  ΔVT and recovery consistent with 
electron trapping at the semic.and/
or diel./semic. Interface 
•  Improved performance and 
stability for ↓%O2 
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Preliminary stability 
measurements on SU-8 

passivated devices 

Stability during 10 months 

Constant current stress during 24h 

A. Olziersky, et al. Journal of Applied Physics, vol. 108, 
pp. 064505-1 – 064505-7, 2010. 
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Low T processing Sputtering 

High flexibility 

Oxide 
semiconductor 

Dielectric 

Electrode 

Passivation layer 

Possible creation  
of interfacial defects 

Not so good  
insulating properties 

High k 
dielectrics 

Higher thickness 

Reduces interface 
defects influence 

All TFT layers 
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Advantages Disadvantages 

High gap (> 5 eV) 

High k (20-25) 

Crystallization at low T 

Band offset on the limit  

• Stabilization of an amorphous structure Stabilization of an amorphous structure 
• Increase the band gap 

Source: Robertson, 
MRS Bull, 27 (3), 217 
(2002) 

Amorphous Multicomponent DielectricsAmorphous Multicomponent Dielectrics 
AMD vs

Multicomponent
AMD AMD vsvs AOS  

High k T2O5 

SiO2 
Al2O3 

High bandgap 

? 
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Ta2O5 Ta2O5:Al2O3 

Ta2O5:SiO2 
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Frontplane: 
•  Reflective LCD 

•  White Taylor Guest Host Mode 
•  Integration by HP @ Bristol/

Dublin 

Backplane: 
•  5 mask process 
•  128x128 pixels, 2.8” diagonal 
•  Dielectric: co-sputtered Ta2O5-SiO2 

FP6 MULTIFLEXIOXIDES project 

Pixel Off Pixel On 
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•  Mobility ~18 cm2/Vs 
•  Excellent uniformity 

168 / 168 Transistors  

Backplane development: 
IGZO TFTs on glass 

Onset Voltage 

250°C gate insulator 
165°C post-fabrication anneal in N2 oven 

Mean� Std�
Ion� 14.22 0.22 uA�
Von� -0.53 0.02 V�
mob� 18.28 0.42 cm²/Vs�

Gate 

Drain Source 
Etch stop layer 
Gate insulator 

IGZO 
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ZTO in PEN-compatible process 

Mobilities as expected for <200°C process 
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180°C gate insulator 
165°C Post-fabrication anneal in N2 oven 
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Display Demo using PVD  
on Flexible Substrates 
 IGZO Displays QQVGA displays 

Debonded flexible display 
Gray level control possible 

29 

IGZO backplane on PEN 
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Display Demo Status Overview 

Diagonal 4.0 inch 1.0 inch 0.5 inch 
Rows x Columns 120x160 120x160 64x160 
Pixel Size 300 µm x 300 µm 127 µm x 127 µm 80 µm x 80 µm 
Resolution 85 ppi 200 ppi 320 ppi 
Pixel Circuit 2T + 1C 2T + 1C 2T+1C, integrated row driver 
OLED Structure Top-Emission Top-Emission Top-Emission 
Substrate PEN PEN PEN 

85 ppi 
200 ppi 320 ppi 
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Source: IdTechEx 
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Needs for cost reduction 

64% cost reduction!!! 
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GIZO by spin-coating, 
TA=400 °C 

µFE≈5 cm2/Vs 
On/Off≈107 

Von≈0 V 
S=0.28 V/dec 

ZTO by spin-coating, 
TA=500 °C 

µFE≈5 cm2/Vs 
On/Off≈108 

Von=-0.9 V 
S ≈0.2 V/dec 

ZTO by spray-
pyrolysis, Tdep=300 °C 

µFE≈1 cm2/Vs 
On/Off≈105 

Von≈0 V 
S ≈0.6 V/dec 

Shanmugan et al. JDT (2013) Nayak et al., 
APL 97 183504 

(2010) 

Solution processed n-type oxide TFTs – on 
ITO/ATO 

Nayak et al., JDT 7, 640 
(2011) 
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GZTO TFTs (combustion) on ITO/ATO 

�

Ion/Ioff = 107 

µ = 6 cm2/Vs 

Ga:Zn:Sn = 2:1:0.1 in 
Methoxyethanol @ 250 ºC 

VG = 15V 

W/L = 15 
(600/40 µm) 
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Dielectric interface 

Conventional dielectric Gate electrolyte 
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nanoparticles Dielectric 
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Figure 1 Device working principle  
(interface electrolyte-channel layer) 
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I 
(A

)

Electrolyte gated NPs GIZO TFTs 

ION/IOFF = 4 x 106 

 
VT = 13 V 
 
µSAT ≈ 0.1 cm2/Vs 
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IZO electrodes as a passive matrix for 
chipLED chipLED 

In the framework of Multiflexioxides FP6 
project 

•  Alphanumeric, 7 
segments 

•  For HUD application in 
automotive industry 

GIZO TFTs for active matrix of LCD 
display 

•  Resolution: 128x128 
•  Pixel area: 350µm x 350 

µm 
•  5 mask process 

Passive and active matrix backplanes 

Collaboration with 
Centro Ricerche 
Fiat (CRF) 

Collaboration 
with HP 

project project 
Material/devices properties 

significantly enhancecd from then... 
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Transparent circuits 
  Using n-MOS technology (GIZO for now) 

and multilayer/multicomponent 
dielectrics 

  Simple transparent circuits such as 
inverters, current mirrors, multipliers, 
with TMAX=150 °C 

  Complete characterization underway... 

Transparent circuits
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�

Paper electronics (Paper-e®) 
  Even CMOS with GIZO and 

SnO already possible... 
  ...even with paper. 

Paper  (Paper

�

� � � 
 � � � � � � � � � � � � � � � � � 	 � � � � � � � � � � � � � � � � � � �

Towards low-cost, recyclable 
electronics 
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R. Martins et al., Adv. Func. Mat. 201202907, 2012 

Logic circuits on/with paper 
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Nanopaper 
(cotton fibers) 

Accepted Nanotechnology, 2014 
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Nanocellulose 
NCC GIZO 

(Channel) 

IZO 
(Gate) 

Al 
Source/Drain 
Al 
Source/Drain 

Al (100 nm) 

GIZO (40 nm) 

NCC (20 µm)  

IZO (200 nm) 

GIZO (40 nm) 

Al (100 nm) 
Source/Drain 

Dielectric (NCC) 
Gate 

Dielectric (NCC) 
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Semic. SemicSemicSemicSemic. 
Source
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Nanopaper transistor 
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Fully transparent ISFET 
(glass substrate) 

Fully transparent ISFET Fully transparent ISFET 
Biosensors / ISFETs 

R. Branquinho et al., Biosensors & Bioelectronics, 28 (2011), 44. 
J. Pinto et al, JDT (2013) accepted 
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� � � � � � � � 	 � � � � � � �

http://alloxidepv.eu/ 
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The highest efficiency of 5.38% 
was obtained in an Al-doped ZnO/
nondoped  
Ga2O3/Cu2O heterojunction solar 
cell. 
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Further reading... 

2012 
•  N-type TOS 
•  P-type TOS 
•  Gate dielectrics in oxide electronics 
•  The (r)evolution of TFTs 
•  Electronics with and on paper 
•  Current and upcoming applications 



51 

“INVISIBLE” 
(ERC-2008-AdG 228144) 
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