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ZnO Properties & Applications

Property

Lattice parameters at 300 K (nm)

Density (g cm)
Stable phase at 300 K
Melting point (°C)

Thermal conductivity
Linear thermal expansion coefficient

Static dielectric constant
Refractive index

Energy bandgap (eV)

Exciton binding energy (meV)
Electron effective mass

Electron Hall mobility, n-type at 300 K
(cm?V-igl)

Hole effective mass

Hole Hall mobility, p-type at 300 K
(cm?V-igl)

Value

a,: 0.32495
¢,: 0.52069

5.606
Waurtzite
1975
0.6,1-1.2

a,: 6.5x106
Cp: 3.0 X 106

8.656
2.008, 2.029
Direct, 3.37

60
0.24

200

Applications
UV-Diode
Gas Sensor
Bio-Sensors
Solar Cells
Nano-generators
FETs
Thermoelectric Applications
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Deep UV Det

ications Demonstrated by our group

Energy Harvesting
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rial Choice

age showing dislocations in AlGaN
t et al., J. Crystal Growth 310 (2008)

using Al Ga, ,N-based
cenerate dislocations and
 to lattice and thermal

p™-GaN (100 nm)
p-Aly s5Gag 45N

n*-Al, (Gay 4N (600 nm)

Sapphire (00.1)

Device cross section of a AlGaN-based uv
detector Cicek e al. (Razeghi’s group)
[Optics Lett. Vol. 37, No. 5, Mar 1, 2012])

eLack of free standing
substrates for IlI-N films

e Layered structure introduces
added complexity to the
growth process

ZnO Features

- Large direct bandgap et
~3.37 eV

- The direct bandgap of Z
can be engineered to la
values by doping with V

- Capability to be grown ¢
cheap Si substrates

- Piezoelectric property a
biocompatibilty

All Rights |
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First Nano EasyTube 3000
3 zone resistance furnace for temperature upto 1100 %
5” quartz reaction chambe '
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a et al., “A Comparison of ZnO Nanowires and Nanorods Grown Usmg MOCVD and Hydrothermal Processes”, J. Electron. Mater., Vol. 42,



parison of Au Catalyst assisted/No Catalys
sted: Growth Direction and Alignment

talyst assisted growth Growth using MOCVD with

EARE IR ¢ cata lyst

=

~=" Differences: S
Orientation, Gold Particles, Tip Shape.



Structural Quality Vs. Annealing

*Zn0O epitaxy annealed at 635C *ZnO epitaxy annealed at 800C *ZnO epitaxy annealed at 800C
*NWs are NOT annealed *NWs are NOT annealed *NWs are annealed at 800C

* Annealing the epitaxy does not affect the ZnO NWs morphology because the NWs are
already lattice matched with the ZnO epitaxy

* Annealing the NWs decreases the surface area to volume ratio which may be related to

the decrease in c-lattice constant of the N\Ws B
yet al., "Effects of Annealing on Structural and Optical Properties of ZnO Nanowires", Materials Research Society (MRS) Spring Meeting &
\, April 21-25, 2014. and to be published on MRS Proceedings




nO Nanorods via Hydrothermal Synthesis

2 Step Epi-Layer

Solution: Spin

50mL Methanol 500 rpm, 5 sec
0.09g Zn(CH;COOH), 3000 rpm, 30 sec
0.12g KOH 10min at 60°C

Hydrothermal

Suspend sample in:
0.1M Zn(NO;),
0.1M HMTA

7h at 70°C

Suspend sample in:
0.1M Zn(NO;),
0.1M HMTA

60min at 90°C




ZnO NRs with see
Chemical Bath D¢

Abdiel Rivera et al
Comparison of ZnC
Nanowires and Nar
Grown Using MOC
Hydrothermal Proc
Electron. Mater., Vc
5, pp- 894-900, Ma;

AlLRights Reserved/Not For Distribut




Reported Work

/N On paper using
ZnO grown on flexible substrat

using CBD, with seed layer dep
via RF sputtering

rmal ZnO grown on flexible polyimide
film grown via chemical solution

ickness: 60-70nm

angth: 1.5um

. Thickness: 100-250nm T.A. Nirmal et al J. Nanopart Res (2013)
idi et aI AdV. Mater. 22’ (2010) 4059 Length: 1_5um All Rights Reserved/Not For Distribut

H. Ahn et al Electrochemical and Solid-State Lett. 13, (11) (2010) J125



Energy Diffraction X-Ray | “presome wes — aee 0
OK 16.10 43.94

SpeCtrOSCOpy (EDS) ZnK 83.90 56.06

yE 2
Ep=—f? = 132 % (eV)

8e,hon? ne

Where Z = atomic number
n = quantumnumber
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electron - -]
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Calculate the ¢ & ag-lattice constant
Waultzite crystals

Fqg from :“Flements of X-Rays
Diffraction” by Cullity; page 310

_28_/124 h? + hk + k*~ 1%
sin = 7|3 02 +

Calculation for?

6, === =17.19; 0, = == = 17.17

A=1.5427x10"1° h =k =0;1 = 2;

A correspondto Cu kK,

c, = 5.2199x10~1Y;
¢, = 5.2258x101°

ZnO Wurtzite Atoms A

Stress-Strain Calculatic

— Cp A g,

. — _9
;&=

Lattice Mismatch of seed layer with substrate
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X-Ray Diffraction — ZnO/AIZOg

(o)
o

40 - -
-
< % '
> By examining the intensity of Pyy, = 45.28 vs.
= 20- ] P01 =1.0617, the ratio 2 = 0.0234 or 2.34%.
C .
b Calculate c-lattice constant
e
£ 10+ - A2[4 (h? + hk + k?\ 12
sing = —|= + =
. 413 a? c2
0 A 6, =2 = 17.23° 2 = 1.5406x10"1°
T T T T T T T h 4_r6k = 0" l = 2 All Rights Reserved/Not|For Distribut

20 40 60 80

ZnO c-lattice = 5.206A

Angle (20) (JCPDS card No. 361451)



ay Diffraction

FWHM = (
c-lattice =

ZnO (002)

Zn0O/u-GaN

FWHM = 0.0497°(6)

c-lattice = 5.1838 A Zn(

O (002) ZnO (004) ZnO

Zno (102)

Sapphire



XRD —Zn0O NRs on p-Si, GaN and SiO,

10
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-o— GaN |
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343 344 345 346 347 348 40 45 50 55 60 6
20 Angle(deq.)

c-lattice (A) . 5.1971 5.1942 5.19

FWHM 20 (deg.)  0.0591 0.052 0.0776

a et al., “A Comparison of ZnO Nanowires and Nanorods Grown Using MOCVD and Hydrothermal Processes”, J. Electron. Mater., Vol. 42,
1, 2013.
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XRD —Zn0O NRs
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H. Ahn et al Electrochemical and Solid-State Lett. 13, (11



Photoluminescence (PL) Measurement Setup
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Photoluminescence (PL)

Sap é 378nm —-—p-Si
20 _ AAFWHM = 15.2nm
18- s-ozAAA —o— GaN

360 380 400 420 440 460 480 500
Wavelength (nm) 21

a et al., “A Comparison of ZnO Nanowires and Nanorods Grown Using MOCVD and Hydrothermal Processes™, J. Electron. Mater., Vol. 42,
1, 2013.



s /Defects in &

21 Growth lechnigues

ZamK

EDS

Intensity {a. u.)
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a Mater., Vol. 52, (2004) 3949-3957

, grown on GaAs using
Evaporation

1820

Zeng et al. Acta Mater., Vol. 57, (2009) 1813-

Zn0O NWs grown on TCO using CVD
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Positions and proposed origin of room temperature PL peaks in .

Peak position {nm)
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Near-and-edge emission
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Surface defects
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UV of ZnMgO NWs Based Sensor

UV Light 355nm with 3V DC Bias

Light ON Light OFF

e -
S AANA:
BEANAVAVYAEG
1 AAVAA
g " //‘v/ﬁ\w/ \ N\
3417 Y V \
0 200 400 600 800 1000 1200 ey

_ 0 50 100 150 200 25
Time (s) Time (s)



Bonded 9x3 Array of ZnMgO NW-Based

Solar Blind Detector

The 9x3 array of solar blind
detectors provides
resolution upto 1° in the
deep uv range (200-300 nm)

280 300 320 34
VWavelength

|

y et al.,"Zn, Mg, O-based Deep-Ultraviolet Solar Blind DetectoZn, , Mg O-based Deep-Ultraviolet Solar Blind Detector" to be submitted AC




Application — Energy Harvesting
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a et al., "Energy scavenging using ZnO nanorods grown on flexible substrates," Lester Eastman Conference on High Performance Devices (I
4, 7-9 Aug. 2012, doi: 10.1109/lec.2012.6410973



Application — Pulse Monitoring




~— /ZnO NRs on Flex. Substrate
(Gas Sensor

Sensitivity = 6
__Concentration > 5000ppm

3500ppm < Concentration < 5000ppm
Sensitivity = 3.5

With Methanol

Without
Acetone

|Without Methano
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’'nO Horizontal Nanowires

2 Step Epi-Layer

Solution:

50mL Methanol
0.09g Zn(CH,COOH),
0.12g KOH

Hydrothermal

Suspend sample in:
5mM Zn(NO;),
25mM HMTA

18h at 90°C

Spin

500 rpm, 5 sec
3000 rpm, 30 sec
10min at 60°C

Suspend sample in:
0.1M Zn(NO,),
0.1M HMTA

60min at 90°C

Not For Distribut



Diameter: 200 — 500nm

10O Horizontal Nanowires
Lengths: 1 —7 um

Depending upon:
-growth time
-Zn/OH ratio

Our Method is:
@ Simple
© Fast
€ Provides TRULY horizontal NRs

Other Methods Require: Fr——""
@ Pre-treatment of surface E
& Patterned and etched seed layer

@ Layer to inhibit the nucleation of NR
@ AND Don’t provide HORIZONTAL NR

a et al., "Low Temperature Horizontal ZnO Nanorods", Materials Research Society (MRS) Spring Meeting & Exhibit, San Francisco, CA, Ap
e published on MRS Proceedings



NnO Memristor

250 -
200
150
= /
= 100 -
Z 4 -
g 50 -
3 _
1 2
Voltage (V)
150 -
& EREEE
- i e |
o5 @@
CC miabipl @
[ oo e 0 l--lf_ &
ss Cocg
mmm ( WEl =
: 16058A Test Fixture HP4145B Parameter ANANZE v rorosios

anipulator 6200 Probe Station

y et al., “Bipolar Resistive Switching Transients in ZnO Nanowire Memristors” submitted to: Electron Device Letter




Ig-Incorporation in Zn, Mg O via Hydrotherm:

10 seed layer spin coated 5 times and
aled for 1hr at 150°C
e NWs was grown at 70C for 7hr using

- 25mM of Zn(NO3)2
' 25mM of HMTA

e NWs was grown at 70C for 7hr using

- 25mMof Zn(NO3)2
' 25mM of HMTA
800 Tk Amp.
) 100mM of Mg 2 LSec : 2.5 Prst:None 20-Now-2012 2
E 600}
= 400}
!b i
= I 5iKa
2001
[ ]
tion: ZnO-MgoO o,
e e 0.0 0.2 O-C‘! ‘t‘OIB 0.8 1.0 omznn_
W Solublllty omposition x
Fig. 9. T-x phase diagram of Mg, Zn,_ 0 ternary alloy. Solid line: 3
binodal curve; dashed line: spinodal curve. c j L:_A All Rights Reserved/Not For Distribut
B. Amrani et al., Computational Materials LR R S
Science 40 (2007) 66-72 1.00 s.00 €00 700  8.00




coming 4% Mg-Incorporation in Zn; ,Mg O via

ychemical

5000+
R ZnO (002) @ 34.4895
3 40004 c-lattice = 5.1967
>
2
9 3000+
=

2000 : _ _ i , . NBE Shifted from 389nm tc

34.2 34.5 34.8
20 Angle (deg.)

~ 144
>
E
2>
D
& 07
£

0.0

Wavelength (nm)

a et al., “Overcoming 4% Mg-Incorporation in Zn, Mg O via Sonochemical”, in preparation




ection of e~ depends radially
, less recombination

er Absorption Coeff. due to size o

is Absorbed along the NW (axial)

All Rights Reserved/Not For Distribution
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ACS Nano 8, 4015-4022 (2014)

a)Dependence of Photovoltaic Characteristics of SINW array/CQD heterojunction device
b)Plot of Voc, Jsc, FF and PCE as function of CQD layer number

c)Energy band diagram of Au/SiNW Schottky junction
d)SiNW/CQD heterojunction

Photo-detector Setup culnS2/ZnS core

shell qual
® Efficienc
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Appl. Phys. Lett. 104, 183902 (2
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Photoluminescence (a.u.)
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seed layer

. Methanol |:>

3 Zn(CH;COOH),
5 KOH

\ film using
ermal

| sample in:
(NO,),
ITA

t 90°C

¥

using Hydrothermal:

sample in:
NO,),

TA

C

/n0O

500 rpm, 5 sec

3000 rpm, 30 sec

10min at 60°C

/n0O /n0O
Zn0O Film

/n0O

/NnMg0O/Zn0O Coaxial Core-Shell
Growth ZnO NRs:

Spin

ZnO seed using MOCVD: Growth
50sccm DEZn @ 300Torrs

35sccm N,O +0.5slpm N, Zn MgO
For 20 min, 70 Torr, 300°C
or 20 min, 70 Torr Core-S}

ZnMgO NWs (Shell) u:
MOCVD:
10sccm DEZn @ 300T;
200sccm Cp2Mg @ 2
2 499sccm N,O + 0.5slp
— For 15 min, 0.5 Torr, 6

ZnO (Shell)using MOC
50sccm DEZn @ 300T
35sccm N,O + 0.5slpn
For 20 min, 70 Torr, 3

All Rights Reserved/Not For Distribut

ZnMgO

34




/NMgQ/Zn0O Coaxial Core-Shell

EDS Quantitative Results
Element Wt3% Ats
BK 54.19 79.73
OK 11.45 11.38
MgK 1.28 0.84
SiK 0.00 0.00
ZnK 33.08 8.05

. 3I}_)/IOCVD -> No catalyst

* Mg mole Fraction 1 -30%
On Si with HIGH Quality

e Vertically aligned




'010—-25nm
'0—150nm

\MgO Core-Shell
sing Hydrothemal
d Laser Deposition

Defects at
& 450 - 800nm
W. Liu et al J. Phys.

Chem. C 114 (2010)
) 16148

Reported Work

Multiples ZnO/ZnMgO Core-
Shell layers grown
Using Metal Organic Vapor

_____ Phase Epitaxy

R Thierry et al Nanotechnology 23
(2012) 085707

’ sapphire ’

Multiples ZnO/ZnMgO Core-
Shell layers grown Using

B.Q. Cao et al Nanotechnology 20 (2009)
305701

| Optical fiber

[ ITO/ZNO seed layer
I Dye-coated ZnO NWs
[0 ZnO NW film

I Electrolyte

NG Top electrode

I Pt coated electrode

NWs arrays are
radially around

optical fiber with t
pointing outw

C. Pan, Adv. Mater. 24 (20

All Rights Reserved/Not For Distribut



XRD — ZnMgO/Zn0O Coaxial Core-Shell

* No other crystal obser
* No Metal Catalys

60000 * High Quality ZnO
= Lc=5.1868
«c 40000 ‘ FWHM = 0.0
= \
& \
9
: p-Si c 20000
sl B

34.2 34 4 346
hase is observed 20 (deg)



Reported Work
tui  Core-Shell

[_P-GaN _
(0002)Zn0O : — Niw &
| N 3 § [\¥ T8
o : o =
:- B E E; 5“/2
Zd = = x o
Z Z g ®
gy 0] 2
- 5 <
o f S &7
e - i .
é‘ f = 340 34.2 344 346 348 350
100 nm 0w F O, 20 (deg.)
S <
-
£ 1 i

(11200A10, 0004)Zn i HMM |4
( *R O mﬂ Ml iJI..l L .IN..,LI'J.'E
30 40

I " : 50 All RightsﬁQrved/Not ForEgbut

40 6l . K0
20 20 (deq.)

C. Chem et al J. Phys. Chem. C 114 (2010) 3863 W. Liu et al J. Phys. Chem. C 114 (2010) 16148




DEVICES |-V Characterization

ZnO NRs 5.0 ZnMg0O/Zn0 Core-Shell
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esponse of ZnMgO/ZnO Core-Shell Structure

UV Light ON UV Light ON
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(Gas Sensing
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/ation Energy of Traps From Methanol Adsorg
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Response Magnitude
Core-Shell vs ZnO Nanorods
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SEM Images of ZnO (thin film)/GaN
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* At high annealing
temperature of 700 — 750 C,
the ZnO thin film is smoother
(smaller RMS roughness)

* Smoother film is obtained on
GaN substrates than p-Si due
to smaller lattice mismatch
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Slow Vs. Fast Annealing Ramp: ZnO/p-Si

*Annealing rate did not
change the surface
roughness

* The grains are not
due to thermal
coefficient mismatch
and are rather due to
the annealing
condition

*High temperature
causes migration of
grain boundaries and

coalescence of grains
[Lee et al.,, J. of Luminescence,
129 (2009) 148-152]
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Slow Vs. Fast Annealing Ramp: ZnO/GaN

*Annealing rate did not
change the surface
roughness

* The grains are not due
to thermal coefficient
mismatch and are
rather due to the
annealing condition

w Ann 600-GaN

*High temperature
causes migration of
grain boundaries and

coalescence of grains
[Lee et al., J. of Luminescence,
129 (2009) 148-152]
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Surface Roughness Vs. Annealing

Temperature

Substrate
p-Si
p-Si
p-Si
p-Si
p-Si

GaN
GaN
GaN
GaN

yet al., "Optimization of Annealing Conditions for ZnO-based Thin Films Grown Using MOCVD", Materials Research Society (MRS) Spring |

Annealing
As grown
600 °C
700 °C
700 °C (slower ramp)
750 °C
As grown
700 °C
700 °C (slower ramp)
750 °C

rancisco, CA, April 21-25, 2014. and to be published on MRS Proceedings

Surface Roughness
Fine grains
Smooth surface
Grain size: 36-154 nm
Grain size: 40-153 nm
Grain size: 34-140 nm
Fine grains
Very smooth
Very smooth
Very smooth



Crystalline Structure of ZnO (thin film)/p-Si
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Crystal Quality of ZnO (thin film)/p-Si

c-lattice (A)  5.1921
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* The FWHM decreases with increasing annealing temperature
* Crystal quality can be improved by slowing down the annealing rate
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Intensity (mV)
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Optical Quality of ZnO (thin film)/p-Si

Anneal
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*Near band-edge (NBE) energy (~¥387 nm) is the dominant peak y
*The peak at ~¥358 nm (3.45 eV) corresponds to electronic band to
band transition [G.H. Lee et al., Thin Solid Films 386 (2001) 117-120]

» Samples annealed at 600 C has minimum defects/ impurity
* Slower annealing rate results in better optical quality
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Intensity (mv)

Optical Quality of ZnO (thin film)/GaN

Anneal Peak Position Relative Peak Other peaks FWHM (nm)

(nm) Intensity

none 359.6 nm

600 °C 387.6 33.478 359.6 nm 4.585
700 °C 387.4 52.44 359.8 nm 4.7938
700 °C (slow) 387.2 23.77 359.6 nm 4.5854
750 °C 387.4 0.37 4.7939
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*The peak at ¥358 nm (3.45 eV) corresponds to electronic _,.] 750 Cannealed
band to band transition [G.H. Lee et al., Thin Solid Films 386 (2001) 117-120] 2 °*

* Optical quality deteriorates for annealing temperatures > ~.,}
700 C.

0.00

* Slower annealing results in better optical quality e
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y0/Zn0 Core-Shell

10% Mg

ore)
1868

823

Magnitude of 1 -37%
nol Concentration of
om

Summary

Sun Light is Absorbed along the NW (axial) ZO norods
While collection of e- depends radially UM
Therefore, less recombination

And Higher Absorption Coeff. due to size of

structure.

Sensitivity of 5 - 6 at R
53
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