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Outline NM

4 Introduction-part | STATE
= Zinc Oxide (ZnO:1lI-VI compound semiconductor) for optoelectronic industry UNIVERSITY
= Role of ZnO film thickness for optoelectronic and photonic devices

O Sample characterization
» Optical Characterization: Spectroscopic Ellipsometer (IR-VASE, UV-VASE)
» Structural Characterization: X-ray diffraction (XRD), X-ray reflectivity (XRR), Atomic force microscope (AFM)

O Results: Thickness dependence of infrared lattice absorption and excitonic absorption in ZnO layers
on Si and SiO, grown by atomic layer deposition (ALD)

[Nuwanjula S. Samarasingha, Stefan Zollner, Dipayan Pal, Rinki Singh, and Sudeshna Chattopadhyay, Thickness dependence of infrared lattice absorption and excitonic absorption in ZnO layers on Si
and SiO, grown by atomic layer deposition, J. Vac. Sci. Technol. B 38, 042201 (2020)]

4 Introduction-part Il
» Gallium Phosphide (GaP:1llI-V compound semiconductor) for optoelectronic industry
=  Why we study temperature dependence of lattice vibration in GaP

1 Results: Temperature dependence of the optical phonon reflection band in GaP

[Nuwanjula Samarasingha and Stefan Zollner, Temperature dependence of optical phonon reflection bands in GaP, J. Vac. Sci. Technol. B 39, 052201 (2021)].

U Conclusions
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4 Introduction-part |
» Zinc Oxide (ZnO:llI-VI compound semiconductor) for optoelectronic industry
= Role of ZnO film thickness for optoelectronic and photonic devices

-_— ——— —_—
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Zinc Oxide (ZnO:l1I-Vl compound semiconductor) _ il
Attractive material for optoelectronics and photonics application ;QZz

O Thermal and chemical stabilities of ZnO) thin film transistors, solar cells,
and gas sensors

O High power, high temperature electronics

O Less toxic and relatively easy to synthesize with a variety of techniques) hybrid solar cells

Source electrode  Drain electyode
1 Wide band gap and a very good optical transmlttance)transparent electrode,, . H
in organic and hybrid solar cells Source ) g’fﬂ'; L, souce

— s ~ ZnOThinFilm
PMMA 7 cul

O Direct band gap semiconductor with large exciton binding energy Silicon

) It is very important to have a universal description and better understanding of optical properties of
this semiconductor.

HOW OPTICAL PROPERTIES OF ZnO CHANGE WITH THE ,
* Film thicknesses (is a key parameter in photovoltaic devices)

c.Y.
u SUbstrate mater|a| D. Pal, A. Mathur, A. Singh, J. Singhal, A. Sengupta, S. Dutta, S. Zollner, and S. Chattopadhyay, J. Vac. Sci. Technol. A 35, 01B108 (2017).
D. Pal, J. Singhal, A. Mathur, A. Singh, S. Dutta, S. Zollner, and S. Chattopadhyay, Appl. Surf. Sci. 421, 341 (2016).

NMSU ELLIPSOMETRY _| Optical characterization of compound semiconductor materials using spectroscopic ellip
@N@BW Nuwanjula Samarasingha
elli 09/16/2021

Lee, M. Y. Li, W.H. Wu, J. Y. Wang, Y. Chou, W. F. Su, Y. F. Chen and C. F. Lin, Semiconductor Science and Technology 25.10, 105008 (2010).
l,
l,




ZnO for optoelectronic and photonic devices
OPTICAL PROPERTIES oAl

O Spectroscopic Ellipsometry (SE): Widely used optical metroloqy technique in the semiconductor industry
SE is a powerful and more accurate method to measure optical constants, especially the dielectric function DF

(¢(w)) of materials.

g(a))zfgl(w)ﬂ-l:gz(w) Q How the dielectric functions (&) of semiconductors depend on
: = Film thickness * Substrate material » Excitonic effects  Strain -
’ Imaginary part: related to :  v/ariation in electron density??
Real part: related to lost of energy in the : d
energy stored in the material (absorption)
material

STRUCTURAL PROPERTIES
O Degree of structural order in a solid

Ex: Crystallinity

O Crystallinity aids to avoid unwanted charge trapping

O Trapping reduces charge mobility (how quickly an electron can move through a metal or
semiconductor)
Affect performance of devices

The knowledge developed through this study is valuable for its application in optoelectronic and
photonic devices to achieve their best performance.

NMSU ELLIPSOMETRY _| Optical characterization of compound semiconductor materials using spectroscopic ellip
@N@BW Nuwanjula Samarasingha
elli 09/16/2021




[ Sample characterization

» Qptical Characterization: Spectroscopic Ellipsometer (IR-VASE, UV-VASE)
» Structural Characterization: X-ray diffraction (XRD), X-ray reflectivity (XRR), Atomic force

microscope (AFM)
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Instrumentation How thick is my film?

UNIVERSITY

O Physicist: Use optical interference techniques: Spectroscopic ellipsometry (optical,

IR/VIS/UV), X-ray reflectance (XRR:more accurate than electron microscopy)
» Sometimes ellipsometry cannot determine both the optical constants and the thickness of ultrathin
layers or may not be able to detect thin interfacial layers, surface roughness, or density variations.

45 kV anode voltage and a 40 mA beam current producm
Cu K radiation with =1.5419 A :

A

‘ O High Resolution X-Ray Diffraction
f “ :.ﬂ ' ; (HRXRD)

O Preferred orientation (Pole figure) etc....

0 X-Ray Reflectance (XRR)

1 Powder X-Ray Diffraction (XRD)

e

5

PANaIytlcaI Empyrean Xray D|ffractometer

I:De pa rtm e nt Of P hys | Cs ~ oy Optical characterization of compound semiconducto
" . . Nuwanjula Sama
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Instrumentation I: X ray diffractometer X-ray reflectance (XRR) I\

STATE

UNIVERSITY

X-ray refle'ctivity setilp

What x-ray reflectivity reveals:

«Film thickness (5 Ato 1000 A)

*Surface and interface roughness
== (quality of the thin film)

Incident beam optics @
~ Ge hybrid

i “* monochromator

Xe proportional
detector

N hE 7]
Parallel-plate collimator

»

*Electron density (ED) profile
(ED can change the dielectric

function) X
—\_\ /-f’
Thickness

[Roughness

Cu X-ray tube

O Incident beam optics: Ge (220) two-bounce hybrid monochromator, a fixed 1/32°divergence slit, and a 4 mm beam mask to produce a parallel beam.

O Diffracted beam optics: 0.27° parallel-plate collimator, a 0.04 rad soller slit, a programmable beam attenuator with a 0.125 mm Ni foil, Xe proportional
detector.

Optical characterization of compound semiconductor materials using spectroscopic
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Instrumentation I: X ray diffractometer X-ray reflectance (XRR)

Refractive index:ny =1-6 + if3
227, P ase |. IF ;<6
| o = - Pe a B = E,I.l k ;d

Total external

— -15m:- i i i
r, = 2.8x107"> m: classical electron radius reflection

A: X-ray wavelength
pe: €lectron density

ICase II. IF 6;>6 I u: linear absorption coefficient.

( Two interfaces
Kiessig oscillations ér

(fringes)

-----F---

Incoming X-rays :
Reflected X-rays 10

Surface z
=] = Roughness =
Roughness = L J Amplitude of
w . .
) C oscillation-
Film _ £ 10 Contrast of =
Density Electron Density
\-.._’ 102 - 4> _
Period of oscillation
10" H - Film Thickness T
100 | 1

4
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Instrumentation I: X ray dlffractometer Stram and Custalllnlty NM

X ray dlffractlon setup

Llnear detecto

| S... e proportional detecto
ttenua _ _

L

Incident beam optics, Diffracted beam optics

L4

O Incident beam optics: fixed divergence slit, 4 mm beam mask, 0.04 rad soller slits, and a fixed anti-
scatter slit

O Diffracted beam optics: programmable anti-scatter slit, 0.04 rad soller slits, and a 0.02 mm thick Ni
filter (to block the K radiation).
U The diffracted intensity was measured with a PIXcel1D detector.

STATE

UNIVERSITY

What x-ray diffraction reveals:
* Distances between atoms

« Lattice mismatch (strain)

Film

SESSSSSSEREE

» Grain size

)
7

\d sinev
2dp;Sin@ =nA  Bragg's Law

where dyy = a, /NRE +k2 +12

https://en.wikipedia.org/wiki/File:Bragg_diffraction.png

Nuwanjula Samarasingha
09/16/2021
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Instrumentation ll: Atomic Force

Surface Morphology

Microscope (AFM)

O The surface morphologies of ZnO films were
examined by atomic force microscopy (AFM)

DIMENSION

FastScan
&Swm

What atomic force microscope reveals:

» Surface roughness

» A Bruker FastScan Dimension AFM -TESPA probe in
noncontact tapping mode

> Across a 10*10 um? area of the samples

Hooke’s law

F =—kx

Photodetector

F: force between the sample
surface and the probe

Lasear Beam

Cantilevar

*

k: spring constant
Line Scan

*

x: cantilever deflection.

D. H. Agarwal, P. M. Bhatt, and A. M. Pathan, AIP Conference Proceedings 1447, 531 (2012).
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Instrumentation lll: UV-Spectroscopic Ellipsometer NM

O Optical measurement technique. Spectroscopic Ellipsometry measures a change in polarization as el

light reflects or transmits from a material structure.

U Widely used optical metrology technique in the semiconductor industry

0 Use with all types of materials: semiconductors, dielectrics, polymers, metals, muIti-Iayers, and more

What spectroscopic ellipsometry (UV-VASE)
reveals:

= Thickness (100 A to 10000 A)

= Excitonic absorption near band qap

= QOptical constants (n and k)

= Dielectric properties

sample

= Surface and interfacial layers

= Doping concentration

» Material composition (alloy fraction)

= Free carrier absorption

Spectral range: 0.5-6.5 eV
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Instrumentation lll: UV-Spectroscopic Ellipsometer

» Spectroscopic Ellipsometry measures the change of polarization as light is reflected or transmitted from a material

structure.
» The polarization change is represented as an amplitude ratio ¥ o= " _ £, ] £ — tan We'®
and a phase difference A (ellipsometric angles) r, E,6 E,

p-plane

Angle of incidence

2
<ﬁ>2 =sin” ¢| 1+ tan” 20(1—_,0)
1+ p

71 = n+ ik  Complexrefractive index i consists of the index
(n) and extinction coefficient (k):
n,k:

Optical properties can be represented as the complex dielectric function

Elliptically polarised

Linearly polarised

E=¢g +ig,
DETECTOR ‘

ROTATING
ANALYZER

g =n"—k’
&, =2nk

Voltage

SAMPLE

Sample

POLARIZER

Time

g — —  —— S e
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Instrumentation lll: Spectroscopic Ellipsometer_Data Analysis

Experimental
data

Build a
model
f£hange model’s i
_—r

parameters
Generate
data

Compare exp.
and gen.
Match 722

Ce D

Measurement

Model

Results

(dielectric function)

v (degrees)

[\8]
o
o

i

ia
(8]
o

A (degrees) |
=)
o

[8)}
o

Film 1
Film 2

Substrate

3
Energy (eV)

4

o

N,, kK, known
N4, Ky unknown

ng, Ks known

v (degrees)

A (degrees)

- -
o O
o O

[4)]
o

Energy (eV)

20 —

NM

STATE

UNIVERSITY

Ellipsometric angles
Y and A

15
10

L 6o

70°

o

Energy (eV)
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Instrumentation IV: IR Spectroscopic Ellipsometer

UNIVERSITY

O The knowledge of vibrational structure changes (understand the energies and activity of the
lattice vibrations) is valuable for microelectronic devices.

A
Incidentbeam @ 0 Spectral range: 0.03-0.8 eV
: %J.A-Wooﬂam% , QO Angle of Incidence: 32° to 90°

Elipsometry Solutions

IR-VASE § O User-specified resolution from 1 to 64 cm-"

Mark II

ok .
—

Q¥ polarizer ]

5’{? l__o = i
FTIR ' -

e

Rotating $ Source

Compensator ¢

Polarizer

detector
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1 Results: Thickness dependence of infrared lattice absorption and excitonic absorption in ZnO
layers on Si and SiO, grown by atomic layer deposition (ALD)

[Nuwanjula S. Samarasingha, Stefan Zollner, Dipayan Pal, Rinki Singh, and Sudeshna Chattopadhyay, Thickness dependence of infrared lattice absorption and excitonic absorption in ZnO layers on Si
and SiO, grown by atomic layer deposition, J. Vac. Sci. Technol. B 38, 042201 (2020)]

-_— ——— —_—
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Results I: X ray reflectlon (XRR)

10’
10"

Reflectivity
o

-
o
(X

—
o
in

= do

e R
© o
4

=y
o
=

T TS 3
o O
=)

=

Reflectivity
o

-
o
(&

-
o

Lo

3F (a) KIeSSIg

i (fringes)

oscillations

Electron density 2 )

] 4. 5 nm ZnO on S|
# 9.5n0m Zn0 on Si
] 19.4 nm ZnQ on Si
11® 36.0 nm ZnQ on Si
® 505 nm Zn0O on Si

# 69.1 nm Zn0O on Si

Period of oscillation - Film Thickness T
i 1 . 1

- (b)

Electron density [zh 1
S

1| #® 8.7 nm ZnO on Si0,
18.8 nm ZnO on Si04
11 ® 36.0 nm ZnO on Si04
1| ® 51.5 nm ZnO on Si0,

@ 41 nm ZrC on Si0,

'l I"[} 8 nm ZnO on S|O

0.4

0.5

0.6

How thick is my fil

The data were analyzed using the Parrat formalism (L. G. Parrat, Surface studie of solids by total reflection
of x-rays, Phys. Rev. 95, 359, 1954). We used the MotoFit program (http://motofit.sourceforge. net) in an
Igor Pro (Wavemetrics, Inc., Lake Oswego, OR USA) environment to fit our XRR data and determine the fit
parameters.

1) The agreement between data and fit is excellent using our

UNIVERSITY

== model

)high level of confidence in the accuracy of our layer
thicknesses and densities.

2) The drop of reflectance versus Q (scattering vector) is

| relatively slow

)the surface roughness for our ZnO layers is rather
small.

3) The critical angle given by the sharp drop of the reflectance is
nearly the same

) nearly constant electron density (independent of
layer thickness).

High-quality pinhole-free ZnO films with very low
surface and interface roughness

Optical characterization of compound semiconductor materials
Nuwanjula Samarasingha
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http://motofit.sourceforge/

Results II: X ray diffraction (XRD) Crystallinity and Strain W)W

STA

UNITVERSITY

1400 — .

1500k @ g : gm gggg; 1 1) Xray diffraction pattern matches with the standard diffraction
- o B 19 nm ZnO/Si 1 pattern of hexagonal ZnO.

1000 S —— 36 nm ZnO/Si
g = — 51 nm ZnO/Si A
e g —%9mz;OS 1 9) ZnO (002) peak is the strongest peak P Preferred
§ 600 . orientation (texture) of the ZnO is along <002> direction
5400_ D with ¢ axis perpendicular to the substrate surface.

200 e

o oo v N prmgreeeeneed - 3) 36 NM ZNO/Si film has more crystallinity than ZnO/SiOZ)

12000 g & —4nmZn0iSio; - The role of the substrate (Si or quartz) is very important.

1000 @ S o 19 nm ZnO/sic2>2 i
B N g 2 —emmeneoz 1 4) Strain (g,) is small (0.01%-0.10%) and not even the sign of the
L 800 2 . . . .
2 ——71nm ZnO/SiO, | strain can be determined with certainty.
£ 600
= 2d ;1 Sin@ =nA gt

400 Byt v hkl £ =—-1

Wi .4 Bragg’s Law a
200 ; At i I where dyy =al/\/h2+k2+12 0

20-o (°) a, is the lattice constant of bulk ZnO crystal
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Results lll: Atomic Force Surface Roughness
Microscope (AFM)

O The RMS surface roughness

= Data Analysis: Bruker NanoScope analysis software
= Averaged over several sites.

The surface roughness measured by XRR

for the ZnO films on Si and SiO, substrates
e =il - e — L is in good agreement with the AFM RMS

69 nm ZnO/Si 5 hm ZnO/Si "roughness.
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Results IV: Thickness dependence of infrared lattice absorption and excitonic NM

absorption in ZnO layers on Si and SiO, grown by atomic layer deposition

0 Measured ZnO from the midinfrared (0.03 eV) to the deep ultraviolet (6.6 eV).
= variability of the DF and the influence of electronic and vibrational structure changes. This knowledge is
valuable for microelectronic devices.

8 — g 0 How the dielectric functions (&) of
T 1| —smzos®] tT 7 1| _ . L ...®  semiconductors depend on
[ Iy —9nm2zno/Si 4 7F o ZnOfSi02 - - .
of 1 N — sromeres &l 1enmznosio,] ™ -Eilm thickness « Substrate material °
4 ™ 1A —stamznosi | — 38 nm ZnO/SiO, Excitonic effects (bound electron — hole
& sl Bulk ZnO 1stk° \ — 50 nm ZnO/SiO,

pair)??
O Significant variations of the optical constants
of ZnO as a function of thickness.

Bulk ZnO

10 Both €, and €, show significant variations with
thickness over the complete spectral range,
regardless of the substrate.

10 For ZnO on Si, the absorption above the
1 bandgap (say, at 4 eV) increases
monotonically with the layer thickness.

' O There is a drastic reduction in the excitonic
effects near the bandgap, especially for thin
ZnO on Si.

L L L L L L 1
: Energy (eV) Energy (eV) |
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Results V: Thickness dependence static (&) and high (&)
frequency dielectric constant

A eIectronic
# B L] L] L] R 1 L] L] L] 1 L] L] L] I L] L] L] i 1 1 T I T T T I T T T I T T T
30 f—e— Zno/si h 48k ]
A ? \\ " 4+ ZnO/Si (LST) @ 7 [ (b)
; | O I o5 [ ~® ZnO/SiO, (ordinary) ] 4.4 i
v Q\ / [ O Zno/sio, (extraordinary) 1 4ol o A
L . . ] . ulk ZnOg,
L 4+ ZnOJ/SiO, (ordinary LST) . . 9 ]
Vibrational hvf 20 {1 . 36f -
& ] 4 - Bulk ZnO,, A
e 1 32 i
-1 e — .
; € [ : I -
l : ] 2.8 .
L Bulk ZnO,, 4 - g
_ : : 9 : 241 .
s / s 3 — e - " Bukzo, ] -0k | | | i
0 /t — 0 20 40 60 80 E— E— E— E—
3 Vg AR 0 20 40 60 80
/ Film thickness (nm) Film thickness (nm)
Phonon Free carrier Interband L dd S h T " >
absorption absorption absorption . .
$ v ¥ P yddane oachs lelier Wro (wLo.r0: longitudinal and transverse

I I s = & . .
relation (LST relation) > w%o optical phonon frequencies)
" » 40% reduction of the high-frequency dielectric constant ¢_ in thin layers on Si
» ZnO on SiO,: high-frequency dielectric constant ¢_ is nearly independent of

0002 004 ooe 4 3 . thickness

Photon energy (eV) » Zn0 on Si/SiO;,: & increasing with increasing film thickness
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Results V: Thickness dependence “Born Effective Charge”

Coupling between optical phonons and electric fields is quantified by the Born effective charge

+ isplacemen *)2 — 2 2 — 2
+ “{i E D-p] [ (et) — 47T Vﬂgogw (VLO VTO) L] L] L] I L] L] L] I L] n n I L] ] L]
+ Parallel plate — B y
* H capacitor Where V : volume o 2.2F o o Bulk ZnOgy -
u : reduced mass L 21F c o -
J isplacemen . TR LA ) - g i
o @@ Displacement <@ @-> g1 vacuum permittivity o 2.0F e—— Buk ZnO,
ZE;:EL][D <& & 9 O -QC) 1.9 X B
axis dlb} o 1.8F 7
> = -
<+ - 4 - § 17k _
«+ = “® e Eﬁ 1'6.- .
» TO propagating along [111] direction % 1.5 N B
o m 14 -
> @& and & ions planes L [111] axis = 1 & @ | 13—
0 20 40 60 80
> LO mode & - = additional Coulombic restoring force (F) Film thickness (nm)
— ™ » ZnQ/Si: Born Effective Charge decreasing with
» Additional force then leads to the frequency change decreasing film thickness (by about 20%).
Manuel Cardona, and Peter Y. Yu, Fundamentals of Semiconductors: Physics and Materials Properties, Philadelphia, 1995. > ZnO/S|02 near|y independent of thickness.

Reparaz, J. S., et al., Applied Physics Letters 96.23 (2010)
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Results VI: Thickness dependence of the band gap -

rect bandgap
. . . . _ CB .
1 Band gap is a major factor determining the electrical conductivity. -|owestral e of vacant :
g [
: electronic states -
3'38"'.""""""(3) ermssamssassessseannes P 5 :
ase | " AESZEES el - ! energy increases : : lectron
: u,=0.21£0.03 m; - Rty + (Sl gafrdt : : :
< 3.34F 4 - — : e
e L | 1 O Small blueshift of the band gap (80 meV) : e :
& L . . . = highest range of electron E
S ool { - with decreasing layer thickness due to i/ energies \ :
(6] . B R = . . M
s [ = quantum confinement. SOOI Bt
= 328-‘ \\\ Bulk Znoor __ Emitted photons
3.26 . ST 1 Q@ Quantum confinement e
3.38 +—"—t+—"FH—+—F—+——+—+—+——+—— F Zf'zl““’.tf‘M (H] r/f r/f r/f r/f
236k ZnO/Sio, AE=35+7 mev )] Eg (t) = Eg,bulk + t—Z-AE o> J @ ®° ° Pt R
- u_=0.19:0.05m, | O S EY-t
9 3.34 { °" ° - o° e a o@"
\q_)/ - ; - P-type m N-type
§ 392 1 where Eg.,bulk =3:29 eY LED ™
S 330 | - t is the layer thickness HE
= R I : : h2m2 :
328} { . Bulk ZnO,, - F is the confinement factor (F=2 = Iy, is the electron-hole
~~~~‘~- — . " " eh " .
ey e e S--em-eeeeeeeeeeeeo1 reduced effective mass), and AE is a thickness-independent difference
3.24 ——l——l— between the bulk and layer Tauc gap.

0 10 20 30 40 50 60 70 80
. Film thickness (nm)
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Conclusion |

High quality, smooth, ZnO thin films with varying film thickness, from ~5 nm to ~50 nm, were characterized by IR
Spectroscopic Ellipsometer, X-ray reflectance (XRR), X-ray diffraction (XRD), and Atomic force microscope (AFM).

O Thickness confirmed by X ray reflectance.

O Electron density of ZnO films is close to that of bulk ZnO and does not vary considerably with film thickness.
) High-quality pinhole-free ZnO films

O 36 nm ZnO/Si film has more crystallinity than ZnO/SiO, )The role of the substrate (Si or quartz) is very important
O Significant variations of the optical constants of ZnO as a function of thickness.
O Both €, and €, show significant variations with thickness over the complete spectral range

= ZnO on Si: excitonic enhancement disappears in thin films

= ZnO on SiO,: excitonic enhancement reduced with decreasing thickness

O Strain (¢,) is very small. Therefore, the variations of the dielectric function are more likely to be a function of
thickness rather than a function of strain

0 Small blueshift of the band gap with decreasing layer thickness due to quantum confinement
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4 Introduction-part I
» Gallium Phosphide (GaP:1llI-V compound semiconductor) for optoelectronic industry
= Why we study temperature dependence of lattice vibration in GaP

——— —_—
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Gallium Phosphide (GaP: lll-V compound semiconductor) NM

STATE
Excellent semiconductor for optoelectronic and photonic applications

O Thermally stable semiconductor material

O Application: Light-emitting diodes (LEDs), detectors, solar cells, and high-
temperature transistors.

) Important to study the optical properties of this semiconductor, including the effects
of cryogenic and elevated temperatures

Temperature dependence of the optical phonon bands in GaP m

O Optical phonons are vibrations of the atom in a crystal.

Why this knowledge is valuable for microelectronic devices? I a i 4

Ex:» Electrons @ move through a transistor channel (interface between Si and gate oxide) ) if this @ collide with the

nucleus of an atom) oscillate this absorbs energy from the electron and contributes to increased power
consumption by the device.

Therefore, it is very important to study the behavior of these lattice vibrations not only at the
room temperature but also at cryogenic and elevated temperatures.
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Instrumentation: IR Spectroscopic Ellipsometer with ST-400
ultra high vacuum (UHV) cryostat 1

O The knowledge of vibrational structure changes (understand the
behavior of lattice vibrations) is valuable for microelectronic
devices.

Detector oS Inmdent beame

J A. Woollam Co. Woollam Co i

IR-VASE |

[Mark I1]

JAW llmC

Eipsometry SouNos

IR VASE

Mark [1

. " Temperature range:80 K
(liquid nitrogen) to 800 K

2. = UHV pressure: 108-10° Torr S8
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1 Results: Temperature dependence of the optical phonon reflection band in GaP

[[Nuwanjula Samarasingha and Stefan Zollner, Temperature dependence of optical phonon reflection bands in GaP, J. Vac. Sci. Technol. B (under review) arXiv:2105.06662, (2021)]

First temperature dependence published work using our J. A. Woollam IR-VASE Mark |l Spectroscopic Ellipsometer.
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Results I: GaP: Infrared Lattice Vibrations (room temperature) N

STATE

UNIVERSITY

50_""I""I"<_L"" | L

Restsitrahlen Band

:T%
GaP space group: 1 g 150 prrrs
t Ga* To.l 1005

o @ sof
— L0 — -t = 150 o
R. P. Lowndes, Physical Review B 1.6, 2754, 1970. o 8oo 902

Lowndes model (TOLO): oF 100

.« Applies two different broadening parameters to the -50
TO and LO phonons

‘ Y10>Y L0 ‘

250

200

(1)1210—(1)2 —i)/LOw -100

e(w)=€q
2 .
wro—w2—=iyTow TO LO
A
= 8
130 1m<— 1 >: <& >
<&> <g >t 4<gy >?
— 6~
- %100 I i\‘/’
- | = 4
: E
B — 50 PR—
ok Mt £and, > ¢&,. peak near TO frequency k 2
Eo a3 5 Loss function: Im(—1/<e>): NI /L Y | W B
250 300 350 400 450 500 550 = Very symmetric lineshape 250 300 350 400 450 500 550
Energy (cm™) = peak near LO frequency Energy(cm ')
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Results I: GaP: Infrared Lattice Vibrations (room temperature)

v (®)

Im(e)

NM

STATE

UNIVERSITY

50 B LI L "L | L . .
: Reststrahlep Band Why yro>y1.0 and asymmetric reststrahlen line shape ?
40F
: » Zinc blende semiconductors: Lifetime broadenings
30 F » decay of optical phonons into acoustic phonons.
- . » GaP: The two-phonon density of state is larger for the decay of TO phonons
20F: 0 e than for LO phonons the decay of TO phonons into two acoustic phonons is
R very fast. — —
10 :.' ,*_. * & ‘ SQG P
0.06}- a .
LA+TA near X
w i AJ
a '/\J
Q _
S 0.04+ : .
150 ® g :
i L 1
100 < = 0.02 |
4 E !
50 5 0.00 | | | | , .
340 360 380 400 420
Energy (cm™)
Ol P — 2 13 W [ - . PRI TR T 0 S. Ves, |. Loa, K. Syassen, F. Widulle, and M. Cardona , physica status solidi (b) 223.1, 241-245 (2001).
250 300 350 400 450 500 550

This leads to a negative dielectric constant (¢,) just above the LO phonon.

Energy(cm'1)

:

l @ NMSU ELLIPSOMETRY | I

Optical characterization of compound semiconductor materials using spectroscopi
Nuwanjula Samarasingha
09/16/2021




GaP: Two-phonon absorption

Negative dielectric constant (g,) and two-phonon absorption

800

50 B L L AL High-resolution IIR transmission measurement : ; I :
i Rests',ltrahleh Band ° I u_l ] *—mrlulomruu l }
40 :_ | _§ I :2:’:: = .§§ Im-ﬁcm’ -
L ! : =S
I . s = 1 ]
30 I
? i 1
N~ 3 1
= 20F ! PR
L 1 OON o0 .
L 1 o o
- 1 00 Go 08P B
= o ¢ O\‘_g’) 2 5;) S 0
e To! Lo B00k R 0
- 1 s g D R e T R
0 B 1 I. 1 1 I. ] 1 ] 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ) - -‘" EEEN
.. -l-II------.------.--.-----
250 300 350 400 1 450 500 550 -0.05F R ELEEL e O point by point fit (67°-71°) -
Energy (cm ) - = with two phonon absorption 1
Lowndes model (TOLO): -0.10F | = == without two phonon absorption =
e(@)= £ LLOTLTWIO00 <yl £,<0 400 500 600 700
Problem: ¢, is negative just above E : £,=—0.05, a=—60 cm-'. Energy (cm )

Solution: Two-phonon absorption can be added in the model to avoid a negative ¢,.
Two phonon absorption: Ellipsometry (FTIR-VASE) data agree with the high-resolution IR transmission measurement.

l @ NMSU ELLIPSOMETRY | I

Optical characterization of compound semiconductor materials using spectroscopic e
Nuwanjula Samarasingha
09/16/2021




Results ll: Temperature dependence of TO/LO phonon energy Wi

= energy decreases = SIATE

Ero/ELo: Redshift with increasing temperature  The temperature dependence of the optical phonon energies due to thermal

77T expansion(TE):
. _ e . (@) _ J. Menéndez, and M. Cardona, Physical R;vieszgA, 2051 (1984).
i ok PRI 1 .
364 - Nr.,x _________ 1 Qrg(T) = wpexp [—3)/[ al(e)del y: Grineisen parameter
—_ % 000 Tt
e I Ve, - -I: E | . . 0 : _ ) %D g4e8
S 362} 2, 4 Coefficient of linear thermal expansion: al(G)—alooD(7) al(9)=3aloo oT W
o | e
.X,.
u'j 360 ® E., Lowndes fit }. - B. Kh. Bairamov, Yu. E. Kitaev, V. K Negoduiko, gnd Z. M. Khashkhozht’ev, Sov. Phys. Solid.State 16, 1323 (1974).
- — - Ey Anharmonic fit (3 and 4 phonon processes) ‘0* i R. Roucka, Y.-Y. Fang, J. Kouvetakis, A. V. G. Chizmeshya, and J. Menéndez, Physical Review B 81, 245214 (2010).
358 F E Bose-Einstein fit.(3 phonon processes) - A
it o «* | The temperature dependence of the optical phonon energies due to three and
356':::=:H::::=:::::::::::=:::=:(t:3): fourphononprocess:
-k"..., . :
404} O, - —
I e ""w{. --------- ] Anharmonic Fit: Three and four phonon process w. saianski r. F. walis, and E. Haro, Phys. Rev. B 28, 1928 (1983)
402} N, e .
: o, el E _ _ 3 3 _ hwyg _ hwy
~ 400} “"n\, £ 1 ams= Wo C[1 y_1 + (ey-1)2] "~ 2kgT and y = 3kgT
£ i e ] - '
% 398 %"c 1 o unrenormalized phonon frequency 2 variables: C and D
4396_.ELOLOWndESﬁ.1I b‘e - R EE R I = =
w | — -ELOAnharmon|c_f1t .(3 and 4 phonon processes) .8 i . . .
354 |- IoR=peR dh ) oneaierecseass) “« -4 Bose-Einstein Fit: Temperature dependence due to three phonon processes.
392 -_ Etg Bairamov (eq 2-4), 1974 | L. Vina, S. Logothetidis, and M. Cardona., Physical Review B 30, 1979 (1984).
| ® E  Bairamov, 1979
390 'EEE TN N N NN NN A N A TN T N TN TN U TN N U NN NN U NN RN NAN AN NN NN A _
0 100 200 300 400 500 600 700 800 (L (T)=wo—C|1+—— ) Effective phonon energy o.=0zks
Temperature (K) e T -1
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Results lll: Temperature dependence of phonon broadening
Phonon broadening (PHONON LIFETIME: decay of optical phonons into acoustic phonons)

UNIVERSITY

yToly,_o Increasing broadening with increasing temperature

v(T) =y, x2_1 +B[1 4+ — ( - )2] Three and four phonon process
2 renormalization parameters: depending on whether the phonon decays in to 2 or 3 acoustic phonons x = th“"’T and y = ghk“)"T
B B
7lllllllllllllllllllllllllllllll 6lllllllIl!lllllllllllllllllllll
@ y1o Lowndes fit - ® 7y o Lowndes fit
6 [—— Anharmonic fit (3 and 4 phonon-processes) - 5 [—— Anharmonic fit (3 and 4 phonon-processes) -
—~~ 5 '- | — 4 B B
) 4 _ = N
5 § of :
- - ®)] L
eor =) :
2 - |
1 - 1F -
0 [ ] ] ] l 1 1 1 I '] '] ] I '] Ll l Ll '] I '] '] '] I [l ] [l I [l 1 1 ] 0 1 1 1 l 1 1 1 I L L L I L Ll l Ll '] I '] '] '] I L 1L ] I 1L 1 [
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Temperature (K) Temperature (K)
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Results IV: Temperature dependence of High-frequency dielectricih\l\V
constant (c_)

STATE

UNIVERSITY

S. Zollner, M. Garriga, J. Kircher, J. Humli¢ek, M.
Cardona, and G. Neuhold, Physical Review B 48.11
(1993).

2
] o B L S LA B B B P goo—1+< Ep ) E,:Unscreened plasma energy of the valence electron
945 ® This work .o (@) Epenn
4F Barker, 1968 . = : e
- E p:]ri}fr*]ggg . o’ 1 Epenn = E2(2) = 5.28 eV: because the oscillator strength at the E, transition is strong
9.3F : * -
Q E :N5*10-4/Ki ... E thez
9.2F i I o i1 E,°= N: density of valence electrons per unit volume
C : .+o. . p Mmoéo
9.1F 1 o ‘.'.O..l -
C %o Between 200-400 K 3
[ X 3. i 1 |20 _ 3 1 dEy
9.0 .° : = —3a(c,-1)—2(¢ —
E oo ? : : ] dT ... (‘OO.) ( 0 )Ez daT
8.9 -+ | S P T b‘ _ -
11'5: Lyddane-Sachs-Teller relation (LST) ( Thermal expansion term *eceeeeeeenee. gresseesassassd E
1.4 i_“"“"a_)%;__-l . -' Temperature dependence of the Penn gap &
" —_ | ® -
- — EEE— 1 -
- 1T ) €oo w2 I e ] Between 200-400 K: Theory dée — 6x1074/K
M2t bem e ——— IQ""..' 7 dT T=300K
11.1F o® -
i . f...' 1 Between 200-400 K: Measurement| ~5*104/K
11.0} °° -
-.'f.'.‘..l...|...|...|...|...|.-
10.9
8 AL D00 Bog: 406 =00 B0 706 GG - Increasing with increasing temperature (Thermal expansion + Temperature

4 h ﬁNMSI L EmLL'PsIOMEmTRY Il m A. S. Barker, Phys. Rev. 165, 917 (1968). T
L . D. F. Parsons and P. D. Coleman, Appl. Opt. 10, 1683 (1971).

Temperature (K)

dependence of the Penn gap).

CurMNelson, M. Spies, L. S. Abdallah, and S. Zollner, J. Vac. Sci. Technol. A 30, 061404 (2012).

A. Borghesi and G. Guizetti, in Handbook of Optical Constants of Solids, edited by E. D. Palik (Academic, New York, 1998)
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|  Conclusions |
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Conclusion |l

O Explore the effect of temperature on the frequency and linewidth of transverse (TO) and Ioncutudlnal (LO\ ootical

LI B e e e e T T T T T T T

phonons. F Rests‘trahle Band |
“of t | YT0o?YLo
Q The two-phonon density of state (TP-DOS) is larger for the decay of TO phonons s} '
than for LO phonons. large TO phonon broadening and an asymmetric S
reststrahlen line shape negative dielectric constant (e,).

20F

O Multi-phonon absorption can be added in the model to avoid this negative «,. g50 3 e

Energy (cm'1)
O Transverse (TO) and longitudinal (LO) optical phonons:
= TO and LO energy: redshift with increasing temperature }

Anh ic phonon-ph described
= Broadening with increasing temperature nharmonic phonon-phonon decay (describe

by three and four phonon decay processes)

4 e/¢,: increase with increasing temperature (thermal expansion and the temperature 1 Ga™ . 1
dependence of the Penn gap). TO
@

«— [LO —
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Future Work

O Analyze the dependence of the excitonic Tanguy parameters on ZnO film thickness and substrate material.
» Fit our ellipsometric spectra with the Elliot—Tanguy theory model.

O Model our ellipsometric spectra including excitonic effects and exciton-phonon complexes.

0 Temperature dependent optical properties of ZnQO thin films.

O Measure GaP in far-infrared region.

0 Study the frequency dependent scattering rate with a better signal-to-noise ratio.
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