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Band-diagrams... 7l
What is Valence Band Offset?
Why do they matter?

Measurement of semiconductor heterojunction band discontinuities by x-ray
photoemission spectroscopy
J. R. Waldrop, R. W. Grant, S. P. Kowalczyk, and E. A. Kraut

Device performance is
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FIG. 1. (a} Typical ““buried™ heterojunction, (b} “exposed™ thin heterojunc-
tion accessible 1o XPS analysis, and (c) schematic energy band diagram of
thin, abrupt heterojunction interface




Switchable Ferroelectric Tunnel Junction for memory

Tunnel barrier height dependence of ferroelectric polarization for a structure with

Ferroe|eCtrICIty |S an eqU|||br|um phenomena dissimilar metal electrodes. Tunneling current is exponentially proportional to the
. . . square root of the barrier height.

of switchable polarization that can be used to

prepare tunnel junctions.

A switchable, permanent polarization enables
switchable, permanent resistances via
tunneling.*
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Application to Ferroelectrics 7

hafnium zirconium oxide (Hf,Zr,_O,)

The recent demonstration of ferroelectric
behavior in HfO, based thin films provides a
silicon compatible ferroelectric process for
such devices. Changing the polarization state
of a thin ferroelectric layer will change the
resistance between two metal electrodes.

HZO

Silicon (Hf,Zr)O,

Boscke, Muller, Brauhaus, Schroder, Bottger, "Ferroelectricity in hafnium oxide thin films," Appl. Phys. Lett., 99 [10] 102903 (2011).
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modeled tunneling currents,
TaN based off of band offset
measurements for 5 nm of




Application to Ferroelectrics

(a ) 1200 ~ s ON Downward
7] e polarization
— 8004 = Fitting
<L -
_E_. 400 - Upward
E - polarization
¢ ] 5
- T
-400 L
S =
_800 il [t il
— 4 y &
-1200 Substrate Electrode Fe layer
T T T T T T T T
0.2 -0.1 0.0 0.1 0.2
(b) Voltage (V)
- Pt (BE) Pt (TE)
> ¢
‘Q_J— w_,,*.’.(-’rl": i e
- ol Pupa | | S o
oo
'a s=2.8nm
o
v | PtBE) g PE(TE)
@ | HZO 0
C ._._.l_._.._._._p.'“_l_'.:*_. ..... e s i
(aa] m N
R — s=2.8nm

Barrier width (nm)

APPLIED PHYSICS LETTERS 110, 093106 (2017)
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How to quantify VBO from XPS # of citations:

APS =734
Vorums 44, Numssx 24 PHYSICAL REVIEW LETTERS 16 JunE 1980 Web of Science = 625
Google Scholar = 735

Precise Determination of the Valence-Band Edge in X-Ray Photoemission
Spectra: Application to Measurement of Semiconductor
Interface Potentials AE, = (ES,, — E®) + (ES, —ES,,
3] e Ll ] el
E. A. Kraut, R, W. Grant, J. R. Waldrop, and 8. P. Kowalezyk ?

Rockwell Inteynational Electronies Research Center, Thousand Oaks, California 81360 ESi E si
(Recelved 26 December 1979) - ( Si2p v )

(o) (o) ,
g ." T ‘557(100) ' ) - Ge on Si (100)
5 |Si2p é
5 | 4 x30 & E
information depth £ ! v,hh
% i Evan
S | L -
¥ i, aaal ‘ 1 1 ol — v.ovg
100 80 60 40 20 0
) Binding energy (eV) ag,
, et e Evrne Evin Evso
Gesg e (100) . Eviovg = 7]

x12 =%
f. ," \ EV,‘Q E&’WE
- L
40 30 20 10 0 (-
Binding energy (eV) Sizp & Ege3d
| ——

intensity (orb. units) ‘o

(c) ] ’—/
g Si2p Si/Ge (100) @{Siz_p'{ce)d
.g; r Ge3d %
2| f Eszp ——{ Y
£ - st el .
100 80 60 40 20 0

Binding energy (eV) Si (cubic) ' Ge (stroined)




FTJ heterostructures for VBO determination
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Calibration/Linearity of X-axis
49"9 Designation: E 2108 - 00

Standard Practice for
Calibration of the Electron Blndlng Energy Scale of an
X-Ray Photoelectron Spectrometer’

Thus standard is issued under the fixed designation E 2108; the number g the the year of
onginal adoption or, in the case of revision, the year of last revision. A number in paremheses md.:ca:es the year of last reapproval A
superscript epsilon (¢) indicates an editonal cbmzc since the last revision or reapproval

TABLE 3 Reference Binding Energies, E, , for the Peaks Used
in the Calibration Procedure for the Indicated X-Ray Sources
(1.2)

Note 1—The Ag data included in parentheses are not used normally in
the calibration.

Peak Number, n  Assignment Erer n(eV)

Al Ko Mg Ko Monochro-
matic Al Ke

1 Au 4f, 8395 83.95 83.96

2 Ag 3ds, (368.22) (368.22) 368.21

3 Cu LW 567.93 33490 -

4 Cu 2pap 932.63 93262 93262

Pass Energy Position ASTM Difference

gold 40 84.03 83.96 0.07

20 83.95 83.96 -0.01

10 83.98 83.96 0.02

5 83.97 83.96 0.01

silver 40 368.29 368.21 0.08

20 368.22 368.21 0.01

10 368.22 368.21 0.01

5 368.24 368.21 0.03

copper 40 932.62 932.62 0.00

20 932.60 932.62 -0.02

S 10 932.58 932.62 -0.04

932.60 932.62 -0.02

CPS

Minimize effects from non-
linearity and/or charging

Use peaks with low binding energies.
(1) minimize effects from any non-
linearity in X-axis

(2) peaks are more representative of
valence structure
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Determination of core level position

CPS

qﬂm Designation: E 2108 — 00

8.8.1.3 Draw chords honizontally across the peak at an
intensity of 84 % of the maximum peak height (above zero
counts) and at three or more further intensities approximately
equally spaced in the range 84 to 100 % of the maximum peak
height (above zero counts). Locate the mudpoints of the chords.
Draw a line through these mudpoints; alternatively, a linear
least-squares fit can be made to the positions of the chord
midpoints. Obtain the energy for the peak maximum from the
intersection of the line with a linear segment drawn to connect
two data points in the vicinty of the peak maximum.

Binding Energy (eV)

Sandia
) atona
SURFACE AND INTERFACE ANALYSIS, VOL. 25, 777-787 (1997) Laburalones
Energy Calibration of X-ray Photoelectron
Spectrometers. I1. Issues in Peak Location and
Comparison of Methods N— ——
* Quadratic
= Gaussian or Lorentzian
G32.88| & Asymmetric Gaussian 1
C. J. Powell* |
Surface and Microanalysis Science Division, National Institute of [
932.87 -
- f
> ]
< 93286+
5 ' !
g
8 gazes H
E
& - |
93284 1 |
}
93283 + ? Lo
|
93282 | :
2 0 20 40 80

10

80

70

60

50

CPS

40
30

20]

7.604

Percentage of Peak Used in Fit

L AL B e e o s s T
19 18 17 16
Binding Energy (eV)



Determination of Valence Band Edge i) i

Band offsets in transition-metal oxide

heterostructures Extrapolation to linear regions of baseline
and valence band cut-off.
To cite this article: | Goldfarb et a/ 2013 J. Phys. D: Appl. Phys. 46 295303
P
(@) |
— Copynight © 2005 Casa Software Ltd. www.casaxps com

Edge Measurements using a Complementary Error
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Figure 1. Precise determination of the valence band maxima
(VBM) for the thick individual Ta,0s, Nb,Os and WO, films.




Effect of different core levels )

For 7 different samples of HZO measured over the course of ~24 months...
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VBO = (ETa 4af = EVB)Ta + (EZr 3d ™ ETa 4f)HZO/Ta - (EZr3d - EVB)|-IZO

VBO = (ETa 4af = EVB)Ta + (EHf4f_ ETa 4f)HZO/Ta - (EHf4f_ EVB)l-IZO

For HZO/Ta interface using:
Zr 3d > VBO= 3.24 + 0.11
Hf 4f > VBO=3.31 1+ 0.10




Effect of oxide vs. metal components Tl

Al 2p Hf 4f

|
>
|

15 nm Al on HZO _/\ﬁ\ >

10 nm Al on HZO—/\/L
VBO= 4.61+0.05
55 nm Al on Hzo_/\/ VBO= 4.65+0.05
W
I u I
\/l VBO= 4.17+0.05
1.5 nm Al on HZOL

Bmdlng Energy (eV)

Blndmg Energy (eV)

Standard deviation
- Al HZO/AI HzZO
VBO - (EAI 2p - EVB) + (EHf4f - EAI 2p) - (EHf4f - EVB) from measurements
at multiple locations.




Ag vs. Al X-ray 7l

hafnium zirconium oxide

hv = Al Ka @ 1486.7 eV
/

CPS

- hv=Ag La @ 2984.2 eV

160 1200
Binding Energy (eV)

information depth
information depth

TaN TaN

Universal curve for IMFP scales with E°-78
Al = Ag doubles energy giving ~1.5x information depth




Ag vs. Al X-ray 7l

hafnium zirconium oxide
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Ag vs. Al X-ray 7l

hafnium zirconium oxide

normalized spectra show
v comparable features
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relative intensity of C 1s decreases
for higher energy X-ray excitation




Ag vs. Al X-ray 7l

hafnium zirconium oxide

M Hf 4f
o hv = Al Ka @ [1486.7 eV, PE 20

CPS

CPS
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w
CPS
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hv =Ag La @ 2984.2 eV, PE 40




Ag vs. Al X-ray

hafnium zirconium oxide
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Ag vs. Al X-ray ) =,

Hf 4f from hafnium zirconium oxide through 5 nm Nickel

6
3
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25
90,

CPS

hv = Al Ka @ 1486.7 eV, PE 20

...
CPS
S

CPS
CPS

hv =Ag La @ 2984.2 eV, PE 40

12
CPS

...for HZO/Ni interface...

VBO = 3.31 on instrument 1

VBO = 3.29 on instrument 2, five months later
VBO = 3.44 on instrument 2 w/ Ag X-ray source




Ar* cluster sputtering — VBO from 1 sample? e

15 nm Al on HZO 15 nm Al on HZO

10 keV, 500* Ar cluster — 60 sec. intervals 15 keV, 500* Ar cluster — 45 sec. intervals
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almost no sputtering of Aluminum sputter removal of Aluminum




Ar* cluster sputtering of Pt Tl

10 nm Pt on HZO
15 keV, 500* Ar cluster — 45 sec. intervals
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Pt 4f | Hf 4f

Binding Energy (eV) Binding Energy (eV)

platinum slowly removed metallic states of Hf observed




20 keV 250 Ar* cluster sputtering through Tl
AlI/HZO/TaN layers

15 nm Al on HZO
20 keV, 250* Ar cluster — 60 sec. intervals
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aluminum rapidly removed metallic states of Hf observed at early

stages of sputtering




20 keV 250 Ar* cluster sputtering through Tl
AlI/HZO/TaN layers

15 nm Al on HZO
20 keV, 250* Ar cluster — 60 sec. intervals

Valence band Zr 3d
900 sec.
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intensity observed in the valence defects observed on Zr 3d peak through
band through entire depth profile most of the HZO layer
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Relevance to Ferroelectrics
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Application to Ferroelectrics Tl

Dissimilar electrodes can enhance
asymmetry of IV response.

(Hf,Zr)O, polarization very sensitive to £
electrode material S

Non TiN or TaN electrodes decrease S .

polarization g D

. L.20 =
20 nm (Hf,Zr)O, with TaN bottomand Pt~ &< 1, .21,,,0,
3 -2-10 1 2

top electrodes £ i)

S“ghtly lower Polarization response Example nested polarization loop (colored lines)

and pulsed positive up negative down measured
remanent polarization values (black dots) for 20 nm
(Hf,Zr)O, deposited with a 3 HfO, to 7 ZrO, cycle
ratio, TaN top and bottom electrodes and a 600 °C
30 s nitrogen gas anneal. The inset composition as
measured by XPS.



Conclusions 7

= The method described by Kraut, Waldrop, Grant is a robust method for
calculating valence band offsets for flat band diagrams.

= (Calibration and linearity of the binding energy scale are important for
accurate measurements.

= A consistent method for determining peak positions should be used.
Peak fitting is sufficient for simple peak shapes.

= The use of hard X-rays to increase the information depth is a promising
tool for VBO determinations when thick overlayers are present.

= Sputter depth profiling leads to defects in the films and is not
recommended for VBO determination.

=  Aluminum was found to have the largest VBO, smallest barrier, with
HZO. However, device integration with aluminum is too complicated to
be a viable strategy.
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