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Challenges of Thin Film Analysis

Conventional X-Ray Powder Diffraction (XRPD) may struggle to provide useful data from thin film samples
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Example: a 1 micron thick layer of TiO, on Si
Bt At 10°20 (w=5°)
* 55% of X-rays go through the film and into the Si substrate
* The X-ray beam is 24mm long, the irradiated volume of the film is 0.24mm?

T At 50°20 (w=25°)

e 88% of X-rays go through the film and into the Si substrate

, e The X-ray beam is 5mm long, the irradiated volume is 0.05mm?3
Si substrate

10, At 90°20 (w=45°)

* 93% of X-rays go through the film and into the Si substrate
* The X-ray beam is 3mm long, the irradiated volume of the filmis
Si substrate 0.03mm?3
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Challenges of Thin Film Analysis

Examples of problematic data produced using conventional bulk XRPD to collect data from thin films
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* Problem 1: Intensityfrom the substrateis stronger than intensity from the film

1500000
Si substrate
peak
1000000
500000
TiO, peaks from thin film
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Position [°20] (Copper (Cu))




Unrestricted Document

Challenges of Thin Film Analysis

Examples of problematic data produced using conventional bulk XRPD to collect data from thin films
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* Problem 2: Irradiated volume decreases at higher 2theta angles, leading to loss of signal and inaccurate
peak intensities

LaB6 Thin Layer LaB6 Thin Layer
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Challenges of Thin Film Analysis
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There are two approaches to address the challenges of thin film analysis

1. Variable Divergence Slit

* The divergence slit is motorized

* The divergence slit changes during the
measurement to maintain a constant X-ray beam
length

* Advantages

* Maintains constant irradiated volume for accurate
peak intensities

* Optimal peak resolution (peak width)

e Can utilize the full active length of a position
sensitive detector (PSD) such as the PlIXcel

* Disadvantage
e Large fraction of X-rays still pass through the film

into the substrate

2. Grazing Incidence X-ray Diffraction (GIXRD)

* Theincident angle (omega) is fixed at a low angle to
focus the X-rays in the surface of the sample

* Advantages

* Increases thefraction of X-rays that diffract from the film
rather than the substrate.

* The X-ray beam footprint does not change during the

measurement
* Constant irradiated volume for accurate peak intensities
* Useful for inhomogeneous samples as well as thin films

* Penetration depth can be controlled

* Disadvantages

* Uses point detector (or PSD in point mode) so
measurement is slower than XRPD scan

* Limited peak resolution (eg broad peak widths)
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Variable Divergence Slit

Overview of variable divergence slit measurements

N/ maiver

j [Mi micromeritics" SciAps
Ay Panatytical micromerit OCITAPS

* As omega increases, the divergence slit aperture (8) opens larger so that the
length of the X-ray beam on the surface stays constant.

6=0.6°

TiO, TiO,

Si substrate Si substrate Si substrate
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Variable Divergence Slit
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Comparing 17min PDS measurement (red) to a 17min GIXRD measurement (blue) of a thin film

— PDS Measurement
30000 — GIXRD Measurement
20000
10000
| e J/\-L""'L

20 30 40 50 60 70 80
Position [°20] (Copper (Cu))

Unzoomed comparison of thinfilm data collected in 17min scans with PDS and
GIXRD techniques. PDS gives much more raw intensity, but most of the intensity
is from the substrate peak.

—— PDS Measurement
1500 —— GIXRD Measurement
1000
500
llllllll IlllllllllIllllllllllllll|_'_'_'_'T'_'_'-'_'_'_'_'-'T|llllllllll lllllqlllllllll
20 30 40 50 60 70 80

Position [°20] (Copper (Cu))

When zoomed in, itis apparent that the GIXRD provides more information about the
film eventhoughthe overallintensityisless. However, PDS resolves some weak
peaks not seenin the GIXRD measurement, such as the peak at 51 deg 2theta.
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Grazing Incidence X-Ray Diffraction

Grazing Incidence X-ray Diffraction (GIXRD) measurements are useful for thin film analysis.

* theincidentangle (omega)is fixed at a low angle. This
focuses the X-ray beam on the top surface of the sample,

* Improves the ratio of X-rays scattering from the film
compared to X-rays scattering from the substrate
* The asymmetric geometry breaks the diffracting condition
for single crystals, so single crystal substrate peaks and

artifacts can be eliminated.
The beam footprint does not change during the

‘—‘

providing several benefits: .
TiO, thin film

measurement,
The penetration depth of X-rays is dependent on the

incident angle (omega) and can be controlled or varied for
substrate

depth profiling
GIXRD is also called a grazing incidence asymmetric

Bragg diffraction (GIABD).
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Grazing Incidence X-Ray Diffraction

GIXRD increases the volume of the thin film that is irradiated, improving the diffraction efficiency.
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e Atalargeincident angle, omega, most of the X- e At a small omega, the X-ray path length through
rays pass through the thin film and into the the film is substantially larger.
substrate. » Typicalwis 0.5 to 2 deg

* The X-ray path length through the film is small. * This increases the signal fram the thin film.

TiO, thin film TiO, thin film

substrate substrate
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Grazing Incidence X-Ray Diffraction

Advantage of GIXRD: Improved intensity from thin films
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— GIXRD
1600 - — PDS
— FDS

* The figure to the right compares
data from a thin film collected
with:

* Fixed divergenceslit (FDS) in Bragg- 9qo-
Brentano geometry

* Programmable divergence slit (PDS)
in Bragg-Brentano geometry 400

* GIXRD geometry

100+

* The GIXRD geometry:

* Eliminates the substrate peak
intensity

* Provides better peak intensity

Position [°28] (Copper (Cu))
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Depth of Penetration

Depth of penetration calculations vary depending on what % of the X-ray beam you assume is scattered. The
plots shows penetration depth calculated for 99.9% X-rays scattered (1, /1,=0.001)

I
T = 0.5 * sin(w) * In <—L) * (E> * Do
Iy P/

—TiO2 —LaB6
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Depth Profiling with GIXRD
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An example of depth probing on a CIGS solar structure, showing the different layers exposed to the parallel X-ray beam in
a sequential mode by varying the incident angle . Top pattern is from the conductive oxide layer only, with CIGS coming in
(middle, highlighted) and next the Mo metal contact layer appearing (bottom diagram, Mo peaks highlighted).
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Analysis of Textured Thin Films

Films with preferred orientation (ie texture) diffract differentlyin Bragg-Brentano and GIXRD geometries.
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: Does diffract
Doesn’t diffract
* Ina powder diffractometer, * In Bragg-Brentano geometry, the * In GIXRD geometry, the
dgfractlc()jqffrom a crystalis only diffraction vectors does not diffraction vector s changes with
observedit: change duringthe measurement the detectorangle 2Theta
* The detector is at the Bragg
angle * Every observed diffraction peak * Every observed diffraction peak
e The diffraction vectors is is produced by [hkl] oriented in is produced by [hkl] oriented in a
parallel to the crystallographic the sample direction different direction

direction [hkl]
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Analysis of Textured Thin Films

Bragg-Brentano and GIXRD scanssample a different population of grains
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Counts COUplEd Counts G IXRD
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Peak Shift in GIXRD Data

- Il 00-p38-1420; Ti N
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Position [°28] (Cu)
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Residual Stress Analysis

Stress analysis using GIXRD data is called “multi-hkl” method. Other methods include side-inclination (chi tilt) and iso-inclination
(omega tilt), which measure the shift of one diffraction peak as the sample is physically tilted
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unstressed stressed
& Peis=0 Normal stress: -118.8 = 2.4 liPa Phi=0.00°
Opsic 0 Shear stress: 8 0.7 MPa
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Depth of Penetration

Depth of penetration calculations vary depending on what % of the X-ray beam you assume is scattered. The
plots shows penetration depth calculated for 99.9% X-rays scattered (1, /1,=0.001)

I
T = 0.5 * sin(w) * In <—L) * (E> * Do
Iy P/
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Analysis of Very Thin Films

Incident angle near the critical angle of a film will penetrate only nanometersinto the film.

100%

50%

Reflectivity (R)
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Critical angle
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In-Plane Grazing Incidence XRD

When the incident angle is near the critical angle, the greatest signal is diffraction co-planarto the film.
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e ‘Out of Plane’ GIXRD e In-Plane GIXRD
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Advantages of GIXRD and In-Plane GIXRD

* There are 3 advantages shared by GIXRD and IP-GIXRD
1. Enhance signal from thin films (less than 10 micron thick)
2. Depth profiling of surfaces and thin films
3. Minimize diffraction and background intensity from a substrate

* There are 3 distinct advantages of the IP-GIXRD technique
1. Enhanced signal from ultra thin films (less than 100 nm thick)

2. Enhanced measurement of textured thin films, which cannot be measured
using GIXRD.

3. Direct measurement of strain in epitaxial thin films

20
‘unrestrictedDocument
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Comparison of methods for
analyzing AIN film
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Counts

GIXRD 2hr scan
IP-GIXRD 36 min scan

XRPD 10 min scan
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Position [°20] (Cu K-al12)




Unrestricted Document

N )
4 e i micromeritics'  ScirAps

-

IP-GIXRD can measure d-spacing, and therefore calculate lattice parameters, within the plane of the film—
which is often strained by the substrate
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The direction probed by IP-GIXRD can be varied by whether or not the sample rotates with the detector

* If the sample is stationary while ¢ If the sample rotates with the

the detector moves, then the detector, then the orientation
diffraction vector s moves with between diffraction vector s and
respect to sample orientation sample remains fixed
e This is similar to a out of plane
GIXRD

-
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Grazing incidence X-ray diffraction
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A common mistake is to collect GIXRD data using a 1D position sensitive detectorinstead of parallelbeam

optics.
Counts
3000 Parallel Plate Collimator
Position Sensitive Detector
GIXRD data collected with a Position pensitive
Detector (red) have broader peaks and less resolution
A then data collected with a Parallel Plate Collimator

2000
(blue).

1000

OM ......

20 30 40 50 60 70
Position [°208] (Copper (Cu))
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Grazing incidence X-ray diffraction

Why does a position sensitive detector provide poor data in the GIXRD geometry?

\
\
\

TiO,
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Grazing incidence X-ray diffraction

Why does a position sensitive detector provide poor data in the GIXRD geometry?
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Grazing incidence X-ray diffraction

How does a parallel plate collimatorimprove GIXRD precision?
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Grazing incidence x-ray diffraction

The X-ray beam footprint should be limited to createa constant observed irradiate volume
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* The GIXRD geometry creates a constant irradiated
volume because the X-ray beam footprint does not
change during the measurement.

detector

* However, as seen in the figure to the right:

* The height of the scattered X-ray beam changes as a
function of 2theta

* As2theta approaches 90, the scattered X-ray beam
height is equal to the beam length on the sample

* |fthe scattered beam height is larger than the
collimator or detector, then some scattered X-rays are
not observed. This will lead to a loss peak intensity and
loss of accuracy.

* The next slide shows equations to calculate the X-
ray beam length on the sample and the beam
height at the detector.
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Grazing incidence x-ray diffraction

Breaking the rules: collecting GIXRD data with a 1D position sensitive detector
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e As discussed on slides 15_19’ precise GIXRD data . IBepir;?tpi)gnb;I;v;/itci\cl);ndp:treecst(iarta collected with different size divergence slits and a
require d diffracted—bea m para”el_beam OptiC. *  Precision GIXRD data collected witha parallel plate collimatorare shown in blue for
comparison.

*  Parallel beam optics also provide more accurate peak positions by eliminating
specimen displacement error, accounting forthe small peak shiftin the data bel ow.

* However, as seen in the graph below, GIXRD data
collected with a 1D position sensitive detector may

*  When using a 1D position sensitive detector, resolution is affected by:

have more intenSity than data collected with a +  Divergenceslit-a smaller divergence slit produces sharper peaks
pa ra | Iel_plate COl | i mato r. . The divergence slit generally needs to be 1/8 deg or smaller.
* Omega angle-alower omegaangle produces broader peaks
Counts d There are tlmes When IntenSItv IS more iImpo rta nt t an Counts 2thota anole. neakcathicher 2thota anolec will nradiire hroador nealke
3000 Parallel Plate Collimator 1/2 deg Div Slit

Position Sensitive Detector| — 1/8 deg Div Slit

— 1/16 deg Div Slit
— 1/32 deg Div Slit
— 1/50 deg Div Slit

Parallel Plate Collimator

2000
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Summary

e GIXRD can be used to probe coatings and surfaces
e GIXRD requires™ parallel beam geometry

* Bragg-Brentano geometry and GIXRD are complementary, not
exclusive

* The diffraction vector changes direction during GIXRD




