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1. Approach and Definitions

Strain creation within the structure or device, e.g ., during

G crystal growth e processing

Epitaxial
layer
Substrate
FEM-simulation according to A. Borowiec et al.
Appl. Phys. Lett. 83, 225 (2003).
Intrinsic or built-in strain extrinsic processing-induced strain
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' i : a =6.9"10° K
e creation of native @ packaging Gans

pOInt defeCtS l1cm ‘cm-bar’
-« 1
L - e |
Substrate v
Epitaxial layer
solder sequence
Heat sink

soldering temperature > 157 C
Acopper = 16.7° 10°° K

extrinsic strain caused by extrinsic packaging-induced strain
defect creation
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“Bar Problem” provides the motivation for dealing with
uniaxial strain along the {110}-direction

Crystal Analysis of the extrinsic strain
coordinate symmetry, e.g., by FEM
system (x,y,z) Device 0.00
coordinate BRI EN A
system (u,v,w) g 002
3 -0.04
3
o 10.06
uniaxial 0.000 T—r—— ————
pressure -0.001
£ -0.002 \/
< -0.003 \/
-0.004

u (mm)
This specific technological process results in a situation that corresponds to the
application of uniaxial pressure along the {110}-direction.
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Strain:
Symmetry
@ Intrinsic or built - in strain biaxial
@ Extrinsic strains
- Processing -induced strain ? (in special cases known)
- Packaging -induced strains ? (in special cases known)
- Strain due to defects mostly hydrostatic compression
@ One way to learn about the symmetry could be FEM - modeling.
@® Inareal - world device all of them are acting in parallel.
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How to detect strain? Directly: X —ray: spatially resolved or imaging

1. Scanning technlques Y. Tsusaka et al. Jpn. J. Appl.

Phys. 39, L 635-7 (2000).
“Formation of parallel X-ray
microbeam and its application”

C. E. Murray et al.

Stripes etched into an

Sig g5G€y 15/Si epilayer
=0.63%

2. Imaging

D. Lowney et al.

J. Mat. Sci. Eng. 12, 249-53 (2001).
Examination of LEDs ...using
synchrotron X-ray topography”
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Indirectly :  via changes of the energetic structure

energetic structure:  phonon bandstructure e.g. Raman
electronic bandstructure e.g. UPL, DoP-PL, PCS

Terms and definitions

stress  (S) - force per square unit (2" rank)
strain () - deformation, change of the lattice constant (2" rank)
S$; =Cu « Hook's law C,i - elastic modulus (4t rank)

Deformation of a crystal involves a modification of its energy by E
Ei =X« X - deformation potential tensor

\ That is the indirect way!
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2. Theory (electronic bandstructure)

1. Application of external stress to the semiconductor chip along a certain
direction.

2. Calculation of the resulting  strain .

3. Band-structure calculation for bulk and QWs wi  th simultaneous
consideration of built-in  strain.

4. Calculation of the relevant optical  transition energies.
5. Variation of the stress.

6. Plot: Optical transition energy vs. strain

Numerical band-structure calculation by k  «p perturbation theory

1. kep, empirical, pseudopotential approach Mark L. Biermann

2. Allows for full band mixing. Department of Physics and
Astronomy, Eastern Kentucky

3. Involves QCSE caused by Piezoelectric effects University, USA

C. Mailhiot and D. L. Smith, Phys. Rev. B 35, 1242 (1987).
C. Mailhiot and D. L. Smith, Phys. Rev. B 33, 8360-8372 (1986).
D. L. Smith and C. Mailhiot, Phys. Rev. B 33, 8345-8359 (1986).
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Spectral position of the

: - E
1st practical example: ; >
10 nm thick Iny 56Gag g6Alg 0sAS! Gag Al 3AS QW _ 1
grown on a {100}-oriented GaAs-substrate 3 A €
no biaxial strain =
extrinsic strain along 110 = £
1lh  1e transition 5 ’ hhl
Ih1
1.600 | | |
0 10
%\ 1.595+ Spatial coordinate (nm)
c
;% 1.590- -6.2 eV < Important: Ii_near re!gtipnship
3 Slope: ‘strain sensitivity’
[
Z 1585 If we know, that the device is
- compressively strained along 110,
1.580 —— — than a 6.2 meV shift corresponds to a
0.0 01 0.2 03 compression of 0.1 % according to a
Strain along <110> (%) linear relationship.
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2nd practical example: - E
10 nm thick Ing 56Gag ggAl osAS/ Gag 7Aly ;As QW ez
grown on a {100}-oriented GaAs-substrate —~ o1
-0.46 % biaxial strain = A
extrinsic strain along 110 -
1hh  1e transition % E
< v hh1
1.554 i Ih1
—~ 1.552- | ' '
E ] 0 10
2 1.550+ Spatial coordinate (nm)
5 _
O 1.548-
c
8 -
§ 1.546 - N Slope, ‘strain sensitivity’ , can be calculated.
1.544- —e—no QCSE
T T T —#— QCSE included
00 02 04 0608 g OCSE with shielding included
Strain along <110> (%) (shielding factor is 0.302)
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Important: How stable are the results
again modification of ...

guantum-well width? built-in strain?

0

1! 17 1hh-1e - —
S -2 _ '2'. -
s s
" -4- s 1 compression | tension
S | o .5
m -5 S 7
R e 5 6

7] 1lh-1e T
4 6 8 10 12 04 02 00 02 04
Well width (nm)

Intrinsic Strain (%)

Strain sensitivities (in eV) for uniaxial applied compressive strain along 110
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Summary (Theory on the electronic bandstructure):

G Strain sensitivities are calculated for packaging-induced compressive
and tensile stress and for several relevant strain symmetries, such as
* uniaxial along 100,

« uniaxial along 110, Next step:
* biaxial, and Check of the
theory by

* hydrostatic. .
experiments

o g Compressed quantum-well

£2 o)

5810/ 5

o © Mark L. Biermann, Steven Duran,
S g 3 o Kelsey Peterson, Axel Gerhardt,
%‘3 054 3 S Jens W. Tomm, Witold Trzeciakowski,
= > :g 3 and Artem Bercha

S % @ =4 “Spectroscopic  method of strain
gr,i 0.0 < < analysis in semiconductor quantum-
TE ' ' ' ' well devices”

5 Degree of symmetry

J. Appl. Phys. 96, 4056-4065 (2004).
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3.1 Micro-Photoluminescence (UPL)

Photograph of the equipment used at TRT/III-V Lab
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Main components of the TRT/III-V Lab pPL equipment

laser

CCD <« (Raman)-S pectrometer —\

microscope

Device emission

e
/.
X,Y motorized stage

Computer Z manual stage
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THALES
Methodology:

Excitation —
Active 1_5; |
region %

Length of cavity &
~1.5 mm o

Thickness
~100 pm/ ‘
Wavelength (a.u.)

1000 spectra per bar

PL-peak position is
extracted by a

MOTORIZED PRECISION
GONIOMETER polynomial fit.

16
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Plot: Spectral position of the PL-peak position versu S
local position along a laser bar

850

849_ ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;

P. Martin et al.
Appl. Phys. Lett. 75,
2521 (1999).

o)
SN
op

(o]
N
.

(o]
N
@

o]

Raw PL wavelength shift (nm)

0 2000 4000 6000 8000 10000
Laser beam position (um)

Stress assessment of a mounted bar by the total bent of the curve.
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Raw PL wavelength shift (nm)

UPL measurements performed on IAF/ILT bars

ILT 14838 i ILT 14839 .
8527 Scan at 50pm above Active Area Scan at 50um above Active Area
Step=10pm  23/03/2005 804 Step=10pm 23/03/2005 | |
851 .
8494 My ]

B0

849

848

847

Raw PL wavelength shift (nm)

846

845 T T T T T T T T T T T ! T T T T T T T T T
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Laser beam position (um) Laser beam position (um)

 Bend of the curve as measure for packaging-indiced strain.
« Butthere are additional peaks!
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Scan at 50pm above Active Area
850_ L Step=10um  23/03/2005

Overview: UPL measured along £

the middle of a bar. ?“‘8‘_

Local measurements done at 10 3 o)

um from the active region o .

Laser beam position (um) \O&\
ILT 14839 Emitters E8 & E9 .
819 - 1st scan at 10um above Active Area 849 gnlgtgig Emal;toe:SAEcth &AErll
| Step~1pm  24/03/2005 | Step~1lfl“m 22/ 03/';’80 h ea

] ES E9 7
E 847 - E a7
£ £
2 846 2 846 -
- =t
S g |
2w Grooves ... 2 o] OrOOVES
§ 5

843 843

842 T T T T T T T T 842- T T T T T

0 20 400 600 800 1000 0 200 400 600 800 1000
Laser beam position (pm) I Laser beam position (pm)

14839 zal0.0PJ
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3.2 Photocurrent spectroscopy (PCS)

Photoluminescence (PL) Absorption
1,0 30000
08 \\ 25000 —
: : 5 ] ~
classical optical s 06 \\ o 2000 r
S I 5 15000 J
pectroscopy £ o4l I > A
e \\ 10000 /
o ]
0,2 000 // We can not
I place a detector
1,4 1,6 1,8 2,0 2,2 1,4 1,6 1,8 2,0 2,2 .
photon energy (eV) photon energy (eV) beh_lnd the
device.
PL or EL emission Absorption ~ Photocurrent!
Device

analysis h
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Absorption spectrum of a QW Photocurrent data from a diode laser array
30 : : : : 1.2
~ 1.0- —
£ i 2 — 1 /_/ 1
G 20 —~ 5 0.8- ]
™ © ] J
S F/_/ = 0.6 | TE L
s 10 =4 : L
_ ﬁ % 047 M J
0 A ] A ] 8 0.2 /// N
1.4 1.6 1.8 0.0+ L]
Photop energy (eV) 1.4 1.5 1.6 1.7
Photon energy (eV)
400 - ] - ] 30 ——————
300 - ) —
u : S 20 1
oS 200G S
g :
100 / \/ S 10- |
©
0 L 1 i 1
1.4 16 1.8 ol S INNAN ]S
1.4 1.5 1.6 1.7

Photon energy (eV)
Photon energy (eV)
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Schematic of the photocurrent
measurement:

Laser front view

S

Photo-current spectrum
typically measured
without bias

Excitation light: Typically the whole front is
excited. But information comes from regions
with potential gradients only.
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Setup
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1st Application case:

Different
heat sinks

— RO 106 K-1
lcm ‘cm-bar’ Acans =6.9 107K

l1cm ‘cm-bar’

Epitaxial layer Epitaxial layer
sequence  solder sequence

aCopper = 16'7’ 10_6 K_l a'Diamond = 1-0, 10_6 K'l

1hh-1e 1lh-1e

|
1.550+ . n
hh- by Ih-ratio=0.32 —/*
1.548- 1.606- .
S 1.546- oo < 1.6041
< w SO Compression
S 15441 N 2.0 mev > 1.6021
& I 2.5 meV & - 0.36
W 1,542 W 1.600-
1.5401 T )84 Tension
0.73 >
1,538 e 1.596 0.67
0 2 4 6 8 10 0

local position (mm)

local position (mm)
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-0.0015

-0.0010+
-0.0005+

0.0000+

0.0005+

0.0010+

Deformation along <110> Du/u

0.0015 — T
0 2 4 6 8 10

local position (mm)

At the edges, the devices are unstrained.

Estimate for maximum strain:

Soldering temperature: T;=157 C

Thermal expansion coefficients:
Agaas = 6.9710°K1

Acopper = 16.7710° K1

Apiamong = 1.0" 106 K1

u/u = (aDevice " Qpeat sink), (Ts'Tambient)

Copper u/u =-0.00134
Diamond u/u= 0.00077
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Strain in aged bars

1.575
1lh-1e o
2o o
_. 1574 . 58 10{ &
3 1. Overall-strain o@ ©
5 £ S x o
g 1573 R ‘?3 os] = 5
s atio of shifts =0 5 @
g e 2
§ 579 1.2meV/3 meV=0.25 ; g Ny >
o = c T T
% = egree of symmetry
1.571 ' L ' _
1.539 2. Strain at x~2 mm
< 1538 Ratio of shifts
\E 2 meV/2 meV=1
g 1.537
c 3. Quantification
§ 1.536 1.2 meV hh-shift (uniaxial along 110) -0.057% 0.055%
. 0
L 535 3 meV Ih-shift (uniaxial along 110) -0.053%
-0 2meV  (hydrostatic) -0.008%
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3.3. Degree-of-polarization PL or R (DoP-PL)

Setup:

P. D. Colbourne et al. IEEE J. Quant, El. 27, 914 (1991).
D.T. Cassidy et al. Appl. Opt. 43, 1811 (2004).
D.T. Cassidy, Mat. Sci. Eng. B91-92, 2 (2002).
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DoP

DoP = Measure for the difference of two normal components ~(e, -€,,)
large

RoP

small

RoP = Measure for shear components ~e,,

WWW.BRIGHT.EU Plenary Meeting, 5 & 6 July 2006. Cam bridge, UK
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Strain fields of the grooves very nicely visible

-0.12 -0.12
i 1 [ J
-0.10- -0.10- ® .
| + } | o o‘oo . o.o.
- -0.08- + } - -0.08- 0 % S oo e
S S B 0 ° »
= -0.06- H % # = 006 e Ce O
£ _ + % £ _ s A
& -0.04—_ %§ i & -0_04_- i o
0021 L X 00219 ° e hhi-el
] ] O I|hl-el
000 hd T T T T T T T T ’ OOO—-h . I T T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Local position (mm) Local position (mm)

Check by PCS
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* Increased DoP
h

* No change of the RoP

Compression with no
DoP shear contributions.

Biaxial compression due
4 N-contact metallization.

3 types of strain:
RoP Do not compare them with
each other on the base of the

Jens W. Tomm et al. Appl. Phys. Lett. 88, color code!
1335504 (2006).

Degree of polarization Reflection:
H.-D. Geiler, and M. Wagner, Jena-Wave GmbH ‘Method and arrangement for optical
stress analysis of solids’ United States Patent 06927853 Cl. 356-367, August 9™ (2005).
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Spatial Measuring time
Method resolution per data point Strength Weakness
e Quick e Several
uPL ~1 pm ~1s « Flexible parameters
» Independent on INIUEREE [
the Epi-layers peak position
e Information on * Slow
PCS > 30 pm ~ 10 min strain symmetry « Works only at
* Self aligning QW and
« Inspects the QW waveguide
« Separate infoon | * Low spatial
defects resolution
DoP-PL * Imaging * No information
DoP-R ~1pm ~1s « Flexible from the QW
« allows for mea- e Several
~1pum ~ 2 min suring of operating | parameters
HREMIE devices influence line
Comparison of the methods (without DoP-PL) * independent on positions
J. W. Tomm J. Appl. Phys. 93, 1354-1362 (2003). electronic
| bandstructure
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Summary:

Strain measurement is still an indirect method.
Uses the energetic bandstructure of quasi-particles in semiconductor.

Practically mostly the electronic bandstructure is investigated
(exception: built-in strain)

Each method

 WPL

« PCS

 DoP-PL, DOP-R

provides useful and incomplete (!) information.

You can't fully
determine all tensor
components by
measuring scalars.

If you want to know something special and know what you expect:
Apply the right method. ‘

If you do not know what you expect:
Make a concerted approach and try to understand the puzzle.

Thanks to Myriam Oudart for leaving me the viewgraphs on PL!
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