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Modeling Solutions for Crystal Growth and Devices

Overview of applications

STREEM-AIGaN may be used to analyze:

Evolution of curvature at the stages of heating, growth, and cooling of the structure
under various process parameters and sequences of the layers;

Stress relaxation in compressively stressed layers and dislocation dynamics;

Crack formation induced by tensile tress both during the growth and after cooling of
the structure;

Influence of the process parameters on the through-wafer temperature drop and its
contribution to the structure bow

Stress state in the particular layers via processing of in-situ curvature data



Modeling Solutions for Crystal Growth and Devices

= Curvature and bow: basic definitions

 Curvature radius R, wafer diameter D »

 Curvature k: k = 1

R D 1 .J'."IP
« \Wafer bow b: b(k, D)=R 1-cos— |== kD? f_,-' R
2R) 8
* Wafer bow is proportional to curvature and

square of wafer diameter

k>0 < tensile stress (positive) <> concave bowing <

k<0 < compressive stress (negative) <» convex bowing <« =




Heating stage:
temperature gradient and
bow vs wafer and process

parameters
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Temperature drop across the wafer

1D approach: temperature drop AT is estimated from known in-situ temperature via
balance of heat fluxes (conductive J 4, radiative J.,, convective J. ) through pocket-to-
wafer gap, wafer, and reactor

Jeom /7? in-situ T=T sgyet Jradm . /7> }in-situ T=T ..

gap gap

1) Sapphire wafer (transparent) 2) Silicon wafer (opaque)

For each reactor type, specific model allows to estimate contribution of convective heat
exchange for a given set of process parameters
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Wafer bow at the heating stage: effect of wafer size

Growth conditions

Reactor heating — temperature gradient — wafer bow

Susceptor rotation rate, rpm 1000 . .
Computations take into account:
Reactor pressure, Pa 10000 .
MNH3 flow rate, sim 20 ¢ SUbStrate ra.dlus
N2 flow rate, sim 50 * substrate thickness
H2 flow rate, sim 120 * substrate initial curvature
Inlet temperature, C 100 * temperature drop is estimated for typical MOCVD reactors
I T T T T T T T T T T T T T T 100 7‘ L ! L ! L ! L ]
soF h=1000 pm, Si wafer § - @=200 mm, Is
| AT~4K | Si wafer | =
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Constant bow: higher AT is compensated
by higher wafer thickness

Bow increases with the wafer diameter
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Curvature vs process parameters

curvature temperature drop

T T T T T T T T T T T 5,0 T T T T T T T T
22 - @=200 mm, . f. 45+t @=200 mm,
L i (O] — ]
h=1000 pm ‘% 4,0F h=1000 pm .
20| 4 = ]
n 3.5F .

£ Ll S 30!

5 181 } o |
g o 257 -
S B i o |
g 1° g 207 ]
2 i v 15} . -
= B ——Si(111) ] s L — Si(111) ]
O 14 i sapphire g 10+ — sapphire .
12} ] “é 05} i

. 1 . 1 . 1 . 1 . 1 . () 0’0 . L L L . L . L . L .

400 600 800 1000 1200 1400 1600 = 400 600 800 1000 1200 1400 1600

Rotation rate, rpm Rotation rate, rpm

Sapphire wafer is much more sensitive to the variation of the susceptor rotation rate:
forced convection provides the largest contribution; for the silicon wafer, radiative heat
exchange with the cold plate is important as well



Growth stage:

stress, curvature, and
dislocation dynamics
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Kinetic model of compressive stress relaxation
in (Al)GaN layers

(c)

 Relaxation of compressive stresses in GaN and AlGaN occurs via inclination of
threading dislocations (TD)

* Dislocation inclination occurs only at the growing surface

* For dislocation to incline, atom at the dislocation core needs to get out

 Threading dislocation inclination depends on growth conditions, stress state, surface
roughness, and TD density

* Dislocation annihilation is accounted for
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Nucleation and evolution of dislocations in
compressively stressed layers

(17301 i Sapphire

TEM of GaN film deposited on AIN buffer layers on Si (left)

TEM of GaN / AIN IL/ GaN structure. and schematic illustration of large TDs inclination (right).
[J.F. Wang. Appl. Phys. Lett. 2006. Vol. 89. 152105] [S. Raghavan. Appl. Phys. Lett. 2006. Vol. 88. 041904.] and

I i i . S. Ragh .J. Cryst. Growth. 2012. Vol. 359. Pp. 35-42
TD nucleation in compressively strained [S. Raghavan. J. Cryst. Grow 0 p. 35-42]

layers is observed in case of high Sharp reduction of the TDD close to the
difference in the composition between top GaN/AIN interface is attributed to large
and bottom layers (GaN/AIN) inclination and annihilation of the TDs

The net compressive stress at which the GaN layers start growing on Al(Ga)N buffer is always
about -1 to 1.7 GPa and does not increase even in case of GaN on AIN buffer.



Curvature, 1/km

C. Liu et al., Phys. Stat. Sol. C 10, 11 (2013) 1541
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Curvature vs dislocation density in GaN/AIN structure

AIN has higher dislocation density at lower growth temperatures.

Higher dislocation density in GaN (inherited from AIN) results in faster stress relaxation due

to inclination of the dislocations.
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Time, s

015~3.8-1010
Prp~1.8-10%0

Wafer: Si, 50 mm

Purpose: high quality AIN for
GaN/Si growth

Structure: (115nm) AIN / (1.7pm)
GaN
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Evolution of stress in GaN/AIN structure: modeling
Water: Si, 50 mm AIN quality (dislocation density) is a

Purpose: high quality AIN for GaN/Si growth :
Structure: (115nm) AIN / (1.7pm) GaN function of the growth temperature

4 T T T ' i '
- - - ' ' ' ' Rapid relaxation of the mismatch
- T =1240°C iation |
Slow angle variation | stress at the initial stage of GaN

-\
growth occurs via large inclination

N

o
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n sl inclination C\/\
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C. Liu et al., Phys. Stat. Sol. C 10, 11 (2013) 1541 Time, s
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Application of superlattice (SL) as dislocation filter

Wafer: Al,O5, 50 mm

Purpose: thick high quality AlGaN layers for Strong reduction of the dislocation

DUV active region density when SL is used
Structure: AIN/Al, ,Ga, gN + SL in-between:

10-period (8nm) AIN / (24nm) AlGaN

AT, ] Measuremcla(?ts:
—--AINAIGaN/SL/AIGaN | Prp~1.0-10
Prp~2.5-108
Partial relaxation of the AIN layers in the SL
structure continuously introduces
compressive stress in the subsequent AlGaN
- AlGaN layers, wl?ich provide.s large inclination.of
Seee the threading dislocations and acceleration
oL = of their annihilation
0 2000 4000 6000 8000
Time, s

J.P. Zhang et al., Appl. Phys. Lett. 80, 19 (2002) 3542



curvature, km™
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Use of AlGaN graded buffers for strain engineering

. GaN (1.5 pm)
Wafer: Sl, 200 mm «— LT AIN interlayer
- . . GaN (0.9 um)
Purpose: GaN/Si buffer with flat surface G:Nm::) «— LT AIN interlayer
TDD was specified here Aly15Gag.75N (300 nm)
Fi Al <Ga, N (250 nm) — Algradt?dff
: I I I Al 15Gag 55N (200 nm) a uirer
20 | - AIN (130 nm)
4 8 inch Si (111) Substrate
(5)
O |- Tensile AIN _
- : 4_STREEM predicts well the
curvature measured @RT
-20
I (1): AIN nucleation
(2): AlGaN graded buffer
-40 experiment (3): thick GaN
STREEM modeling (4): AIN interlayers
e o, ! Iy (5): cooling
0 10000 20000 30000

processtime,s B Krishnan et al., Sensors and Materials 25 3 (2013) 205
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=== Use of AlGaN graded buffers for strain engineering
(Continued). Evolution of stress and dislocations

2 : : : 3X1010 Closer look at the graded
| [—— Stress)| AlGaN buffer shown also
in segment (2) of the plot
Al _GaN Al _GaN :
1 | AlorsSaN 059 0259 on the previous page

o

Incremental stress, GPa

2x10™ o

TDD, cm

Gradual decrease of the
dislocation density,
ultimately, by an order of

1x10™ magnitude, in the graded
[ | large inclination AlGaN buffer.
-3 , largeinclination Large inclination of the
A ' : : 0 threading dislocation due

15000
Process time, s

10000

20000

B. Krishnan et al., Sensors and Materials 25, 3 (2013) 205

to high mismatch stress
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GaN/AIN SL as alternative buffer structure:
experimental facts

Wafer: Si
Purpose: crack free thick GaN-on-Si o
Buffer structure: 4x(GaN/AIN SL) asLs

(GaN/AIN),,

separated by 200 nm GaN

[T T T T T T T T T

2

T

10
1,8x10 GaN layer thickness 2.5um |

(b) @ experiment

modeling

1,5x10" (@
v Superlattices can efficiently

1,2x10% . counteract the tensile stress usually
observed in GaN on Si

’ 9 [ < . . . . .
9.0x10 ¢ _ v Reduction of the dislocation density

with the number of SLs

Threading dislocation density, cm

6,0x10° - .
¢ v' Crack-free 2.5 ym thick GaN can be
3,0x10° - T . 3 4 grown on this buffer structure
Number of AIN/GaN SLs

E. Feltin et al., Appl. Phys. Lett. 79 (2001) 3230



Stress, GPa
Alhonvptproomo oS

Modeling Solutions for Crystal Growth and Devices

GaN/AIN SL as alternative buffer structure:
modeled stress and TDD evolution

1 ¥ ] = LI = 1

1 .

0
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o
.
IS

o ! I
T AINNL

A 1SL 2SL 3SL 4SL

GaN (2.5um)

0 500 1000 1500 2000 2500 3000 3500

Thickness, nm .
Thickness, nm

high stress in the first GaN layer results in nucleation of new dislocations and fast reduction
of their density due to large inclination and annihilation.

thin AIN layers in the SLSs are far from being fully relaxed.

formation of new dislocations in GaN layers is not predicted. Instead, the dislocation density
decreases gradually throughout the supperlattices and in the GaN layers in-between

E. Feltin et al., Appl. Phys. Lett. 79 (2001) 3230
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Effect of Si doping on stress evolution

Modeling approach

« Sidoping of (Al)GaN layers leads to enhancement of
TDs inclination and increase of the tensile stress
value at which TDs inclination ceases;

« Si doping accelerates relaxation of compressive
stress and increases annihilation of TDs; 1

« The generated tensile stress persists even if
Si-doping is stopped, since no mechanism exists R 01 02 03 0 ,015 06 07
which inverts the dislocation inclination; i THicknes tmieron

Stress (GPa)

=== Undoped AlGaN | —|
g Si-Doped AlGaN

| 275um, 2inch Si(111) wafer |

*. T
- 18 . -3 0,8-
15 S|--8)<1013 cm_3 | i 1 | —N(sh=0cm?®
] Si~4x10™ cm ! [/ 0,79 |—n(si= 210" cm® |
— | Si~2x10"® cm™® ! ' 1 | ——nN(si= 410" cm®

- Si=0 I 0,69 | —— N(si)= 810" cm® |

€ 104 ! {1 = ' !

‘; ’ 1 = |
5 onset of 1 -
= plastic deformation L. Q
2 0.54 o/ e 3
S (P 2 ©

v
J‘sj\/"’ 8 |
0.0 A cron AR ZT S At . !
———— ~2.4 um GaN —ily 0 O- I _
. . : : : : § "] [BmmAIN Si-doped GaN I
0 2000 4000 6000 = -0,1 buffer ——————————
. . S 0 5 10 15 20 25 30
Time in steps 8 .
t, min

Modeling reproduces fairly well the experimental trends with respect to the curvature vs the doping level



Structure cooling:
stress, bow, cracking
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Prediction of bowing @RT

Prediction of bowing @RT

* In case the curvature evolution for the whole structure is known and bowing at
room temperature is not zero, it is possible to find optimal position to stop the
process, cool the structure, and expect zero curvature at RT

100 - Wafer - Si(111) 8 inch, 900um
)
0.7 um GaN
H'E >0 "|Cooling H \
¢ 04 / =z 0.7 um GaN
% | <\ )
© e
2 -50- > P
O 2 um GaN > >
-100- ~
=—
O .
Si(111) Wafer
& )]}
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Insertion of AIN ILs at the stage of thick GaN growth

GaN (1.5 pm)
«— LT AIN interlayer
. GaN (1 pm)
Wafer: Si, 200 mm | Aly 1-Gag 2N (300 am)
Purpose: GaN/Si buffer with flat surface Aly<Ga <N (250 nm)
Aly15Gag»sN (200 nm)
AIN (130 nm)
8 inch Si (111) Substrate
a0k - T - - T - T T U ]
- cracking
20} ] |
-~ When AIN intelayers do not
g ol introduce additional compressive
(O] .
ER stress into the structure, cracked
£ ol cooling structure is predicted after cooling
3 o0l
i AL
. . . . | . . . . | . . . . | .
15000 20000 25000 30000

process time, s

B. Krishnan et al., Sensors and Materials 25, 3 (2013) 205
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Stress state in the structure with GaN/AIN SLs

Wafer: Si ossm
Purpose: crack free thick GaN-on-Si (GaNIAN),

Buffer structure: 4x(GaN/AIN SL)
separated by 200 nm GaN

0.003 [+ r T T T T T T
GaN layer thickness 2.5um
(a) ¢ experiment
0.002 - < modeling . . .
About linear decrease of the in-
In-plane o

plane strain of the GaN layers
$ with the number of
superlattices used in the

strain, .001 L

XX

0.000 - . structure is reproduced well by
' GaN layer thickness 0.9um the mode"ng
- ® experiment
modeling
0001b—o—u .
0 1 2 3 4
Number of AIN/GaN SLs

E. Feltin et al., Appl. Phys. Lett. 79 (2001) 3230



Inverse problem
and curvature modeling



curvature (1/m)
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mmm= [se of extracted stress evolution for curvature modeling

0.20 ' - e Experiments
| meas: solid 100 Calculation GaN/AlGaN
[ calc: dashed y ] : ﬂ Calculation GaN/InGaN/AlGaN
0.15 467 80- GaN buffer : ° :
Alg o7GaN ) '
GaN | = |
0101 buter | HMC 10 % E 60+ [
' T T X 1 0 076G’le
0.05 g 407 '
S 1 |
T 204 |
0.00 % l I
O 0- [
] I
-0.05 204 | |
L L : 1 L (- L 7 i | |
run time (s) —_ _40 [ |
Experimental curvature evolution during 0 2000 4000 6000 8000
growth of GaN/AlGaN and GaN/InGaN/AlGaN Ti
structures on 340um Sapphire substrate. Ime, sec
. |nvers.e problem solution a.||OV\{S to achieve Simulstion mods  Experimental Stress Evelution ]
experimental stress evolution in the structure

*The extracted stress evolution can be used for Here the extracted stress evolution is used for

the initial stages during modeling of curvature curvature modeling for GaN buffer in GaN/AIGaN
evolution of more complex structure structure (green line) and for GaN buffer and InGaN

F. Brunner et al., J. Crystal Growth 298 (2007) 202-206 layer in GaN/InGaN/AlGaN structure (blue line).



e Experiment
Calculation
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Prediction of cracking during structure growth

- Cracki : :
100. : : XY~ *Layer cracking during growth
804 GaNbuffer | | continuation is predicted by
' ' STREEM-AIGaN
< 60 [
£ ] I
=
s 40-
S - '
T 20- [
% ] I
O 0- [
204 : *Degree of possible stress
. | relaxation via layer cracking is
-40 —— specified by user
0 2000 4000 6000 8000
Time, sec @
Here extracted stress evolution is used for curvature —

modeling for GaN buffer and InGaN layer in
GaN/InGaN/AlGaN structure.

F. Brunner et al., J. Crystal Growth 298 (2007) 202-206

Relaxation degree if cracking occurs 0.9




STREEM-AIGaN:

software interface and
operation



r —
Reactor and Substrate Parameters M

Growth reactor type

Planetary reactor v‘
Reactor height, cm 25
Pocket depth, um 100

I —
| Dist: inlet - wafer center, cm 12

|
Substrate parameters

Substrate material ISapphire ']
Thickness, um 440 Substrate diameter, mm 50
Initial curvature, 1/km 0 Growth surf.orientation [(0001)  ~
I ' Ok ‘ ’ X Cancel }
CCS ¢ |
s
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Wafer parameters and reactor type

Reactor geometrical parameters (optionally) to estimate the
temperature drop from process conditions

Wafer diameter, thickness, and initial curvature

:; Planetary
L G
|J |
€ ] ::i
] Horizontal
< ‘;i W
| e
) IH |
| T —
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Specification of the process stages

Growth stages

Heating/cooling —
# ‘Groups ‘Caption ‘Malerial ‘Thickness,nm ‘Growlh Rate ‘Duration ‘Inv.Prob_
Stage Name heating 1 AIN nucl AN 40 0.085 16941 O
, 2 GaN GaN 160 2 238 o]
Stage duration, s 1000 3 - SL1AN AN 3 0.085 12706 O
MNumber of Steps 20 4 |: SL-1 GaN GaN 4 2 72 ©
5 GaN-1 GaN 200 2 360 ©
Temperature, C 6 M~ SL2AN AN 3 0.085 127.06 ©
Determined by experimental data 7 |:SL—Z GaN GaN 4 2 72 ©
(1100-30)*(t-1)+1100 8 GaN-2 GaN 200 2 360 ]
9 K [] SL-3 AN AIN 3 0.085 127.06 O
10 SL-3 GaN GaN 4 2 72 ©
Duration + law of temperature S SeN 20 2 o
. . . 12 SL-4 AN AIN 3 0.085 127.06 ©r
variation (e.g., linear) 5~ Dsiacan  Joan s 2 72 ©
516 ko o200 200+

v Conventional parameters: duration, thickness, temperature remperature, ¢
v" Process parameters (optionally) to estimate the temperature drop [l Determined by experiment
v' Ability to group several stages that are repeated more than once in the
recipe
v" Ability to use in-situ temperature measurements as process parameter with
graphical representation



m Modeling Solutions for Crystal Growth and Devices
I

Simulation modes

v" Pseudomorphic growth

Simulation mode iw w 'I

Pseudomorphic _ aieff (Tl) _ ai(Tl)

Initial TDD |f & ai(Tl) ’ genel’ahzed for stack of Iayers

EExperimentaI Stress Evolution

Initial stress

v" Equilibrium model

Simuiation mode [Kinelicmode . Pwo,(CT)=pPib & Dodson-Tsao dependence for
CR degree of relaxation  equilibrium relaxation

Initial TDD [ IInherited 6e10

Initial stress [¥] Inherited v" Kinetic model

Lallpe T s T = inclination of the existing dislocation for
I B 2 compressively stressed layers (grading AlGaN)

[/ Thx of lerge inclnation, nm = nucleation and large inclination of dislocations for
C1V_dsbocation nudeation heavily mismatched layers (GaN/AIN)
V] Cracking v" Cracking of the layers under tensile stress
Relaxation degree if cracking occurs 1
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Loading of in-situ measurements

Heating stages

. Load

il Delete

Growth stages
AIN
AlGaN

AlGaN-SLS

1st GaN
2nd GaN

Temperature

Zoom
@

Curvature, 1/km

[ Crop data

. Averaging

Define layer

Cooling stages

v" Available for curvature and temperature;

v" Can be used to (1) set measured temperature as process parameter; (2) use the curvature data
for comparison with model predictions; (3) to solve inverse problem;

v" Ability to specify the stage durations on the in-situ curves
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Visualization of the results

Heating In-situ evolution | Ex-situ distribution
h eating Markers Zoom 1 Graph / 2 Graph Axes Dir. pr. Inv. pr.
o s ¢ ¢ [[F <[5 = E— .
|— Experimental curvature ~——— Direct problem: Cunvature l
Stru‘:ture GrOWth 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14 000 15000 16 000 17000 18 000 19000 20000 21000 22000 23000 24 000 25000 26 000 27 000 28 000 23000 30000 31000
AIN nucleation : ;
1st AlGaN
2nd AlGaN
3rd AlGaN
1st GaN
AlN interlayer
2nd GaN
AlIN interlayer
3rd GaN
=
&
g
ES
B
e
£
%‘ =
E -
=
Cooling
cooling
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14 000 15000 16 000 17 000 183000 19000 20000 21000 22000 23000 24 000 25000 26 000 27 000 25 000 23000 30000 31000
Log ‘ X: 120813 YL: 14 236386 YR: 15.055297 | Log

in-situ evolution of the stress, bow, curvature, TDD, and critical stress for cracking;
ex-situ distributions of the stress and effective lattice constant;

highlighting of the process stages on the plot;

point probe and markers;

comparison with experimental data

D NI NI NN



