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Semiconductor Surfaces Reconstruct to Lower Energy

« When a surface is formed, the dangling

InAs (001) | bonds rearrange on the surface to
Unreconstructed %j-_g_f? minimize their energy
© =Anion ;LL m « Competing Interactions

. =Cation \ , T
* =Dangling ‘é*' ‘é“m « Local Chemistry
Bond L -$— @ : o

Long Range Electrostatics

B2(2x4) 0—:: B SR R « Strain

11%513“13"4’ « Surface reconstructions affect
l#i;){kl - Ordering in alloys

Scanning Tunneling Microscopy (STM) Images * Interfaces
@LR2(2%4) ] ‘ - Self Assembly
; « Catalysis
« Epitaxial Film Growth

* InAs (001) and GaAs (001)
Soience 499, 1129 (2402). « Single Reconstruction Surface
« Changes with Chemical Potential

Barvosa-Carter et.al., Surfacd



'-'Uﬂ"\'/‘b'r‘s'it"y_of Michigan " -
yMaterials Scienceland E ee - - -

Outline

Goal: Examine Atomic Surface Structure of lll-
V Alloys

* Ternary alloys exhibit reconstruction
coexistence

- Understanding the Role of Strain

« Atomic size mismatch strain
« z(4x4) reconstruction
* (4x3) reconstruction (?)
 Lattice mismatch strain
« Sb/GaAs reconstruction coexistence



'-'l'.lﬂ"\'/‘br's'it"y?_of Michigan ﬂ?&%

y Materials Science and E

Outline

Goal: Examine Atomic Surface Structure of
I1I-V Alloys

» Ternary alloys exhibit reconstruction
coexistence

- Understanding the Role of Strain

« Atomic size mismatch strain
 z(4x4) reconstruction
* (4x3) reconstruction (?)

« Lattice mismatch strain
« Sb/GaAs reconstruction coexistence
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Alloy Reconstructions Distinct from Constituents

* Ing53Gag 47As/INP * Iny,,Ga, ,5As/GaAs
« Lattice Matched « 2% compressive
*  (4x3) reconstruction Strain
* (4x3) and a2(2x4)
reconstructions

Images courtesy of A. Riposan, PhD Dissertation, University of Michigan

Ing 51Gag 1oAs/InP

2% compressive
Strain

(4x3) and p2(2x4)
reconstructions
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Elastic Relaxation Drives Coexistence of Reconstructions

« Strained InGaAs films exhibit « Thermodynamic model for
nanoscale domains of different reconstruction coexistence*®
reconstructions
. Well behaved distribution of AG =2(s+1t)B+stAy +U (s,t)+E,
anisotropic domains N~ Y —— Y
Boundary Surface Elastic Corner
Energy Energy Relaxation Energy

Energy

- Competing Interactions
* Minimize surface energy
« Maximize elastic relaxation
« Detailed evaluation of model requires
knowledge of physical terms such as

surface energy, surface tension, and
boundary energy

« Utilize DFT to determine values

*Tromp, Hannon, Surf. Rev. and Lett. v9, 1565 (2002)
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Anisotropic Boundary Energy

» For an isotropic boundary AG =2(s+t)B+stAy +U (s,t)+E,

energy the length and

7

width are equal below a —5_
critical area. 6 ?

- Above critical area £ 5
rectangular domains are S il _B:
stable =, g

« Square domains are not §’
stable at any size when g2

boundary energy is

anisotropic.
« Experimental Data is ] /
Consistent!!! 24 2 4 as se e

Area (nm?)

Sears, Pearson, Millunchick, Appl. Phys. Lett. (Submitted).
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Anisotropic Boundary Energy

- For an isotropic boundary
energy the length and width

are equal below a critical 100 . .
area.

- Above critical area .
rectangular domains are = 0L RN A |
stable 2 s -

. = e
« Square domains are not = o R S
. P ‘

stable at any size when 5 | o~ o . i o TyCh

boundary energy is e [ .- Ny o

anisotropic.
- Experimental Data is

: 0.1 ' '
Consistent!!! 1 0 100
Area (nm?)

Sears, Pearson, Millunchick, Appl. Phys. Lett. (Submitted).
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Outline

Goal: Examine Atomic Surface Structure of lll-
V Alloys

* Ternary alloys exhibit reconstruction
coexistence

- Understanding the Role of Strain

« Atomic size mismatch strain
« z(4x4) reconstruction
* (4x3) reconstruction (?)
 Lattice mismatch strain
« Sb/GaAs reconstruction coexistence
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(a) Z-Model (b) R-Model
b S, S A L~~~

5 %I 53 >=I

L-«L-)»

‘4%
42

o o
(b) (c) _ o
... . 0. 0 [110] (W :anlf)n
[110] =cation
LRZZ2727Z77

« Iny,,Ga, 75As experiment shows the surface dimer alternates position with
an 80% incidence

» Zz(4x4) reconstruction
* Z(4x4) not seen in pure InAs or GaAs
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AEnergy (eV)
> z(4x4) stabilized
> 02(2x4) stabilized
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Misfit Strain Does Not Explain z(4x4)
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5.5

Lattice Parameter (A)

Misfit Strain is

substrate

asubstrate

Pure GaAs and InAs
show slight z(4x4)
stabilization

* Not enough to

overcome effects of
temperature

Misfit strain alone is not
enough to stabilize
z(4x4)
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Atomic Size Mismatch Strain

Q.0.0.Q.CQC‘Q'Q.O
eSeteleset "%e0ces

0% %% %% o’

®=Element A
= Element B
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=1In » z(4x4)-zig In 1 a2(2x4)-zig In 1 a2(2x4)-straight In = z(4x4)-straight In
-132meV -40meV OmeV 37meV

»
»

Increasing Energy

« Atomic size mismatch strain is induced by the size difference
between two cations

« Placement of Indium in specific locations induces a surface solute
strain and strongly stabilizes the z(4x4)

* In atoms can relax the cation-cation bond
« Large atoms can better relax in alternating pattern
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The Role of Atomic Size Mismatch Strain

Convex Hull
0.1

T I T T

® Formation Energy - z(4x4)
0.05 | H O Formation Energy - a2(2x4)

-0.05

Den ¢ 9@

-0.1

Formation Energy (eV)
°

0.2

-0.25

03 I I I L
0 0.2 0.4 0.6 0.8 1

Percentage of Indium in Surface Cations

Convex hull displays formation

energy of multiple configurations

on a single graph
z(4x4) is more stable than the

a2(2x4) for most surface
percentages of In

Approximately 100meV
stabilization for X;,=0.33

Atomic size mismatch strain
stabilizes the surface
reconstruction

Suggests that the surface layer
is most stable for a mixed
composition

Bickel, Modine, Van der Ven, Millunchick, Appl. Phys. Lett. 92, 062104 (2008)
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(4x3) Surface Structure Still Unknown

Experimental STM of the (4x3) Structure
Filled state image

* Ing55Gag 47AS
* Annealed 25 min
at growth conditions

DFT Simulated STM of the (4x3) Structure*
Filled state image

MM model, Filled-state, Isosurface=0.1

Height (4)

nz
"

168
166
164
162
15

158
156
154

[1-10] direction (A)
- 3 & t-3 13

" 3
[110] direction (A)

S5 model, Filled-state, Isosurface=0.1
Height (A)

ns
n
165
1%
153
[
E]

[1-10] direction (A)

Jones et al

0 15
[110] direction (A)

*|I Tarcoff D R Hamann Phvs Rev B 50 719008 (1083)

[1-10] direction (A)
- H = u L3

[1-10] direction (A)
= & B ®

Empty state image

Empty state image

MM model, Empty-state, Isosurface=0.1

0 15
[110] direction (A)

SS) model, Empty-state, Isosurface=0.1

10 15
[110] direction (A)

Height (A)
"s

Height (A)
s

”
165
15
158
15

Filled State Image
* Bright spots on dim rows

Empty State Image
* Bright spots and rows

Cation Dimer Model
* Mixed Termination
« Anion Dimers
« Cation Dimers
» Hetero Dimers

» As coverage = 0.5ML
Millunchick et al. Surf. Sci. 550 1
(2004)

Anion Dimer Model

* Anion Termination

« Anion Dimers

« Excess Anion Dimer

« As coverage = 1.5ML
P.A. Bone et al., Surf. Sci. 600
973 (2006)
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(4x3) Likely Stabilized By Solute Strain
MM-dimer, filled-state, Isosurface=0.6 MM-dimer, empty-state, Isovalue=0.6 ‘ Mixed Dimer Model

Height (A)

igi  Mixed Termination

Height
1

i M
1

i

0

16

16

s

15

Riposan (110] direction (A)  [110]direction &)

* Anion Dimers
» Hetero Dimers

» As coverage = 0.83ML
A. Riposan, (PhD dissertation)
University of Michigan

[1-10] direction (A)
[1-10] direction (&)

Surface Reconstructions
at InP Lattice Parameter

] 1 - Best experimental STM to
N\, Anion Dimer DFT STM matCh |S mlxed
dimer model

S e f - Energy remains too high

« Misfit strain does not
sufficiently lower energy

« Alloy induced solute strain
may be the key

Cation Dimer

a2(2x4)

Arsenic Chemical Potential (meV)
Surface stability follows lowest energy
line as a function of chemical potential
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Outline

Goal: Examine Atomic Surface Structure of lll-
V Alloys

* Ternary alloys exhibit reconstruction
coexistence

- Understanding the Role of Strain

« Atomic size mismatch strain
« z(4x4) reconstruction
* (4x3) reconstruction (?)
 Lattice mismatch strain
« Sb/GaAs reconstruction coexistence
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Distance (A)

o(4x3) 02(2x4)
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Surface Reconstruction of Sb/GaAs(001)

a2(2x4) reconstruction

« Common to GaAs

L =Ga
« Not common to bulk ©=5b
GaSb Some atoms

omitted for clarity

[001]
T—» [110]
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Surface Reconstruction of Sb/GaAs(001)

= — 4 — = —

. o(4x3)

« Bulk GaSb © -
) = Ga
reconstruction ©-=5b
« Not common to GaAs Some atoms

omitted for clarity
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(2x4) (2x4)

RHEED of the samples after quenching (top), and room temperature STM images (bottom)
for increasing thickness of Sb/GaAs. b) 0.8ML, c) ~1.7ML. The box in (a) indicates an area
of x3 rows within the disordered surface.
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Elastic Relaxation

GaShb Lattice
Parameter

« Lowest line = stable
reconstruction

(4x3) reconstruction
stable for much of pg,

* ug, =chemical
potential of Sb

 Stability with decreasing

Hsp
« c(4x4)
* B(4x3)
o a(4x3)
o a2(2x4)

Surface Energy (meV)

1.25

0.75

0.5

0.25

o
Stability of GaSb at
QaSb Iqttice parameter
[ [ | |
— -a(4x3
... 7o
., == 02(2x4)
- --=-=p2(2x4
~ N S
1 o« N 1
~ ..
~ ~ \._
™ — S .\_
________ ~ S
----------:.‘?_".-_.'é__z_wh.. __________________
\-:'\—:\__
. — A Tt 1
\-\ -----
~ \_\
a T~ o
\_\
N_§
= > < > 1
(2x4) stable (4x3) stable
; | I |
-5.3 -5.2 -5.1 -5 4.9 -4.8
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Elastic Relaxation

GaAs Lattice Parameter

Lowest line = stable

reconstruction
(2x4) reconstruction
stable for much of pg,

* ug, =chemical
potential of Sb

- Stability with decreasing

Hsb
* B(4x3)

. B2(2x4)
. 02(2x4)

Surface Energy (meV)

Stability of GaSb at
GaAs lattice parameter
1.25 } | | }
— =a(4x3)
==,
----- 2(2x4
. Ll p2(oxa)
a i —----C(4x4) | |
.
N -\__
~.
N - .\__
0.75 R N -+
~— ~ ~ \_-
I — -~ S o -\_
__________ ~—— -~ .-
____________ - \-
S N
5 Nt
~
~
(2x4) stable 4x3) stable
0.25 : | | |
-5.3 -5.2 -5.1 -5 -4.9 -4.8

u,, (meV)
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. . 1.25
Elastic Relaxation
 Mixed Reconstruction in 90
GaSb/GaAs (001)
» Mixed Anion System 0.75
o a2(2x4) _
« Stable for smaller lattice 50.50
parameters >
- Appears where lattice B 0.25
parameter is constrained % 125
* a(4x3) w‘;% .
- Stable at larger lattice %)
parameters
« Appears at terrace edges 0.751
where lattice parameter
can elastically relax 0.50]
0.25 | | ;

-5.3 -5.2 -5.1 -5.0 -4.9 -4.8
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Elastic Relaxation

« Mixed Reconstruction in
GaSb/GaAs (001)

« Mixed Anion System
o a2(2x4)
« Stable for smaller lattice
parameters

« Appears where lattice
parameter is constrained

* a(4x3)
« Stable at larger lattice
parameters

« Appears at terrace edges
where lattice parameter
can elastically relax

a(4X3)  a2(2x4)
) Elastically ~  Constrained
Relaxed

Bickel, Modine, Pearson, Millunchick, Phys. Rev. B, 77, 1 (2008).



a2(2x4) Relieves Compressive Strain

a(4x3)  a2(2x4)

A
[ = : : = Y
- eI
2 W

[110]
L_*rnm

X‘*’?ﬁ‘?&%ﬁ%

wm1
[ﬂm

®-=As
C =Ga
©=5b
Some atoms
omitted for clarity
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Conclusions

- Ternary alloys are complex than their binary
counterparts

» Thermodynamic Coexistence Model
 Fit to data suggests that this is not a kinetic effect

 Role of Strain

« Atomic Size Mismatch Strain
« Stabilizes the z(4x4) reconstruction
» Mixed cation surface
 Alloying necessary to DFT treatment

« Lattice Mismatch Strain

- Elastic relaxation at step edges => complex strain field on
surface

- May stabilize surface coexistence as for Sb/GaAs
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N 7
.=1.70ML

L)
'
'
74
"

Thin layers of Sb/GaAs. Top left to right: 0.25ML, 0.75ML, 0.8ML.
Bottom left to right: 1.25ML, 1.5ML, ~1.7ML
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Elastic Relaxation

U(s,t) =2F,

—s(1- v{lni —1|+ ()

a

—t(1- v{lni —1|+ ()

a

+2v(9+ t—As + ¢t )+ u,(a)
+(1- ZV)(—’\/S +1 )+t(1 v)In—

+(1 2v)(—\/s +1 )+S(1 v)In—

\/S +1T 4+t

S+t—t

\/S +t°

S+t_S/

Energy of Border s

Energy of Border t

Energy of Interaction
where s,t meet

Interaction between parallel
segments in s

Interaction between parallel
segments in t
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Indium Surface Segregation

a) b)
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Layer3

.

e, 8, 8,

e
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0 1 ] 1 |
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[001]
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Q-4

=Ga/ln ©=H
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Monte Carlo of Pure InAs

Percentage of Zigzag for 50%
Dimer Coverage

T T 1 T T T T T
“00 T=550K )
" T=700K ]
T=750K /.-"
o /) J 08 | -
600 SErTeLTISYs Prsas pevT ey =00k —
()]
©
= N
N 06 r “\\_--- |
N
Y
(]
(0]
— ()]
= «
= C
% g 04 + .
B [5)
T"j o
o 02 L -
i 0 I I I I I
0 200 400 600 800 1000 1200
= Temperature

oooooo
ooooooooooooo

| Mg - Large Stable areas for
e eent 1 50% dimer coverage

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 059 1

* Do see a slight favoring
of the z(4x4),
particularly for lower
temperatures
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Reconstructions in (4x3) Energy Comparison

Model Filled state image Empty state image Model Characteristics

Binary BC, filled-state, Isosurface=0.6 Binary BC, empty-state, Isosurface=0.6
Height (A)

"t BC (4x3) model
<+ Mixed Termination
« Anion Dimers

» Hetero Dimers

« As coverage = 1.5ML

[1-10] direction (A)
[1-10] direction (A)

Barvosa-Carter et al s . ” ) s
W. Barvosa-Carter, et al, Phys. [110] direction (A) [110] direction (A)
Rev. Lett. 84 4649 (2000)

02(2x4) B2(2x4)
Alpha2(2x4), Filled State, 1=0.1

Height (A)

19
185
18
175
1
165
16
155
15
145

[1-10] direction (A)

o)
<
S
=
3
[v)

>,

=
Y
3
o
[V

5"
g
N
8%
o
Do
[oX)
0
5o
»3
©°g
29
So
o
L

0 0 w0 5
[110] direction (A)

. : As Barvosa-Catrter et.al., Surface LaBella et.al., Surface Science
’ =1In Science 499, L129 (2002). 60, 1 (2005).
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Effect of Misfit Strain on

Energy (meV)

Surface Reconstructions
at InP Lattice Parameter

Anion Dimer

Mixed Dimer Cation Dimer

[ [ [ I
Arsenic Chemical Potential (meV)

Energy (meV)

(4x3) Stability

Surface Reconstructions
at InAs Lattice Paramter

7] Cation Dimer

Anion Dimer

Mixed Dimer

I | [ I I

Arsenic Chemical Potential (meV)
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Thickness Study

(1x3)

RHEED of the samples after quenching (top), and room temperature STM images (bottom)
for increasing thickness of Sb/GaAs. a) 0.5ML, b) 0.8ML, c) ~1.7ML. The box in (a)
indicates an area of x3 rows within the disordered surface.
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Growth Model

v x‘&.’mﬁ:ﬁ\x‘iﬁw

Flat a.2(2x4)
film

Sb
nucleates on
surface as
o(4x3)

o(4x3)
domains
grow and

transform into
o2(2x4)

RS

[110]

Layer fills in

I o o S S

: *‘%h*‘%h
o:x 3T Sy B

©=5Sb

H

%
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Critical Terrace Size

Two types of terraces
* a(4x3) only
« a(4x3) at edge with a2(2x4) in
center
Maximal size of a(4x3) terrace =
30£10nm?

Suggests strain a factor in
surface reconstruction
stabilization

The reconstructions are able to
coexist next to each other

Both have trench dimers which
could help coexistence

Notice the height difference

0.8ML Sbh/GaAs ~1.7ML Sb/GaAs
60 T T T T T T 14 T T T T T T T T

h 2x4 —— With (2x4)
0 2x4 12 —&— No 2x4

10 -

W
o
Counts

0 0 1 1

0 20 40 60 80 100 120 140 160 180 200 0 40 80 120 160 200 240 280 320
. 2 . 2

Size (nm”) Size (nm°)

o(4x3) _oc2(2x4)

o % e L & e
- i %3'*—4»«
— { « -Q-a-*-\
@~ ¢

~—u—‘:fbw-—d§:5-x—fﬁ—&— w—bm:::

o *f} el *@.’;

[001] Q= Ga
T—>[110] C-g
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Role of Ga

The percentage of the sample surface covered by either reconstruction changes during
growth due not only to strain but also to the availability of Ga.

* (2x4) requires 9 Ga per unit area

* (4x3) requires 4 Ga per unit area

GaSb growth

Sample Thickness vs. (4x3) Coverage ) .
P (4x3) 2 » Gais present in the beam

50

. | | | _" _Ga'Sb Sar'nple - Transformation is easy
o5 \\ —e--Sb Sample . P.ercentage.of (4x3) on the surface
SB O . varies dramatically
E% \ » Minimum percentage of Sb is ~1.05ML
%—é 30 | \\ =l
E2 \ . Sb Growth
gg 3% T8 - Ga is present only via diffusion from
2% 20| Ly d 2* 7 step edges
£5 i R * Transformation Ga-limited
%% N i « Percentage of (4x3) is much more
ag Or w7 i constant
R » Thickness at which transformation
5 : : , , : , complete is higher, ~1.25ML

04 06 08 1 12 14 16 18
Sample Thickness (ML)
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For small values of F the
surface energy and
boundary energy terms
dominate

« Above a critical size square

domains are not
energetically favored

« Multiple rectangular shaped
domains coexist

But domains want to shrink
to zero (i.e. disappear
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» For large values of F

« Still a critical size above
which square domains are
not energetically favorable ™

- Domains are now globally

stable. ) \/\—‘
L . D=100nm
» The equilibrium

reconstruction domain shape ° ™ {ength * ©
IS a quantum wire.




