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Vicinal surfaces: the case of AlGaAs/GaAs QWs

• A well studied III-V heterostructure: GaAs/AlGaAs
ü Strategic industrial and scientific importance

• A widely used characterization tool: low temperature PL
ü A probe of material purity and interface quality

• A lasting superiority of MBE over MOVPE in this area
ü PL linewidth considerably lower in MBE (sub-meV in MBE vs ~ 4meV in MOVPE)
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Vicinal surfaces: the case of AlGaAs/GaAs QWs

• Improved morphology :  MBE AlGaAs (Tsui, APL 1986)
• Smoother surface under STM : MBE GaAs (Grousson, PRB 1997)
• Reduced O and C uptake : MOVPE AlGaAs (Leu, JCG 1998)
• Reduced QW PL linewidth : MOVPE GaAs/AlGaAs (Bitz, PRB 1998)

Influence of substrate miscut ( a > 0.5�)

A probe of material purity

& interface smoothness

A probe of reactor status over time

N. Moret,
PhD thesis (2008)

Surfaces & growth modes
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PL & interface morphology of AlGaAs/GaAs QWs

• TMGa, TMAl, AsH3
• N2 ambient, 20mbars
• T : 680�C - 740�C
• V/III : 100 - 320 in AlGaAs
• V/III : 60 - 130 in GaAs
• AlGaAs @ 1µm/hour
• GaAs (100) + a (+/- 0.02�)
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Photoluminescence of GaAs/AlGaAs QWs

T ~ 710�C

0.6 meV: lowest linewidth
reported on MOVPE grown 
material

Negatively charged trion:
first unambiguous observation 
on MOVPE grown material

Surfaces & growth modes
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Influence of low substrate misorientations

• 0.1� miscut
dramaticaly reduces the 
PL linewidth

• Reproducible sub-meV
linewidths

• Stronger effect on thin 
QWs points to growth 
front smoothening

T ~ 710�C, V/III = 220 - 280 in AlGaAs
V/III = 130 in GaAs, miscut towards (111)A

Surfaces & growth modes
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Surface morphology: “A” off-cut

Exact

0.2A

0.6A

Monolayer steps

Step bunching

Step bunching
+

undulation
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Exact 0.3� > (111)B 0.6� > (111)B

5µ
m

A
FM

Surface morphology: “B” offcut

Monolayer steps Step bunching Step bunching
+ undulation
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PL & interface morphology of AlGaAs/GaAs QWs

• TMGa, TMAl, AsH3
• N2 ambient, 20mbars
• T : 680�C - 740�C
• V/III : 100 - 320 in AlGaAs
• V/III : 60 - 130 in GaAs
• AlGaAs @ 1µm/hour
• GaAs (100) + a (+/- 0.02�)

GaAs cap
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PL spectra of TQW samples grown on 
substrates with different miscuts

FWHM of the 3 QWs
& the AlGaAs bound exciton line

PL dependence on miscut points to 4 growth modes
Surfaces & growth modes
Vicinal surfaces
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Top surface

Upper QW surface

Lower QW surface

AFM of top surface and QW interfaces 

Periodic SBSF2D

SF

Unresolved SO

Coalescent SB Periodic SB Coalescent SB
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Probing reactor status with PL of AlGaAs/GaAs QWs

N. Moret, PhD thesis (EPFL,1988)

Surfaces & growth modes
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AlGaAs/GaAs QWs on vicinals: a summary

A sensitive tool to evaluate
the growth system over years:

PL of GaAs/AlGaAs QWs

• Best combination:
– 0.1 - 0.3� towards (111)A
– T ~ 710�C
– V/III ~ 280 in AlGaAs, V/III ~ 130 in GaAs

• Best optical properties reported:
– Linewidth as low as 0.5meV for 15nm thick GaAs
– Fine excitonic structures

• AFM on QW interfaces
– Regular step flow surface gives lowest PL linewidth

Surfaces & growth modes
Vicinal surfaces
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Heteroepitaxy
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Heteroepitaxy

lattice-matched

Elastic
deformation
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D
O
M
O
RP
H
IC

M
ET
AM

O
RP
H
IC

Plastic
deformation

è Formation	of	dislocations

è Formation	of	cracks

Courtesy N. Grandjean
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Heteroepitaxy

Frank-van der Merwe Stranski-Krastanov Volmer-Weber
2D 2D-3D 3D
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Dynamics of island formation in InAs/InP QWs

J.F. Carlin et al.
Appl. Phys. Lett. 1991

The QW structure transforms 
during growth interrupt

under AsH3

• Chemical Beam Epitaxy
• TMIn, AsH3, PH3

• InP (100)+/-0.1�
• 400nm InP buffer
• 2 ML InAs QW
• 50nm InP cap
• 1 ML/s t1 t2 t3 t4

t1, t2 and t4: no effect

t3 : 0 – 15”

TMIn AsH3, PH3

Holder/heater

LN2

Multiple PL lines appear
if t3 > 0

InP InP

InA
s

CBE
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Dynamics of island formation in InAs/InP QWs

The as-grown InAs 2D layer is metastable:

- It transforms into isolated InAs islands during t3
- This evolution is inhibited under low AsH3 flux

- It is thermally activated

PL emission shows linear dependency

on excitation >> islands are isolated

AsH3 enhances surface transformation

R. Houdré et al., Superlattices & microtructures (1993) 

Surfaces & growth modes
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Motivations

• A surface science case study
• Long wavelength nanostructures

• Advanced light sources

Challenges
Ø High radiative efficiency
Ø Understanding surface kinetics

Keys
Ø Modulated growth
Ø Vicinal surfaces
Ø Non-planar growth

GaInAsN dilute nitride alloys
Surfaces & growth modes
Surface dynamics
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Volz et al. J. Crystal Growth 311 (2009) 2418

(GaIn)(AsN):  N - As competition on group V sites 

Series at constant TBAs partial pressure
(constant nominal [Asad] on the surface) 

PDMHy →  [N] PTBAs → [Asad] →  [N] ↓ 

Series at constant DMHy partial pressure
(constant nominal [Nad] on the surface)

G
a 

dr
op

le
ts

Defects

[N] > 2.5%:

Structural degradation 
not due to As deficient 
conditions

Surfaces & growth modes
Surface dynamics
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In-induced desorption of N

Volz et al., J. Crystal Growth 311 (2009) 2418
Rosenauer et al., Ultramicroscopy 72 (1998) 121-133
Muraki et al., Appl. Phys. Lett. 61, 557 (1992)
Albrecht et al., Phys. Rev. Lett. 99, 206103 (2007) 

• In-N strongly repulsive on the surface
• N sticks to Ga, desorbs on In
• N « sees » 3-5 times more In than

actually incorporated in the crystal

• 7 MLs [In] transient
• [In]surface = 2.5 [In]volume

Quantitative In depth profile 
from TEM analysis

GaInAsN/GaAs MQWs

Surfaces & growth modes
Surface dynamics
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N & In profiles through GaInNAs growth

1) accumulates at the lower interface
2) diffuses during growth
3) desorbs at the growth surface

Albo et al., Appl. Phys. Lett. 96, 141102 (2010)

Nitrogen

GaAs InGaAsN

In

N

In

N

Surfaces & growth modes
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Vicinal « B » epitaxial surfaces step patterns
GaInAsN
dilute nitride alloys
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Surfactant: surface active agent

Low solubility
Rejected by the solid

+
Low vapour pressure
Does not evaporate rapidly

High surface
concentration 

Surface energy
Surface reconstruction

Step structure

• Admolecule diffusion
• Adatom attachment

Growth mode
Epi surface morphology

Step structure

• Film composition
• Atomic ordering
• Dopant incorporation
• Interface abruptness

Surfactant-mediated
epitaxy

Static

Dynamics

SME
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Atomistic model of surfactant behaviour in homoepitaxy

A: matrix atom / impinging adatom
S: surfactant atom
VX-Y = bond strength of X and Y atoms

VA-A > VA-S >> VS-S

Zhang et al., Phys. Rev. B. Vol.72, 5, 1994

Transient

S/A exchange process
on island

S/A exchange process
on step

Initial

Final

SME



Introduction to MOVPE of III-V semiconductors
PHYS-747 Doctoral course in Physics (2022)

Surfactants: selected examples

• Smoothens static homoepitaxial surface
• Enhances dopant incorporation
• Extends 2D growth thickness in strained epitaxy
• Reduces tapering & diameter of nanowires
• Reduces aspect ratio of nanowires

ü MBE
ü MOVPE
ü CVD

SME
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• MBE (Ga & As sources)

• Scanning tunneling microscopy

• X-ray Photoelectron Spectroscopy

• n-GaAs:Si (100) substrates

• 1µm GaAs buffer grown at 590�C, annealed 45’ at 600�C 

• Te (0.5 ML) deposited at 580�C under As4

• GaAs (10 MLs) epitaxial growth at 580�C, r = 0.3 ML/s

• Without / with preabsorbed Te

• As partial pressure PAs = 5 10-7 / 5 10-6 Torrs

• Variable As coverage q

Te as a surfactant in molecular beam epitaxy

SME
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Scanning Tunneling Microscopy of GaAs static surface

2x4 reconstructed GaAs surface

+ Te
0.5 ML

Te chemisorption 
reduces the GaAs 

surface energy

Large and smooth shaped terraces

• 180x180nm2 STM scans
• Each grey level: 1 ML (2.83 A)

N. Grandjean et al., Phys. Rev. B, Vol.53, N�20, 1996

3x1 reconstructed GaAs surface

SME
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Surface & subsurface processes

q <  0.75 : lTe > l
q >  0.75 : lTe < l

Calculated surface diffusion 

length vs As coverage

Te surface concentration

vs

GaAs epilayer thickness

xn+1 = R xn

xn = [Te] on the nth layer

N. Grandjean et al., Phys. Rev. B, Vol.53, N�20, 1996

DE = 15 meV

Exchange coefficient R:

SME
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Standard GaAs
growth

With
preadsorbed Te

0.5 ML

Low AsHigh As

Te assisted MBE of GaAs: influence of As flux

Smaller 
terraces: 
lower 
surface 
diffusion 
length

No clear 
influence 
on terrace 
size

Surface diffusion length affected only at high As coverage

N. Grandjean et al., Phys. Rev. B, Vol.53, N�20, 1996

• 10 ML GaAs
• 180x180nm2 STM scans
• Each grey level: 1 ML (2.83 A)

SME
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Surfactants & step bunching: GaAs + Te

Undoped

n=

7.1 1016 cm-3

n=

8.7 1017 cm-3

GaAs:Te 3�B 3�A

AFM 1x1µm

TMGa, AsH3, DETe

Carrier gas: H2 

620�C, 0.6 µm/h

250nm

monolayer steps

n > 4 1017 cm-3

A

B

• Reconstructed step edges free 

of dangling bonds

• Te attaches to step edges

• Changes the reconstruction

• Increases g+ (Gaad sticking 

probability from lower terrace)

• g+ > g-
• Step bunching disappears

SME



Introduction to MOVPE of III-V semiconductors
PHYS-747 Doctoral course in Physics (2022)

Ehrlich & Schwoebel statistics 

g+
> g-

g+ : from lower terrace 

g- : from upper terrace  

Adatom to step sticking probability

g+
< g-

:

Adatom approaches surface step

from upper (U) or lower (L) terrace

Difference of nearest neighbors seen by a 

diffusing adatom creates a potential barrier 

at the step upper edge

Ehrlich and Hudda, J. Chem. Phys. 44, 1039 (1966)
Schwoebel and Shipsey, JAP 37, 3682 (1966)

• Repulsive step-step interaction

• Uniform step separation develops

• Step flow mode

• Attractive step-step interaction

• Large terraces grows faster and catch 

up with lower, smaller one

• Step bunching 

SME
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Surfactants and doping: GaAs:Zn + Sb

TMGa ,TBA,
DMZn, DETe, TESb
Carrier gas: H2

620�C, V/III=40, 1.3µm/h
TESb/TMGa = 0.012

Zn & In uptake

TESb:

P, Te uptake

TESb
off on

+60% Zn

P

Sb

SIMS profile through GaAs:Zn

Memory effect

G
aA

s
S

ub
st

ra
te

SME



Introduction to MOVPE of III-V semiconductors
PHYS-747 Doctoral course in Physics (2022)

Surfactants and doping: GaAs:Zn + Sb

Zn & In uptake

• Surface diffusion of Zn/In admolecules
• Step attachment of Zn/In adatoms at step edges
• Incorporation of Zn and In on Ga sites (As dangling bonds)

Sb increases

TESb:

P, Te uptake

• Te & P should incrporate on group V sublattice
• Sb does NOT enhance the attachment to As sites
• Sb shows no influence on Te and P uptake

SME
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Surfactants and strain: InGaAs / InP + Sb

• Stable 2D growth
• Improved PL intensity
• Stable laser operation

• TEGa, TMIn, AsH3, PH3
• TDMASb (Tris-dimethyl-

amino-antimony)
• 620�C, 50 Torr
• 4 barriers: InGaAs LM to 

InP
• 3 QWs : strained 

InGaAs (1.9%)

Without Sb

With Sb

InGaAs (1.9%)
QWs 10nm

InGaAs (LM)
Barriers 18.5nm 

SME
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Without S With S NW diameter 
distribution

Surfactants & nanowires: GaSb + S (CVD)

CVD of GaSb on Si :
GaSb & S powder, H2 carrier gas,
TGaSb= 850�C, Tsubstrate= 620�C
Vapour-Liquid-Solid NW growth with 
Au catalyst

With S

Without S

2 µm 2 µm

SME



Introduction to MOVPE of III-V semiconductors
PHYS-747 Doctoral course in Physics (2022)

Unsaturated Sb terminated sidewalls

• Uncontrolled radial growth
• Tapered NWs

S stabilizes Sb surface atoms by creating 
stable S-Sb bonds

• Reduces radial growth
• Reduces tapering

Yang et al., Nature Communications, 214

Surfactants & nanowires: GaSb + S (CVD)
SME
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Surfactants & nanowires: InAs, GaAs + Si

S. Wirths et al., J. Appl. Phys. 110 (2011)  
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NW aspect ratio L/D

• reduces the growth 
rate on the top (111)B 
facet

• increases the growth 
rate on the lateral 
{110} facets

• reduces the NW 
aspect ratio

GaAs
InAs

Si2H6 flow

SME
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Surfactant mediated epitaxy: a summary

• 0.5ML Te smoothens GaAs surface (MBE + STM)
• Te (from DETe) supresses step bunching in GaAs 

if n > 4 10 17 cm-2

• Sb (from TESb) increases Zn and In incorporation 
in GaAs

• Sb (from TDMASb) increases pseudomorphic 
thickness in InGaAs/InP MQWs

• S reduces diameter of GaSb nanowires (CVD)
• Si (from Si2H6) reduces the aspect ratio of GaAs

nanowires

SME
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Selective area epitaxy – motivations
• Functional integration, the smart way :

• Post-growth processing damages the materials – mechanically and chemically

• Multiple processing steps are as many opportunities to kill the material

• Better: spatial modulation of surface kinetics by pre-growth patterning

• In-plane, growth engineered optical and electrical modulation

• Cristallographic facet engineering

• Strechable electronics for biological interfaces

• Heteroepitaxy: broaden the range of accessible materials

• The dream: grow anything on anything: III-V on Si, GaN…

• Lattice + thermal expansion mismatch >  strain

• Solutions through SAE

• Epitaxial lateral overgrowth (ELO)

• Aspect ratio trapping (ART)

• Template assisted selective epitaxy (TASE)

• Homoepitaxy

• Improve material properties in specific cases

• Substrate recycling: patterning used to separate substrate from epi & recycle

SAE: Why ?
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Selective area epitaxy : basics
Spatial modulation of surface kinetics:

• Partly cover surface with a mask material which has a different chemical reactivity
to the growth precursors compared to the original substrate

• Modulate cristallographic orientation by non-planar patterning
• Build spatially localised strain fields below the growth surface that will modify the 

surface growth kinetics

Masked SAE 
P

Substrate

MaskEpi
Transfer

P Loss

Precursors (P) Kishino et al.,
J. Cryst. Growth (2008)

P.R. Gomez, LMSC (2019)Chi et al., Nano Lett. (2013)

Kawaguchi et al. Jpn. J. Appl. Phys. (1998) 

W GaN
Al2O3

GaN

SiO2

GaAs

SAE: how ?
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Ø Growth rate prop. Ga flux, 
independent of T, 830 -870�C: 
diffusion limited regime

Ø Top (111)B facet width 
decreases with time

Ø Stops decreasing
Ø Width uniformity better than 

mask opening

Selective area epitaxy: GaAs tetrahedral growth

Ø decreases with TMGa
partial pressure

Ø increases with Ts

T

Minimal stable width
(111)B growth plane

{110} no-growth planes

• TMGa, AsH3

• Carrier gas: H2

• (111)B +/-0.1�
• P=19 Torr
• 830 - 870�C

SAE:
self-limited growth
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SAE: the influence of the gas phase

M
, A

M
 

Substrate

MaskEpi

Evaporation

Adatoms (M) or Admolecules (AM)
- migrate on the mask surface
- re-evaporate

Migration

M, AM 

Vacuum Epitaxy (MBE, GSMBE, CBE) Gas phase Epitaxy (HVPE, MOVPE)

T
Gas 
phase 
diffusion

Substrate

MaskEpi
Migration

z

Precursor
concentration

Gas temperature

C

AM

Admolecules (AM)
- migrate on the mask surface
- partly decompose in the gas phase boundary layer
- diffuse in the gas phase from the masked to the unmasked area

M: Ga, Al, In, Ge, Si, Be, As, P, Zn, etc…
AM: TMGa, TMAl, TMIn, C4H12Ge, Si2H6, CBr4, DEZn, etc…

SAE & gas phase
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Selective area epitaxy: growth rate enhancement

• No growth sites on the dielectric mask >> precursor desorption
• Concentration gradient in gas phase >> precursor gas phase diffusion
• Growth rate enhancement in the window area
• Growth profile depends on the masked area geometry
• Partial precursor fragmentation in the gas phase above the mask
• Effective gas phase diffusion depends on the precursor
• Modulation of thickness and alloy composition
• Issues with strain in alloys
• Applications to device integration on the surface

Dieletric mask stripes

SAE & gas phase
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Ethyl- vs methyl- precursors: intrinsic C uptake 

TMGa

TEGa

• Extrinsic C present with both precursors
• CAs with TMGa, NOT with TEGa
• Reduced intrinsic C uptake in (Al)GaAs
• Ga-C bond stronger in TMGa than in TEGa
• TEGa decomposes at lower temperatures

CAs

8�K PL
GaAs epi

MgGa
ZnGa

• TMGa: (CH3)3Ga
• TEGa: (C2H5)3Ga

SAE & precursors
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Ethyl- vs methyl: selective area growth of binary alloys
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• (100) Substrates

• InAs, InP, GaAs, GaP

• TMIn, TMGa/TEGa, AsH3, PH3

• 2x2cm SiO2 masked area

• 650oC (mass transport limited)

• H2 carrier gas, 76 Torr

Distance from mask edge (µm)

TEGa vs TMGa: 

higher effective diffusion coefficient

Larger growth rate enhancement

RInAs > RInP > RGaAs > RGaP

RGaAs/TEGa > RGaAs/TMGa

RGaP/TEGa > RGaP/TMGa

R

Dec (TMInAsH3) > Dec (TMInPH3)

Dec (TMGaAsH3) > Dec (TMGaPH3)

d

SAE & precursors



Introduction to MOVPE of III-V semiconductors
PHYS-747 Doctoral course in Physics (2022)

Ethyl- vs methyl- : InGaAs, InGaP selective area growth

TMGa + TMIn TEGa + TMIn

R

d (µm)

R

• Increased growth rate enhancement using TEGa
• Difference between ”pure binaries” and binary fractions of alloys

d (µm)

C. Caneau et al., J. Crystal Growth (1993)

Binary fractions
in ternaries
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Ethyl- vs methyl : GaInAs & GaInP selective area growth

C. Caneau et al., J. Crystal Growth (1993)

Change in In content: • undesired > use TEGa
• desired > use TMGa

In
 m

ol
e 

fra
ct

io
n

Distance from mask edge d(µm)

Reduced In content increase using TEGa
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