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OUTLINE

- PART I: Heavy doping effects in GaN and Al,Ga, N
i) Mg doping (p-type)
ii) Ge doping (n-type)
iii) Tunnel junction

- PART Il: Hyper-doping in Ge and Si by pulsed laser melting
i) B and Ga doping (p-type)
ii) Sb doping (n-type)
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Heavy doping effects in GaN

Mg doping
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Doping in GaN AT

s p-type doping is still imperfect; magnesium (Mg) is the only impurity that can produce p-type GaN, and it
suffers from significant limitations.

** n-type doping is straightforward, and can be achieved by adding elements such as silicon (Si) or germanium

(Ge).

= 1-N —
Li | Be | IIl-V Nitrides Piezoelectric/Ferroelectric | Fl | Ne

Acceptor/ Magnetic

Na RUCS 3D/Layered = Metals/Superconductors Cl | Ar
K | Ca p \ p’ Cr Fe | Co | Ni | Cu | Zn Br | Kr
Rb | Sr _,;',:j"‘ Tc |Ru |Rh | Pd | Ag | Cd | | Xe
Cs | Ba | % )R /| Re | Os | Ir | Pt | Au | Hg At | Rn
Fr |Rd | ®™ | Rf |Db | Sg | Bh | Hs (Mt [ Ds | Rg |Cn |Nh | Fl |Mc| v | Ts | Og

* Substitutional doping: atoms of
the host metal (Ga) are replaced by
foreign atoms (Mg, Si, Ge).

*1Ac | Th|Pa| U |[Np|Pu|Am|Cm | Bk | CfF | Es | Fm |Md | No | Lr
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Doping in GaN A ST

* The ionization energy of a dopant determines the
fraction of dopants that contributes free carriers at

a given temperature. lonization energies (E,,,) in wurtzite GaN [1]
S GaN Theoretical values
Intrinsi n-type p-type (meV)

C probability of ~
E E occupation of state £ Donors V 30 =
- N
conduction band . . .
“ . ‘L/ . |extra . Si 30 — Full ionization
Ec Edop _[_.___ ________ ~C | electron Ec
" '& * *w EF |energy O 30
AR S5 I . levels
" e \ Acceptors Vg, 158 7
hole e Ey | E e
Ey Ey |energy ;;'V} dop Mg 158  + Partial ionization
levels v\
probability of Be 158
valence bgnd occupation of state - ﬁ
JR(E) JE(E) Jr(E)
1 - : “dani At room temperature: kT = 25 meV
fE) = gy Si/Ge-doping Mg-doping P

[1]S. Lin et al., Journal of Materials Science 47 (2012): 4595-4603. doi.org/10.1007/5s10853-012-6321-6
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Mg-doping in GaN AT ,

a5
A

Mg is the most common used acceptor (p-doping) in GaN
*» Since the activation energy of Mg doping is
Solubility limit: 5 x 101° cm3 quite high at room temperature (= 150
- — ¢ meV), only a small fraction of substitutional
] Mg atoms is typically ionized (= 2 %) [2]

1019

[1].20021

—-—— -

1 Expected % Mg is only in part incorporated in electrically
active sites of GaN.

10" F

Secondary ion
mass spectrometry

1017

Active concentration (VdP-H)
[p] cm®

1 Observed (SIMS)
8o
S Van der Pauw-Hall
10'® : 1 : ! ! ; measurement
2.0 4.0 6.0 8.0

[Mg] (10"? em™9)
Chemical concentration (SIMS)

Rutherford backscattering (RBS)
and ion channeling

[1] Leroux et al., The European Physical Journal Applied Physics 27.1-3 (2004): 259-262. doi.org/10.1051/epjap:2004119-2
[2] Nakamura et al., Japanese Journal of Applied Physics 31.5R (1992): 1258. doi.org/10.1143/JJAP.31.1258
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Pyramidal inversion domains (PIDs) AT !

(a) (0001) (b) Ga - polar N - polar
SIMS Mg concentration: 6.7 x 101° cm3 GaN : :
unit cell : i . 1
= [1] el N
o . ; : P P
a;, ' Ga
= ) A 157, ®
B o K """ 7 a
S — % (0001)

- High Mg-concentrations lead to the formation of

: : |/ PYRAMIDAL INVERSION DOMAINS (PIDs) that
eI EE combine structural displacements with compositional
replacements effects.

..

PIDs present a 2—6 nm width hexagonal base in the
{0001} plane and six {1213} side facets, exhibiting also
an inversion of the GaN polarity compared to the
matrix.

5 nm

¢ High levels of Mg-doping strongly
Influence the microstructure of

GaN - In the early 2000s, the detailed atomic structure of

NINMA as 1 1
[1] Persson et al., Scientific Reports 12.1 (2022): 17987. doi.org/10.1038/s41598-022-22622-1 15 Still controversial.
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Transmission Electron Microscopy (TEM) A ST

*» Analytical TEM is the key technique for the investigation of local composition in crystals
Scanning Transmission f 3
Electron Microscopy [ |
|

(STEM) Electron Energy Energy Dispersive 4 ,

X-ray Analysis EDS ey e

Backscattered Probe Loss Spectroscopy y y G ,,

electronsT electrons

X-ray -

X-rays .
?per mount ‘
digital camera

Auger electrons

\
U LLLLLLLLLLLLLL LSS LS LSS LSS LS LS LS LYY A A LS LSS L LSS S LSS LSS LS LS LSS AL o —) '
Bright field and dark t ‘

TEM specimen De-excitation fiekd STEM detectors

EDS

Elastic @R  Jnder mount

scattering EELS Mg atoms in GaN e
(diffraction) cannot be revealed by EDS . :
ectron energy
loss detector
Inelastic scattering (EELS) - Mg K-line: 1.25 keV e

- Ga L-line: 1.19 keV

17/06/2024 enrico.dirusso@unipd.it



Mg segregation effects in PIDs A ST &z
HR-STEM EELS < EELS observations in CNRS-CRHEA (2000): the

[2] inversion domain boundaries are formed by Mg;N,
layers [1].

s HAADF-STEM and EELS observations of PIDs {0001}
facet have recently shown the presence of a pure Mg

Gaatoms Mg dopants layer inserted between two N layers that delimit the
inner and the outer of a PIDs base [?]

33:&??;?1:::Z:::::I’::ZZ::: R Because all thesg Mg atoms are electrigal i.nacf[ive, a
983444 111444544444893400 nactive Mg bilayer strong reduction in free-hole concentration in highly Mg-
9SS L1 ca#ccuccmc ses?999  [0001] doped GaN occurs |2,3].
POOVtictoge et eetetteostYY
1990994+ £ 1444440445 L2 RO N [PPIPYS @
PIRVOGIOOR, L0y [PO99999909 QUANTIFICATION ISSUES:
:j:::::::f*ff°'7‘:‘;’r::::::: I/ > [1-100] Quantitative chemical mapping of compounds with solute
$305800699590095005900909 atom concentrations of less than 1 at.% are difficult if at

PIVIVPIVVIIIVIVRQQQQIVVRNN

all possible.

[1] Vennégués et al., Applied Physics Letters 77.6 (2000): 880-882. doi.org/10.1063/1.1306421
[2] Persson et al., Scientific Reports 12.1 (2022): 17987. doi.org/10.1038/s41598-022-22622-1
[3] Leroux et al., The European Physical Journal Applied Physics 27.1-3 (2004): 259-262. doi.org/10.1051/epjap:2004119-2
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XN

- «\f\ N
//a ST ‘:. ‘- ] T‘;-II
AS B/ l‘?f?"* (7
\ e N4
N
LA

e (About) same chemical sensitivity for all elements.
e Spatial resolution ~2 nm, detection limit ~10%° cm3.

Atom probe tomography (APT)

m t2
— = ZeVDC E

Time and position
Reconstruction . o
* Detection efficiency of about 20-60 %.

sensitive detector
4@ algorithm
" N il Real position
\ H Detector ) 010 ¢
| Ga © XX )
& L
Elas m"* N @
M "M~ \ Mg @
l/|/|,-. ...................... Y. 3D
model
Y
PID

laser freq. = 100 kHz
pulse duration =500 fs

T, = 20 + 80 K

Voo = 10kV

enrico.dirusso@unipd.it
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Mg segregation effects in PIDs

2 ' . . ¥ 17

Growth temperature: BC[i[oie ik ol [iE{1 )@ 200 i s ;.g:gw
S : 175{ , —a— Cluster Density e .
150 \ | F3.0x10 g
[0001] 1” 9 / ’_2‘5x1017 o
- g 100. { -2.0x10" g
Mg concentration: ° Ga B 78 / L 1.5x10" z

g 50 ° .
25| v ~~} lsoxi0* 3,
20 nm

y . ' , —0.0
- 1010 1030 1050 1070 1090
(a Growth Temperature (°C)

1%x10°cm3 7%101°cm3

1 <
o Mg 2! Side view
oG 2 T
vy
o 1 d
Growth temperature: | ) El
950 °C |z |
| ] o | 51
i AR
PR | A1
10 nm _ﬁ 3 : ',\l 10 nm _ . T 20nm! =

Mg-rich
“clusters”

The “cluster” number increases

[1] L. Amichi, Ph.D thesis. CEA-LETI, Université de Grenoble-Alpes, Grenoble (France).
[2] L. Amichi et al., Nanotechnology 31.4 (2019): 045702. doi.org/ 10.1088/1361-6528/ab4a46
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Transmission Electron Microscopy (TEM): electron holography AS 22 ST ,
Coherent source (FEG) l
- High spatial and temporal coherence depletion region

Age' ® of the electron beam required.

Condenser lens

Sample _— Vacuum

Hologram
Lorentz lens

Hologramme

Reconstruction
algorithm

I

Electron biprism

?thjgt Re\fltier]legce potential (V)
p-n de GaN [1]
object image + b /-—
interference pattern Vi "
t ¢ -d, / d,
J { . v 7% I U O 'l Va e " ———/ - N
H0|Ogram Pe = Pdopant + OMIP = (E / Ldopant(’* '“)(['* =+ (E / ‘0(7- ‘-;)d("‘) “"/l,
0 J0

CCD detector
[1] L. Amichi, Ph.D thesis. CEA-LETI, Université de Grenoble-Alpes, Grenoble (France).
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Mg activation

Electron holography

[0001]

Grown temperature: 950 °C

t
‘ i\ 4 STV P Y
Pdopant = G E / ‘"doparn.t(I ) ") d>
J 0

surface

Nextnano simulations

1.09 o

[0001] Electron beam
amorphous -
layer — m——p
e B B ;
lamella @' 8 o o
i e w W
top view B, R ¥
p o +Q. '& o
—
0 200 400 600 800 1000
Depth (nm)
/ -0.10 \
—— Experimental
0.15 —— Simulations
=
'T_B -0.20
£ 0.20[ ++ +
c
g p p
o 2 N
S 025 jﬁﬁw\fvv
| |
] |
1 1
_030 a L L i LL A 1 ]
200 300 400 500 600 700
\_ Depth (nm) )

[1] L. Amichi et al., Journal of Applied Physics, 2020, 127 (6), 065702. doi.org/10.1063/1.5125188

17/06/2024
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Potential (V)

1200 1400 -0.42

+* The phase shift measured is
correlated with the local
potential. This last depends
only on the active doping.

+* Numerical calculations allows
to assess the active doping
concentration at the
nanometric scale.
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Mg activation A ST

Solubility limit: 5 x 101° cm3

e 200 i o - SIMS
R |
2 1504 :
X I fotal o 5 APT
(b) ' i 5 I
) (2) | (3) E 100 !
i K 1
§ 50. i 5 2ot N Holography
|
: N :
| gL TV NG LSO VBT S % g’ 0 8 E e f\cnv.e —
I Bl e i o i Rl D 0 50 100 150 200
APT Mg Atoms 50 nm i Total Concentration SIMS (x10"°cm’)

s APT reveals that only a fraction of the total Mg atoms is not segregated within the PIDs.

¢ Electron holography clearly indicates that only a part of Mg atoms in the matrix is active,
due to the large activation energy of Mg in GaN (~200 meV).

[1] L. Amichi et al., Journal of Applied Physics, 2020, 127 (6), 065702. doi.org/10.1063/1.5125188
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Heavy doping effects in Al Ga,_ N

Ge doping
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Si- and Ge-doping AT ,

Why Ge-doping in AlLGa, ,N?

[ T, R S 17 9 T T
2 o AIGaNS) Attaining low resistivity Al Ga,_,N is the keystone to improve
~o- AlGaN:Ge ; < the efficiency of light emitting devices in the UV spectral range.
o 10208; --~ Linear ‘\’o‘g'ol‘o‘ d{'}ﬁe// =
E o T ST Ge
,S 4: i ** Ge, like Si, is a shallow donor in GaN, with a
g ohbw? i theoretical activation energy of 30 meV.
(]
s 10198?’ / z
S oF 1 < The ionic radius of a Ge atom is similar to that of Ga.
! i
e I 1 - The metal-nitrogen bond length changes by only
<3 ] 1.4% with Ge, compared to 5.5% with Si. Hence Ge
10" k e . - can occupy the Ga lattice site causing far less lattice Nh | B | me
23 4 56789 2 3 4 5 distortion than other dopants like Si and O. T e
10
Donor concentration [cm™] Acceptor/Do

S. Washiyama et al., Appl. Phys. Lett. 118, 042102 (2021). doi.org/10.1063/5.0035957
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Ge-dopingin Al Ga,_ N — low Al atomic fraction AT i

[Ge] =2.3x102%°cm™3
Ga Al Ge Clustering statistical test:
(a) (b) 1 S S A * Some threading dislocations are
10 ¢ Random distribution decorated with Ge.
10° .
© * No clustering at the nanometer
2 40 scale in the Al,,Ga, gN matrix.
= s % Ge atoms are randomly distributed.
b | @107
¥ 10° N Note: The presence of clusters at the
o, <
%3 W, B level of 2-5 atoms would be below
- ‘ - _G ich 0 2 4 6 8  the detection limit of APT.
25 nm e-ric Ge metallic fraction (%)
— dislocation

B Ge
Y6e = Ga + Al + Ge

C. Bougerol et al., ACS Appl. Mater. Interfaces 2021, 13, 3, 4165-4173. doi.org/10.1021/acsami.0c19174

17/06/2024 enrico.dirusso@unipd.it 17




Ge-doping in Al Ga,_ N — medium Al atomic fraction AS B£ ST x

A|0.57Gao.43N LY
Al,,:Ga, N [Ge] =2.0x102%°cm™3
[Ge] =2.5%x102%°¢cm3 Ga Al Ge
| "-'__'i Ge |
; 25 nm
ﬂ |
;
s I
e )
Ga metallic fraction Al metallic fraction Ge metallic fraction
| G
Sl t L
Meam |
. BEEY |
* Marked inhomogeneity in the Ge distribution (b) ‘r ® B 2o e
associated with a nonuniform distribution of Al and Ga: R | e D
nanometer-size Ge-rich regions are located on top of ! ‘ MR Ge-rich
Ga-rich areas along the growth direction. i :\ﬁ PR | islocation

10% W 0as% SO% M WBs% 0% 5%

C. Bougerol et al., ACS Appl. Mater. Interfaces 2021, 13, 3, 4165-4173. doi.org/10.1021/acsami.0c191 s«
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Ge-doping in Al Ga,_ N — high Al atomic fraction AT Gl
SEM-EDS

AIN

[Ge] = 2.0 x10%° cm3

* Presence of metallic Ge at the surface in
highly doped Al Ga,_,N (x > 0.4) samples.

* Metallic Ge appears systematically located
at the periphery of the surface droplets.

Ge
Al
€ an Al
- Cap O
5](c-2 Al
g( ) metal A
£] X
< (C-B) m%?al
lLa

02 06 10 1l4keV
C. Bougerol et al., ACS Appl. Mater. Interfaces 2021, 13, 3, 4165-4173. doi.org/10.1021/acsami.0c19174
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Ge-dopingin Al,Ga, N AT
Ga atoms density o
in GaN: 4.5x10?2 Issue of Ge solubility in Al,Ga,_,N:

Samples without Ge crystallites (@)

+» Diffusion of Ge along structural defects.
Samples with Ge crystallites:

Solubility limit

- Average (A) o . . .
\AQALJ] _ Matrix (4) ** Formation of Ge precipitates.
B35 TV Data from Hageman, et al. (OJ) ¢ Formation of Ge surface crystallites.
LE) 30 SN
o ] T Oversaturated
o 3 N i
= 25 se’\\ % (Ge crystallites) Conclusions:
X 2 ¢ “ogk A
= 0’7/,})\j - The incorporation of Ge in AIN is at least one order
g 15 1 S 5 of magnitude lower than in GaN.
c 0
S 10 -1 Undersatura'ted g - The saturation threshold increases linearlv with the
o . | (noGecrystallites) s Ga mole fraction of the ternarv allov. which would
© b NPY suggest that the incorporation of Ge in AlGaN takes
0 d4oborvvr—r—rv—vr—r—v—rr—ar—r-—vr—rr—r—r———— place by substitution of Ga atoms.
0 20 40 60 80 100
- With this assumpbtion. the maximum percentage of
Al content (%)

Ga sites occupied by Ge would saturate around 1%.
GaN AlGaN AIN

C. Bougerol et al., ACS Appl. Mater. Interfaces 2021, 13, 3, 4165-4173. doi.org/10.1021/acsami.0c19174
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Heavy doping effects in GaN

Tunnel junction
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Ge/Mg hybrid-tunnel junction

+* TJ improves hole injection into the p-doped GaN.

ZEVbi(NA + ND)

contact s Depletion region width: wy = NN,
i @
w n+ GaN g 4 2m*Vp;
S B o . .- ——3Wd —q
3 % Quantum tunnelling probability: T; = e
i n++ GaN O 1)
i p++ GaN o0
L ‘o
p GaN 3
do
EBL =
(o]
g 4 == mnGan/GanQws —]
=
n GaN 'é”
a
=}
e
nid GaN =
Sapphire substrate p-GaN n-GaN ‘——-_-_/ 2

Reverse bias

E. Di Russo, et al., Nanotechnology 31.46 (2020): 465706. doi.org/10.1088/1361-6528/ab996¢

17/06/2024 enrico.dirusso@unipd.it 22




Ge/Mg hybrid-tunnel junction AT !
QD(.X',Y) — CE fot VE(xryrZ)dZ

where: Vg(x,y,2) = Viyip + Vaopant
v [l 0

HAADF-STEM Electron holography 10% - 90 % thresold
2.0 —

15
1.0
0.5:
0.0

e wg R 7nm
U

Phase change (Ag)

1.0 L YA
15- P

2.0 H— y
150 200 250

Depth (nm)

* High sensivity to active dopants spatial distribution.

* Holography is not quantitative in this case.

E. Di Russo, et al., Nanotechnology 31.46 (2020): 465706. doi.org/10.1088/1361-6528/ab996¢
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as S

Si/Mg hybrid-tunnel junction A ST :

16421 | e % 7]
—Mg concentration | & | MBE TJ fabrication process:
—O concentration g Si-doping .
% g 1) MOCVD p-GaN growth (Mg-doping);
L 1E+20 [ ~ .
c 1 " I 2) atmosphere exposure and solvent cleaning;
g E 3) MBE n-GaN regrowth (Si-doping).
8 £ MOCVD
g 1E+19 3 : B Me-dopin
o interface 2 g-aoping
R ey
10%/cm® 2 x 102 fem? 2
£ais ™GAN | prGaN 20 nm Band structure
0 20 40 60 80 100 120 140 UV .U — 5 ——strtatten——
Distance(nm) 4 :'—Without Delta Doping
o : . i 3t 1e14 cm” delta doping
+* Residual surface oxygen could enhance tunneling as it is an electron donor  _ ol
in GaN: the regrowth interface acting as a thin 6-doped n-type layer in the @ 1
middle of the TJ. > 0f Eo
s 6-doped interface induces band bending in the p-GaN only, and effectively -2}
narrows the width of the depletion region. The minimum tunneling 3p &
distance w is reduced from 5.5 to 3.2 nm at -0.5V for the 6-doped. ! p-GaN n-GaN
S0 5 10 15 20 25
E. C. Young et al., Applied Physics Express 9.2 (2016): 022102. doi.org/10.7567/APEX.9.022102 Position (nm)
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Mg diffusion along dislocations

p-n diode

Polyimide

D

Removal of p-type layer
KOH etch pit formation

p-GaN:Mg 4x 10'2 gm?
600 nm

n-gax;‘Siu Pit (SEM)

Net donor - ‘

concentration:

2% 10'6 em-?
n*-GaN:Si 200 nm

n-GaN substrate
TDD: 3x 10° cm™?

Iso-concentration surface
with 0.4% at.% Mg

-40 -20 0 -20 -40
T,D:-\‘
/ =Y

1

=100+

TR N v

1
100 5

Unit: nm

LO2ST
/ PN AR T2
& e G

* Direct evidence of Mg
“pipe-diffusion” through
TDs has not yet been
observed until 2019.

s Mg from p-GaN diffused through the mixed dislocations. Mg atoms concentrate in a 4 nm diameter region around
dislocations. Theoretical studies suggest that the diffusivity of interstitial Mg at the dislocation core is three orders of

magnitude larger than the outside region at 1000 K.

device failure.

s Mg+dislocation complexes causes n-type behavior even in the p-type region, acting as current shunts and result in

S. Usami et al., Applied Physics Letters 114, 232105(2019). doi.org/10.1063/1.5097767
17/06/2024
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Hyper-doping in Si

B and Ga doping
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B and Ga doping in Si AT ‘

* B: sufficient solubility and diffusion rate that allows easy control Group V Group I

of junction depths. n-doped silicon
e Ga: promising for solar cells, due to its long minority carrier

lifetime with no lifetime degradation.

DOPANT ACTIVATION:
in poly-Si by flash-assisted rapid thermal annealing
(~1 ms, 1150-1350°C).

Secondary ion * Enhancement in B diffusivity in the grain boundaries
mass spectrometry

(SIMS) .
: grain boundary
\ "'@i (up to 8 at. %)

Van der Pauw-Hall

measurement
Rutherford backscattering (RBS) -y B>1at.%
and ion channeling
20 nm
 I—
S. Jin et al., Journal of Applied Physics, vol. 111, no. 4, p. 044508, 2012. doi.org/10.1063/1.3688246
17/06/2024 enrico.dirusso@unipd.it 27
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Pulsed laser melting A ST

YW\~ *also in air athmosphere

doping

S profile Absorption D
o .. opant
ns laser pulse m § Heat diffusion Epitaxial regrowth incorporation
TAAY-
€
%
Depth [nm
ADVANTAGES: pehvinm]
* Diffusion confined within the molten phase. " Laser pulse (180 ns) B in Si- PLM
. . . 1
* Excellent final crystalline quality. 200 ns | 220 ns | 259 ns {1700

 Compatible with the CMOS backend-of-line (BEOL).
* Very high lateral control & large areas.
* Hyper-doping (v >1 m/s).

1600

1500

1400
1700

[M] 24nmesadwal

{1600

Boron concentration [cm°]

1500

- x 1400
50 150

Depth [nm]

G. Fisicaro et al., Physical Review Letters 110.11 (2013): 117801. doi.org/10.1103/Physt
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B and Ga dOping in Si ww Chief Operator & AST '

~ former interface

Coherent COMPex laser w

pulse duration: 22 ns i - .

.-:";‘A:\ SSTFN
AT R D)
n . =

<

o\l | o)

NS
Ch -'L-Q"} Y

@

£

o

g 104

o .

| a v

) . . . nm . . . : . -
= Pt 0 19% pepmom 4 & Higher active doping concentration than solid solubility
E 57 W a A i limits in Si after PLM, which was not possible by

O [ ® i e o] conventional furnace annealing.

o Fid .,.'. ;! 1.3%

(&) ‘o 'o . '0

2 1 7 A; E ¢ Pulsed laser melting is shown to successfully hyper-dope
B 1 ' Si using both B and Ga.

o o B no-PLM | &

x ’ Cx [Nemeth et al.]

© p-— v ]

= 93,5‘,’"_’“ .’ +»* High degree of dopant activation:

a ‘1'0 - 160 | ~100% activation for B and ~20% for Ga.
Max. chemical concentration (10%° cm™)

K. Chen et al., Energy & Environmental Materials 6.3 (2023): e12542. doi.org/10.1002/eem2.12542
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Hyper-doping in Ge

Sb doping
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Pulsed laser melting

Ex-situ diffusion of dopants developed at the University of Padova

(1) Film deposition (2) Pulsed laser melting  (3) hyper-doping

single laser
pulse

D)

L)

sh

1- 50 nm 50 500 nm

o o i e o
° Yo

(@) Q

Metallic layer —¢
Y Ge-alloy —»Q

Ge wafer—»

Ge wafer— -cooooc

Coherent COMPex laser
pulse duration: 22 ns
laser wavelength: 248 nm

[1] E. Di Russo et al., Applied Surface Science 600 (2022): 154112. doi.org/10.1016/j.apsusc.2022.154112.

. (%)
e : l Gez ! : T Geallo%

AS ST

** Very economic:

- deposition via sputtering or e-beam;
- PLM performed in air.

Local alloying: high spatial control
obtained thanks to photolithography
before deposition or laser shadow
masks.

High reproducibility and doping
activation.

surface HAADF-STEM

- Gesalloy -

enrico.dirusso@unipd.it
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In diffusion of Sb doping in Ge AT ,

* Laser process parameters (i.e., pulse number,

laser wavelength, ...) have no major effects on Inactive dopant could be in the
the activation of the dopant. form of small inactive Sb-V clusters, Sb Ge
where Sb atoms are just slightly
20 . o .
il B L S T [1] displaced from the lattice sites.
4x10° - activation —
i 3 : ~ | * Expermental data
g 3)‘102045 A “~A W _ : 15 - \ Random distribution
pus ] ’ o G :‘ ok : 2 P 9
9 5 /¢ Og g w8 1 £42l
© 2x10” £h” "m0 . 3
£ ] il \ : g 9 ’ g
8 =0 'm o e
5 ] \ 26{ . ¥ B
o l 7 =N 3 o
P o] 4 g, ‘ o g Sh } oo
> 107+ v) Nd:YAG KrF o \m - 3{ = Fs
° ] ;{ ML & o ; I 3~
© 1 : 1nm B 0+ ' v . . A ;)
: . 2nm = 0 02 04 06 08 1 12 e
-1 1 7/ .
= of 4nom =W Distance (nm) '
/ 8nm [ 4 O 1 -
l 67 R~ T—r=r=r Sb atoms segregate in
ilitv limi correspondence of defects.
Solubility limit Max. Sb concentration (cm™) P

1.5 x 109 cm3

[1] C. Carraro et al., Applied Surface Science 509 (2020): 145229. doi.org/10.1016/j.apsusc.2019.145229.
[2] S. Ndiaye et al., Materials Science in Semiconductor Processing 164 (2023): 107641. doi.org/10.1016/j.mssp.2023.107641.
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Pulsed laser melting ASST

B Doping in Ge at the University of Padova
= -
2 Y *» Segregation effects arise because we have mixed
g 1020 | __ phases in equilibrium. A segregation coefficient can
S v ] be defined to assess the magnitude of the effect.
&)
S — Fischler relation
O, 1o B Solid Solubility koo (v) = v/vp + keg
o 10 & Equilibrium B - ef Y = 1
+= A SPER ]
3)
< ® SPER-Flash & lim kepr (v) =1
10181 V¥ Laser-PLM ] v
10“ 10 10° 10t

Equilibrium segregation coefficient, k
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Conclusions

Main objectives of this lecture:

+* Get familiar with the main techniques for
investigating doping at the nanometric scale. MIAKE DOPING GREAT AGAIN!

** Understand the link between chemical and active
concentrationin semiconductors.

+*»* Achieve advanced knowledge concerning some
doping segregation mechanism.
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Thank you for your attention!
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aces 14 Obsidian: silica (SiO,) and
SI 1 sodium/potassium oxides
Silicon
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Human Progress

Communication
Technologies (1CT)

In 1931, Wolfgang Pauli said:

“One shouldn’t work on semiconductors,
that is a filthy mess; who knows whether
any semiconductors exist”.
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M. Hilbert, Online Course Digital Technology & Social Change, University of California: https://canvas. nstructure.com/courses /949415
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GaN grown by metalorganics-chemical-vapour-deposition (MOCVD) A ST

Trimethyl-Ga @.0 Carrier gas transports the MOCVD precursors (e.g., trimethyl gallium,
(precursor molecule) . . . .
5: = ammonia) into the reactor, where they undergo pyrolysis or chemical
H, 0P o © reaction. Ga and N absorb onto the semiconductor wafer surface,
(reaction product) . . .. . . . .
09 resulting in their incorporation into the epitaxial structure of the
b Q.0 d - semiconductor crystal lattice.
(precursor molecule)
% o P ADVANTAGES:
? (m:“oi”p‘roduct) - Faster growth rate than molecular beam epitaxy (MBE);

- No UHV needed (compared to MBE);
- High temperature growth (process thermodynamically favourable);
- Cheap methodology.

DISAVANTAGES:
O O O O O ) - Human hazard (corrosive and toxic gasses);
VOOV - Carbon contamination and H incorporation are sometimes a problem.

Growth temperature:
900-1000 °C
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Molecular beam epitaxy (MBE) A ST

heated MBE is based on the effusion evaporator source (Knudsen Cell) principle,
UHV which states that evaporated from a hot surface into a low-pressure gas

phase travel through a vacuum towards a substrate where they condense
~ shutter into a thin film.

Knudsen
effusion cell ADVANTAGES:
l - High purity growth;
' - Hydrogen free environment;

- Possibility to use plasma or laser assisted growth

DISAVANTAGES:

- Need ultra-high vacuum;
- Low growth rate;

- Very expensive.

radio-frequency
plasma source
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Transmission Electron Microscopy (TEM): Electron Holography AT

Hologram Amplitude

ction in GaN

NS

t t
Phase: Qe = deopa.71.t & QSAJ'IP = ('E / ‘/lziojl)am‘(rq :)d: 5+ C'E / ‘/E)(’ :>(1(7)
0 J0
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B and Ga doping in Si

Segregation of B dopants to grain boundaries in poly-Si
after flash-assisted rapid thermal annealing (1150-1350 °C)
is observed by APT.

Secondary ion
mass spectrometry (SIMS)

Rutherford backscattering (RBS)
and ion channeling

!

Van der Pauw-Hall measurement

S. Jin et al., Journal of Applied Physics, vol. 111, no. 4, p. 044508, 2012. doi.org/10.1063/1.3688246

interstitial

grain grain boundary

\ " (up to 8 at. %)

B >1at.%

20 nm

Intra-grain

® s
® Ga
substitutional
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