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1. Why semiconductors?

2. Hydrogen: an ubiquitous impurity
a) Using muonium as a light pseudo-isotope of H

b) “Typical example”: Si

c) Complementarity to other techniques

d) H/Muonium impurity levels

e) Diffusion and passivation

3. Probing other defects
a) H passivation

b) Defect layers

4. Adressing charge carrier dynamics
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“Über Halbleiter soll man nicht arbeiten, das
ist eine Schweinerei; wer weiss, ob es überhaupt
Halbleiter gibt.”

Wolfgang Pauli, Letter to Peierls, 29

September 1931

Wolfgang Pauli – Wissenschaftlicher
Briefwechsel mit Bohr, Einstein, Heisenberg
u.a. Band II: 1930–1939, Springer, 1985,

p. 94

“One shouldn’t work on semiconductors, that is a filthy mess; 

who knows whether any semiconductors exist.”

1. Why semiconductors?
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1. Why semiconductors?
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Parak, W. J., Manna, L. and Nann, T. 2010. Fundamental Principles of  

Quantum Dots. Nanotechnology. 1:4:73–96.

Reminder: from atomic levels to energy bands in solids
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Reminder: metals and semimetals, insulators and

semiconductors

C. Kittel, Solid State Physics
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Semiconductors: it’s all about impurities and defects!

Intrinsic

Saturation

Freeze-out
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Hydrogen can be incorporated in semiconductor materials

and semiconductor devices in many of the fabrication steps,

from initial growth conditions to ageing of fully developed

devices.

2. Hydrogen, an omnipresent impurity
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Interaction of  hydrogen with impurities/defects

...mostly passivating other impurities/defects

Passivation of dangling bonds in

amorphous silicon, removing unwanted

levels (charge-carrier traps) from the

band gap



Rui Vilão – University of  Coimbra

Semiconductors: a µSR approach

ISIS muon spectroscopy training school

March/2018

Identification of H as responsible for passivation of

Mg acceptors in GaN was a crucial step in the devellopment

of blue LEDs (Nobel Prize in Physics 2014)

S. Nakamura et al., 
Jpn. J. Appl. Phys. 31, 1258 (1992)
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When isolated, H is most commonly a compensating impurity

Compensating H helps keeping
the insulating character of high-k
dielectric oxides used in the gates
of MOSFET devices

Donor state H+ is stable in p-
type material and acceptor H-

is stable in n-type material
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Passivation? Compensation? What is the difference?

Compensation: both

impurities/defects are isolated from

each other, but the respective

contributions to conductivity are 

opposite. 

Passivation: neutralization of the

electrical behaviour of an

impurity/defect by formation of a 

complex with another

impurity/defect. 

Passivation and compensation can be distinguished by transport

measurements. 

X

X
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H is a candidate dopant
for transparent conductive
oxides

Donor state H+ is the stable
state independently of
doping.

H can be electrically active in some cases
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ε(+/-) predicted to be constant

A key to the problem: band line-ups

CG Van de Walle and J. Neugebauer, 
Nature 423 (2003)

Ç Kiliç and A Zunger, 
App. Phys. Lett. 81,  73 (2002)
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However, isolated H is an elusive species

High-concentrations of H are typically required for detection.

The use of experimental techniques sensitive to isolated

hydrogen itself is limited to a couple of systems where

hydrogen is usually present in high concentrations (notably

ZnO and TiO2).

Microscopic information about isolated hydrogen

configurations, electronic structure and electronic levels is

even more difficult to obtain.

Most information about isolated H comes

from muSR.
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2 a) Using Mu as a light pseudo-isotope of hydrogen
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Using Mu as a light pseudo-isotope of hydrogen

� ∝  �����	�
 Ψ�
  = 0 � ���

��
~

���

��
⟹ Ψ�
  = 0 �

��
~ Ψ�
  = 0 �

�

Mu: bound state of e- and µ+ Mu= [ e- µ+ ]
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What about isotopic effects?
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hyperfine interaction muon and electron 

Zeeman interactions
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Small magnetic fields: hyperfine 

interaction dominates
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High magnetic 

fields: Zeeman 

interactions 

dominate
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2 b) Hydrogen/Mu in Si: the classical example

Muonium was first identified in Si by longitudinal-field quenching
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The spectroscopic measurements had a surprise:
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SFJ Cox and MCR Symons, 

Chem. Phys. Lett. 126, 516 (1986)

The first µSR 

scoop: bond-

centred Mu in Si 

(et al.)
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We now have a rather complete model for Mu/H in Si

B. Hitti et al., Phys. Rev. B 59, 4918 (1999)

Configurations (including detailed

microscopic characterization with

hyperfine interaction)

- donor sitting at BC

- acceptor sitting at interstitial site

Donor and acceptor levels

Dynamics
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Don’t overinterpret every relaxing diamagnetic signal: 

it may just be some left-over from the implantation 

process...
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2 c) Complementarity to other methods
How do µSR results for isolated H in Si compare to other methods? 

Sites and hyperfine interaction: available from ab-initio

calculations only

Levels: available from macroscopic capacitance-voltage and

deep-level transient spectroscopy experiments on silicon diodes
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e- Zeeman

p+/µ+  Zeeman

H/Mu 

(p+/µ+ e-) 
hyperfine

/ENDOR

What about electron spin resonance in hydrogen? (EPR/ENDOR)

But... High concentration of isolated hydrogen required. 

Hyperfine interaction for hydrogen by EPR/ENDOR

determined only for ZnO and TiO2
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Overlapping local data for H/Mu I: ZnO
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Overlapping local data for H/Mu I: ZnO

Shallow donor 

muonium states in II-

VI semiconductors: 

another µSR scoop
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Overlapping local data for H/Mu I: ZnO

Aiso (H)=1.4 MHz

Experimental: 

Aiso (Mu)= 0.5 MHz

Expected: Aiso (Mu)=3.183 Aiso (H)= 4.5 MHz

Different states? Is EPR/ENDOR observing a complex?
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Overlapping local data for H/Mu II: TiO2

A1 = 1.96 MHz

A2 = - 1.28 MHz

A1 = 0.616 MHz

A2 = - 0.401 MHz

ENDOR

Consistent with (ENDOR× 3.183)

AT Brant et al., J. App. Phys. 

110, 053714 (2011)

RC Vilão et al., Phys. Rev. B 

92, 081202(R) (2015)

µSR
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Local information from other techniques

Infrared vibrational spectroscopy

F. Bekisli et al., 
PRB 86, 155208 (2012)

1H Nuclear magnetic resonance

M. Wang et al., 
Chem. Phys. Lett. 627, 7 (2015)
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2 d) Hydrogen/Mu levels

1. Changes in asymmetry

Phenomenological Boltzmann functions
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2. Conversion between Mu states: a simple approach

2 d) Hydrogen/Mu levels
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2 e) Muon diffusion
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3. Probing other defects: a) hydrogen passivation

Passivation of  impurities Passivation of  defects
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3. Probing other defects: b) defect layers in surfaces and junctions
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SFJ Cox, 
ISIS Muon 

Training Course 
2008

4. Addressing charge-carrier dynamics
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Spin-charge exchange dynamics probed in longitudinal fields
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4. Measuring carrier recombination with photo-excited muSR
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Conclusions
• Hydrogen as a relevant impurity in semiconductors

• Mu as a light pseudo-isotope of H

• µSR gives important and unique local information
about electronic configurations of Mu/H,
particularly through the hyperfine interaction

• Transition levels for isolated H can be determined

• Motion and interaction with other
impurities/defects can also be adressed

• µSR can be used to probe defect layers and charge-
carrier dynamics.
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In short:

Anything hydrogen 
does, muonium does 

better! 
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Appendix
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Appendix


