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Doping in semiconductors: Metal insulator transition (MIT) 
Single-particle DOS gap near the MIT region 

Novel quantum phases and quantum phase transitions 
in quasi-degenerate metallic Si:P

Brief introduction

Results and discussion
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Impurity band in P-doped silicon (Si:P)  

Donor level
CB EF

VB

Isolated impurity level                                Impurity band
Localized moments                                        Disorder

Coulomb correlations

insulating metallic
N < NC                                                                            N > NC

Si:P (6 1́019/cm3 )
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Metal Insulator Transition (MIT) in Si

Doping 
concentration (cm-3)

~3.5 1́018 ~2 1́019

EC

EV

EF

Insulating            Metallic (MIT)

EF

Degenerate region

Critical concentration for MIT 

40 mK

Si:B Si:P

s(0)

360 mK
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Tunneling DOS spectroscopy 

EF

Reference material                    Interesting material 
(i.e. metal)

Constant DOS near EF

rt rS

Tunnel 
barrier

Tunneling current                                                Tunneling conductance  µDOS



6

DOS gap in Si:B
Gap in the single particle DOS in Si:B (p-type) near the MIT 

(e-e interaction and disorder)

3.4 1́018  for Si:B (MIT)

Insulating side                        Metallic side

Altshuler, Aronov, McMillan: 
Zero-bias anomaly (ZBA)
½g(E)-g(0) ½µ½E½0.5

Efros & Shklovskii: Coulomb gap
(Soft gap)

g(E) µ½E-EF½2
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Something new in the quasi-degenerate metallic region? 

Insulating side                        Metallic side

Efros & Shklovskii: Coulomb gap
(Soft gap)

g(E) µ½E-EF½2

Altshuler, Aronov, McMillan: 
Zero-bias anomaly (ZBA)
½g(E)-g(0) ½µ½E½0.5

?

Interesting comment: 
The single-particle DOS in Si:P (n-type) has not been reported yet.  

Non-magnetic
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Quantum Phase Transition (QPT)

Phase transition between different phases of matter at absolute zero temperature (T)
by varying a physical parameter (d: B, P or composition, etc). 

“solid”
Ordered

“liquid”

quantum
critical point

T

d

Quantum
fluctuations

Thermal
fluctuations

In this work, different phases of Si:P are assessed by measuring the DOS 
as a function of B at various temperatures.  
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Tunneling devices 

n+ Si
Al

SiO2

n+++-Si  <100>, 0.001-0.003 W cm @300K

SiO2: ~3 nmAg or Al: 200 nm

Nd ~ 2 1́019 cm-3

Oxidation: 
O2: 100 Pa, Substrate T: 1000 °C, 17 min
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Transport measurement at dilution temperatures  

@ NEC/RIKEN (Japan) & KRISS (Korea)
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Metal @ 30 mK Superconductor below 1.2 K

EF

Ag

Tunnel 
barrier

Al

EFSi:P

·Tunneling DOS spectroscopy in quasi-degenerate P-doped silicon (Si:P)
Two different samples:  Ag-SiO2-Si:P    &    Al-SiO2-Si:P 

·Novel magnetic quantum phases & Magnetic field driven quantum
phase transition 

Si:P
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4 points conductance measurements @ Quantum technology center at Lancaster Univ.
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Bulk conductivity for Si:P ( > 1019/cm3)40 mK 360 mK
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자기장이 증가할 수록 저항 감소 확인
(conductivity 증가)

Minus 자기장은 자기장의 방향이 반대 의미.
자기장 방향에 따른 큰 차이점 없음.

60 gauss 아래 갑자기 저항 감소는 Si:P의 특성이
아니라 Al 전극의 critical B-field와 일치. 
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Si:P

Tunnelling spectroscopy for Ag-SiO2-Si:P

EF

Ag

Tunnel 
barrier
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T-dependent tunneling conductance, G(T, B=0)

Single-particle 
DOS structure

in Si:P

A

Quasi-degenerate Si:P

N ≈ 2 x 10─19/cm3

SiO2

Ag: 200 nm

Si:P
SiO2

Ag
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Comparison: Coulomb gap near the MIT and our results
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B-dependent tunneling conductance, G(T=20mK, B)
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Quantum phase diagram in Si:P

Intensity plot for the DOS at EF in Si:P
(Quantum phase diagram)
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Disordered Hubbard model and Phase diagram
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Hubbard model including spin-spin (RKKY)  interaction  

(Eric Yang & GS Jeon)
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Determining Phase boundary (magnetic & non-magnetic)
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Origin of insulating phase in Si:P

Interplay between disorder, on-site repulsion, spin-spin interaction  
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Note that Al is a superconducting electrode.

n+ Si

Al

SiO2

A

Quasi-degenerate Si:P

N ≈ 2 x 10─19/cm3

SiO2

Al: 200 nm

Tunnelling spectroscopy for Al-SiO2-Si:P

Al

EF

Si:P
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T-dependent tunneling conductance, G(T, B=0)
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B-dependent tunneling conductance, G(T =30mK, B)
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Role of superconductor electrode Al in QPT ?

Ö Andreev reflection causes hole injection into Si:P. 

Open question :  

What happens if holes are present in Si:P ?

Si:P SiO2     Al

e

h
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▶ We have used tunneling DOS spectroscopy to study the nature of 
various disordered electronic systems in quasi-degenerate metallic Si. 

▶ Our data are consistent with the B-driven Quantum phase transitions 
from the disordered AFM to the paramagnetic DFL phases 
(for the Ag-SiO2-Si:P sample).     

For the Al-SiO2-Si:P sample, the observed QPT is under analysis. 

▶ The various physical properties of these new phases result from 
the delicate interplay between disorder, on-site repulsion, 
weak magnetic field, and spin-spin (RKKY) interaction. 

Challenging issues
▶ Thermodynamic DOS versus  Single particle tunneling DOS

▶ Direct detection of Spin Density Wave (Neutron scattering)

▶ Scalability 

Summary
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Thank you for your attention
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Long-range and short-range e-e interactions in Si:P

Anti-ferromagnetic spin-spin interaction (RKKY interaction): Our case
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Superconductor gap voltage (DAl/e) shifts due to the DOS gap in Si:P
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Another Al device 1
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Another Al device 2
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