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laser treatment causes:

• surface structuring

• inclusion of dopants
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gap determines optical and electronic properties
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shallow-level dopants control electronic properties
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deep-level dopants typically avoided
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femtosecond laser-doping gives rise to intermediate band
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intermediate band formation in chalcogen-hyperdoped Si

dopants:

F

Cl

Br

I

B

Al

Ga

In

C

Si

Ge

Sn

N

P

As

Sb

VIIII IV V

Ne

Ar

Kr

Xe

HeVII

VIII

O

S

Se

Te

VSc Ti Cr Mn Fe Co Ni Cu Zn

NbY Zr Mo Tc Ru Rh Pd Ag Cd

Be

Mg

Ca

Sr

IIH

Li

Na

K

Rb

I

Zn

O

Ti Se

Te

Si 

substrates:

1  intermediate band



1  properties



1  properties            2   intermediate band



1  properties            2   intermediate band              3   devices



10 µm

1  properties



10 µm

1  properties



1  properties



1  properties



1  properties



cross-sectional 
Transmission Electron 

Microscopy
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M. Wall, F. Génin (LLNL)
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• 300-nm disordered surface layer

• undisturbed crystalline core

• surface layer: polycrystalline Si with 1.6% sulfur
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two processes: melting and ablation
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different thresholds:

melting: 1.5 kJ/m2

ablation: 3.1 kJ/m2
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decouple ablation from melting
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secondary ion mass spectrometry
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Things to keep in mind

• near unit absorption extending into IR

• surface structure due to ablation

• hyperdoping due to rapid melting and resolidification 

• can decouple both processes
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femtosecond laser-doping gives rise to intermediate band
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1 part in 106 sulfur introduces donor states in gap
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at high concentration states broaden into band
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isolate surface layer for Hall measurements

VLOLFRQ�VXEVWUDWH

EXULHG�R[LGH
GHYLFH�OD\HU

1  properties            2   intermediate band



isolate surface layer for Hall measurements

VLOLFRQ�VXEVWUDWH

EXULHG�R[LGH
GHYLFH�OD\HU

1  properties            2   intermediate band



isolate surface layer for Hall measurements

VLOLFRQ�VXEVWUDWH

EXULHG�R[LGH
GHYLFH�OD\HUODVHU�GRSHG�UHJLRQ

1  properties            2   intermediate band



isolate surface layer for Hall measurements

VLOLFRQ�VXEVWUDWH

EXULHG�R[LGH

1  properties            2   intermediate band



isolate surface layer for Hall measurements

VLOLFRQ�VXEVWUDWH

EXULHG�R[LGH

1  properties            2   intermediate band



1  properties            2   intermediate band



impurity (donor) band centered at 310 meV
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Hype
rdopi

ng ha
s emerged

as a p
romising

method
for de

signi
ng se

micond
uctor

s with
uniqu

e opt
ical a

nd

electr
onic

prope
rties,

altho
ugh s

uch p
roper

ties c
urren

tly la
ck a c

lear m
icros

copic
expla

natio
n. Co

mbinin
g

computat
ional

and
exper

imental
evide

nce,
we probe

the origin
of sub–b

and-g
ap optic

al absor
ption

and metalli
city in Se-hy

perdo
ped Si. W

e show
that s

ub–b
and-g

ap absor
ption

arises
from

direc
t defe

ct–

to–co
nduc

tion-b
and trans

itions
rathe

r than
free c

arrier
absor

ption
. Den

sity funct
ional

theor
y predi

cts th
e

Se-in
duced

insul
ator-t

o-metal
trans

ition
arises

from
mergin

g of defec
t and

cond
uctio

n band
s, at a

conce
ntrati

on in excel
lent a

greem
ent w

ith exper
iment. Q

uantu
m Monte

Carlo
calcu

lation
s con

firm
the

critic
al con

centr
ation

, dem
onstr

ate th
at cor

relati
on is

importa
nt to

descr
ibing

the tr
ansiti

on ac
curat

ely, a
nd

sugge
st tha

t it is
a cla

ssic i
mpurity

-drive
n Mott tr

ansiti
on.

DOI:
10.11

03/Ph
ysRe

vLett
.108.

0264
01

PACS
numbers:

71.30
.+h, 6

1.72.
sd, 7

3.61.
Cw, 7

8.20.B
h

Of al
l the e

xperi
mental

ly measur
able p

hysic
al pro

pertie
s

of m
ateria

ls, el
ectro

nic cond
uctiv

ity exhib
its the large

st

varia
tion,

spann
ing a

facto
r of 1

03
1 from

the b
est m

etals
to

the stron
gest

insul
ators

[1].
Over

the last centu
ry, the

puzzl
e of wh

y some materia
ls are

cond
uctor

s and
other

s

insul
ators

, and
the m

echan
isms und

erlyin
g the

trans
form

a-

tion f
rom one t

o the
other

, have
been

caref
ully s

crutin
ized;

yet ev
en af

ter su
ch a v

ast bo
dy of

resea
rch o

ver su
ch a l

ong

perio
d, the

subje
ct rem

ains
the objec

t of c
ontro

versy
. In

1956
, Mott in

trodu
ced a model

for th
e insul

ator-t
o-metal

trans
ition

(IMT) in
dope

d semicond
uctor

s, in
whic

h long-

range
d electr

on corre
lation

s are the drivin
g force

[2].

Hype
rdopi

ng (dopi
ng beyo

nd the solub
ility

limit) cr
eates

a new
materia

ls playg
round

to explo
re defec

t-mediat
ed

IMTs in semicond
uctor

s. In this
Lette

r, we ident
ify a

defec
t-indu

ced IMT in silico
n hype

rdope
d with

selen
ium

to conce
ntrati

ons e
xceed

ing 10
20 cm

!3 (com
pared

to the

equil
ibrium

solub
ility l

imit [3]
of ab

out 10
16 cm

!3 ) and
we

explo
re the detai

led natur
e of the trans

ition
with

both

exper
iment and

computat
ion.

We find
that

the IMT is

large
ly drive

n by electr
on corre

lation
and most re

sembles

a clas
sic im

purity
-drive

n Mott tr
ansiti

on. A
dditio

nally
, we

find that t
he hi

gh densi
ty of Se

prese
nt at

the IM
T yield

s

direc
t opt

ical t
ransi

tions
and an absor

ption
coeffi

cient
in

excel
lent a

greem
ent w

ith the m
easur

ed subba
nd gap opti-

Hype
rdopi

ng is curre
ntly

being
used

to engin
eer n

ew

materia
ls wit

h uni
que a

nd ex
otic p

roper
ties. S

ilicon
hype

r-

dope
d with

chalc
ogen

s exhib
its stron

g subba
nd gap ab-

silico
n appea

rs to justif
y such

intere
st. W

hile isolat
ed S

and S
e dop

ants a
re we

ll-est
ablish

ed de
ep do

uble
dono

rs in

silico
n [3,14

], the
enhan

ced optic
al pr

opert
ies of hy

per-

dope
d silico

n (in whic
h these

chalc
ogen

ic impuriti
es ar

e

prese
nt at

much highe
r con

centr
ation

s) are
not y

et we
ll

unde
rstoo

d. Furth
er, unlik

e the proto
typic

al syste
m of

phosp
horus

-dope
d silico

n for whic
h the IMT has been

exten
sively

studi
ed and chara

cteriz
ed [15,1

6], th
ere are

very
few studi

es of an
IMT resul

ting
from

deep
defec

ts

such
as ch

alcog
ens [

17].

We pre
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Se-do
ped s

ilicon
(Se:S

i) sam
ples u

sing i
on

implant
ation

follow
ed by

nano
secon

d pul
sed-l

aser m
elting

(PLM
) and

rapid
resol

idific
ation

. The
PLM

proce
ss en

a-

bles
chalc

ogen
dopin

g with
conce

ntrati
ons e

xceed
ing 1%

atom
ic; su

ch samples
exhib

it une
xplai

ned optic
al pro

per-

ties inclu
ding

broad
, featu

reless
absor

ption
of photo

ns

with
energ

y lower
than

the band
gap

of silico
n [9].

Silico
n subst

rates
(boro

n dope
d, ! " 25 ! cm) were

ion implant
ed with

Se to nominal d
oses

of 3#
10

15 and

1# 10
16 cm

2 using
an ion beam

energ
y of 17

6 keV.
The

implant
ed samples w

ere e
xpose

d to four
laser

pulse
s (flu

-

ences
of 1.7

, 1.7,
1.7 an

d 1:8
J cm

!2 ). Thi
s flue

nce re
gimen

resul
ts in

a sligh
tly shallo

wer d
opan

t pro
file, a

nd highe
r

peak
Se co

ncent
ration

, than
repor

ted previ
ously

[18].
The

Se-ri
ch la

yer is
cryst

alline
, exte

nds a
pprox

imately
350 n

m

from
the surfa

ce, and
is electr

ically
isolat

ed from
the

p-typ
e sub

strate
by th

e rect
ifying

junct
ion fo

rmed be
tween

the tw
o. Th

e Se
conce

ntrati
on-de

pth p
rofile

was m
easur

ed

via secon
dary

ion mass spect
rometry

[17,1
8]. Sample

prepa
ration

and
measur

ement proce
eded

as descr
ibed

], with
the

Se:Si
layer

isolat
ed using

clove
rleaf-

mesa struc
tures

. Con
ducti

vity
was

calcu
lated

from
sheet

cond
uctiv

ity using
the effec

tive implant
ation

PRL
108,
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01 (2012
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Hype
rdopi

ng ha
s emerged

as a p
romising

method
for de

signi
ng se

micond
uctor

s with
uniqu

e opt
ical a

nd

electr
onic

prope
rties,

altho
ugh s

uch p
roper

ties c
urren

tly la
ck a c

lear m
icros

copic
expla

natio
n. Co

mbinin
g

computat
ional

and
exper

imental
evide

nce,
we probe

the origin
of sub–b

and-g
ap optic

al absor
ption

and metalli
city in Se-hy

perdo
ped Si. W

e show
that s

ub–b
and-g

ap absor
ption

arises
from

direc
t defe

ct–

to–co
nduc

tion-b
and trans

itions
rathe

r than
free c

arrier
absor

ption
. Den

sity funct
ional

theor
y predi

cts th
e

Se-in
duced

insul
ator-t

o-metal
trans

ition
arises

from
mergin

g of defec
t and

cond
uctio

n band
s, at a

conce
ntrati

on in excel
lent a

greem
ent w

ith exper
iment. Q

uantu
m Monte

Carlo
calcu

lation
s con

firm
the

critic
al con

centr
ation

, dem
onstr

ate th
at cor

relati
on is

importa
nt to

descr
ibing

the tr
ansiti

on ac
curat

ely, a
nd

sugge
st tha

t it is
a cla

ssic i
mpurity

-drive
n Mott tr

ansiti
on.

DOI:
10.11

03/Ph
ysRe

vLett
.108.

0264
01

PACS
numbers:

71.30
.+h, 6

1.72.
sd, 7

3.61.
Cw, 7

8.20.B
h

Of al
l the e

xperi
mental

ly measur
able p

hysic
al pro

pertie
s

of m
ateria

ls, el
ectro

nic cond
uctiv

ity exhib
its the large

st

varia
tion,

spann
ing a

facto
r of 1

03
1 from

the b
est m

etals
to

the stron
gest

insul
ators

[1].
Over

the last centu
ry, the

puzzl
e of wh

y some materia
ls are

cond
uctor

s and
other

s

insul
ators

, and
the m

echan
isms und

erlyin
g the

trans
form

a-

tion f
rom one t

o the
other

, have
been

caref
ully s

crutin
ized;

yet ev
en af

ter su
ch a v

ast bo
dy of

resea
rch o

ver su
ch a l

ong

perio
d, the

subje
ct rem

ains
the objec

t of c
ontro

versy
. In

1956
, Mott in

trodu
ced a model

for th
e insul

ator-t
o-metal

trans
ition

(IMT) in
dope

d semicond
uctor

s, in
whic

h long-

range
d electr

on corre
lation

s are the drivin
g force

[2].

Hype
rdopi

ng (dopi
ng beyo

nd the solub
ility

limit) cr
eates

a new
materia

ls playg
round

to explo
re defec

t-mediat
ed

IMTs in semicond
uctor

s. In this
Lette

r, we ident
ify a

defec
t-indu

ced IMT in silico
n hype

rdope
d with

selen
ium

to conce
ntrati

ons e
xceed

ing 10
20 cm

!3 (com
pared

to the

equil
ibrium

solub
ility l

imit [3]
of ab

out 10
16 cm

!3 ) and
we

explo
re the detai

led natur
e of the trans

ition
with

both

exper
iment and

computat
ion.

We find
that

the IMT is

large
ly drive

n by electr
on corre

lation
and most re

sembles

a clas
sic im

purity
-drive

n Mott tr
ansiti

on. A
dditio

nally
, we

find that t
he hi

gh densi
ty of Se

prese
nt at

the IM
T yield

s

direc
t opt

ical t
ransi

tions
and an absor

ption
coeffi

cient
in

excel
lent a

greem
ent w

ith the m
easur

ed subba
nd gap opti-

Hype
rdopi

ng is curre
ntly

being
used

to engin
eer n

ew

materia
ls wit

h uni
que a

nd ex
otic p

roper
ties. S

ilicon
hype

r-

dope
d with

chalc
ogen

s exhib
its stron

g subba
nd gap ab-

silico
n appea

rs to justif
y such

intere
st. W

hile isolat
ed S

and S
e dop

ants a
re we

ll-est
ablish

ed de
ep do

uble
dono

rs in

silico
n [3,14

], the
enhan

ced optic
al pr

opert
ies of hy

per-

dope
d silico

n (in whic
h these

chalc
ogen

ic impuriti
es ar

e

prese
nt at

much highe
r con

centr
ation

s) are
not y

et we
ll

unde
rstoo

d. Furth
er, unlik

e the proto
typic

al syste
m of

phosp
horus

-dope
d silico

n for whic
h the IMT has been

exten
sively

studi
ed and chara

cteriz
ed [15,1

6], th
ere are

very
few studi

es of an
IMT resul

ting
from

deep
defec

ts

such
as ch

alcog
ens [

17].

We pre
pared

Se-do
ped s

ilicon
(Se:S

i) sam
ples u

sing i
on

implant
ation

follow
ed by

nano
secon

d pul
sed-l

aser m
elting

(PLM
) and

rapid
resol

idific
ation

. The
PLM

proce
ss en

a-

bles
chalc

ogen
dopin

g with
conce

ntrati
ons e

xceed
ing 1%

atom
ic; su

ch samples
exhib

it une
xplai

ned optic
al pro

per-

ties inclu
ding

broad
, featu

reless
absor

ption
of photo

ns

with
energ

y lower
than

the band
gap

of silico
n [9].

Silico
n subst

rates
(boro

n dope
d, ! " 25 ! cm) were

ion implant
ed with

Se to nominal d
oses

of 3#
10

15 and

1# 10
16 cm

2 using
an ion beam

energ
y of 17

6 keV.
The

implant
ed samples w

ere e
xpose

d to four
laser

pulse
s (flu

-

ences
of 1.7

, 1.7,
1.7 an

d 1:8
J cm

!2 ). Thi
s flue

nce re
gimen

resul
ts in

a sligh
tly shallo

wer d
opan

t pro
file, a

nd highe
r

peak
Se co

ncent
ration

, than
repor

ted previ
ously

[18].
The

Se-ri
ch la

yer is
cryst

alline
, exte

nds a
pprox

imately
350 n

m

from
the surfa

ce, and
is electr

ically
isolat

ed from
the

p-typ
e sub

strate
by th

e rect
ifying

junct
ion fo

rmed be
tween

the tw
o. Th

e Se
conce

ntrati
on-de

pth p
rofile

was m
easur

ed

via secon
dary

ion mass spect
rometry

[17,1
8]. Sample

prepa
ration

and
measur

ement proce
eded

as descr
ibed

], with
the

Se:Si
layer

isolat
ed using

clove
rleaf-

mesa struc
tures

. Con
ducti

vity
was

calcu
lated

from
sheet

cond
uctiv

ity using
the effec

tive implant
ation

PRL
108,

0264
01 (2012

)
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We repor
t the near

throu
gh mid-inf

rared
(MIR)

optic
al absor

ption
spect

ra, over
the range

0.05–
1.3 eV

, of m
onoc

rysta
lline

silico
n layer

s hyp
erdop

ed with
chalc

ogen
atom

s synth
esize

d by

ion implant
ation

follow
ed by pulse

d laser
melting

. A broad
mid-inf

rared
optic

al ab
sorpt

ion band

emerges
, peak

ing n
ear 0

.5 eV
for su

lfur a
nd se

leniu
m and 0

.3 eV
for te

lluriu
m hype

rdope
d sam

ples.

Its st
rengt

h and width
incre

ase with
impurity

conce
ntrati

on. It
s stre

ngth
decre

ases
marked

ly with

subse
quen

t ther
mal an

neali
ng. T

he emergen
ce of a

broad
MIR absor

ption
band

is co
nsiste

nt wi
th

the form
ation

of an impurity
band

from
isolat

ed deep
dono

r level
s as the conce

ntrati
on

of chalc
ogen

atom
s in metasta

ble local
confi

gurat
ions

incre
ases.

VC 2013
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shing
LLC.
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oi.org
/10.1

063/1
.4804

935]

I. INTR
ODUC

TION

Silico
n hype

rdope
d with

chalc
ogen

s can
be sy

nthes
ized

by pulse
d laser

irradi
ation

in a sulf
ur-be

aring
atmosphe

re,
1,2

ion implant
ation

follow
ed by pulse

d laser
melting

,3
,4 or

pulse
d laser

mixing
.5 This

materia
l has attrac

ted intere
st

becau
se of

its su
b band

gap absor
ption

and has b
een studi

ed

as a candi
date

for in
frared

(IR)
photo

detec
tors

6–8 and effi-

cient
solar

cells.
9–11 In addit

ion, o
bserv

ation
s of c

arrier
life-

time rec
overy

for su
fficie

ntly h
igh c

oncen
tratio

ns of
titani

um

in sil
icon

has a
rouse

d sim
ilar in

terest
in thi

s materia
l.
12,1

3

Chalc
ogen

hyper
dopin

g has been
show

n to cause
an

insula
tor-to

-meta
l tran

sition
and h

as be
en pr

opose
d to f

orm an

interm
ediate

band
in the silico

n band
gap.

4,10,
14–1

6 Howe
ver,

the hyper
dopin

g-ind
uced

chang
es causi

ng the sub-b
andga

p

absor
ption

have
remained

uncle
ar. O

ne re
ason

for th
is is

that

most m
easur

ements o
f opti

cal ab
sorpt

ion h
ave b

een li
mited t

o

the near
IR (NIR

) regio
n, or

to photo
n energ

ies above
the

even
thoug

h the IR
absor

ption
band

is ext
remely

broad
. In this p

aper,
we repor

t measur
ements

of th
e optic

al

absor
ption

coeffi
cient

over
a broad

range
of ph

oton
energ

ies

II. EXPE
RIMENT

Doub
le side

polis
hed p type

(001)
Si wa

fers,
resist

ivity

of 5–
25 X cm, wer

e ion
implant

ed at roo
m temperat

ure w
ith

eithe
r 95 ke

V
32S

! , 176
keV

80Se
þ , or

245 k
eV

130Te
þ to

doses
of 1# 10

16 ions/
cm

2 . The
dose

of
32S

! was
varie

d

from
3# 10

14 to 1# 10
16 ions/

cm
2 and pre-a

morphi
zed by

85 ke
V Si

! to doses
of 3# 10

15 ions/
cm

2 when
the

32S
!

dose
is no

t grea
ter th

an 1#
10

15 ions/
cm

2 . Puls
ed laser

melt-

ing
was

perfo
rmed using

a XeCl
excim

er laser
beam

(308
nm, 25 n

s FWHM, 50 n
s total

durat
ion).

Each
sample

recei
ved three

laser
shots

at 1.7
J/cm

2 follow
ed by a fourt

h

laser
shot

at 1.8 J/
cm

2 . Time-res
olved

reflec
tivity

of a

488 n
m Ar

þ ion la
ser w

as us
ed to measur

e the
melt du

ration
.

The l
aser fl

uence
was c

alibra
ted b

y com
parin

g the
melt du

ra-

tion
with

numerica
l solu

tions
to the one-d

imensio
nal h

eat

equat
ion.

18 The
detai

ls of the sample prepa
ration

method

and d
epth

profil
es of

chalc
ogen

atom
s obs

erved
by se

cond
ary

ion mass s
pectr

ometry (SIM
S) ar

e repor
ted elsew

here.
3 For

all sa
mples i

n this p
aper,

the sy
nthes

is pro
cedur

e is t
he sa

me

as that
in the previ

ous
work

for sulfu
r dope

d samples,

wher
eas th

e pre
vious

work
employe

d a so
mewha

t high
er flu

-

ence
for S

e and
Te do

ped samples.
Follo

wing
laser

melting
,

some of t
he sa

mples w
ere th

ermally a
nneal

ed in
a flow

ing a
r-

gon g
as atm

osphe
re for

30m
in.

We measur
ed the trans

mittanc
e and reflec

tance
of sa

m-

ples
in the NIR

regio
n using

a gratin
g spect

ropho
tometer
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Things to keep in mind

• IR absorption rolls off around 8 µm

• consistent evidence of intermediate band formation 

• IB forms at 0.1% at. doping, broadens at higher doping

• IB merges with CB at 0.4% at. yielding metallic behavior
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crystalline silicon: transparent to 23% of solar radiation
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amorphous silicon: transparent to 53% of solar radiation
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CB

VB
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photon with gap energy

CB

VB
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photon creates electron-hole pair…

CB

VB

e

h
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…whose energy can be extracted
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e

h
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photons with energy smaller than gap…

CB

VB
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…do not get absorbed

CB

VB
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photons with energy larger than the gap…

CB

VB
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…create electron-hole pairs with excess energy…

CB

VB

e

h
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…which is lost rapidly

CB

VB

e

h
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black silicon has an intermediate band
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absorbs same photons as ordinary silicon…
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VB

e

h
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…but extends absorption to longer wavelengths
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could theoretically get efficiencies over 50%
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should have shallow junction below surface

sulfur-doped layer

p-doped substrate
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excellent rectification (after annealing)
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responsivity
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Things to keep in mind

• can turn absorption into carrier generation

• very high responsivity in VIS and IR

• intermediate band photovoltaic devices?
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Potential benefits for photovoltaics

• surface structure

• absorption in submicrometer layer

• extended IR absorption

• intermediate band
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solar radiation spectrum

UV visible infrared
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Summary

• new doping process

• new class of material

• new types of devices
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