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laser treatment causes:

• surface structuring

• inclusion of dopants
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cross-sectional 
Transmission Electron 

Microscopy
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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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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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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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10–6 sulfur doping

energy (eV)

wavelength (µm)

ab
so

rp
ta

nc
e

0  0.5  1.0

124816

 1.5

1.0

0.5

0 
crystalline Si

Si band
edge

sulfur
impurity states

1  properties            2   intermediate band



laser-doped S:Si

energy (eV)

wavelength (µm)

ab
so

rp
ta

nc
e

0  0.5  1.0

124816

 1.5

1.0

0.5

0 
crystalline Si

laser-doped Si

Si band
edge

sulfur
impurity states

1  properties            2   intermediate band



laser-doped S:Si

multiple
relections

energy (eV)

wavelength (µm)

ab
so

rp
ta

nc
e

0  0.5  1.0

124816

 1.5

1.0

0.5

0 
crystalline Si

laser-doped Si

Si band
edge

sulfur
impurity states

1  properties            2   intermediate band



laser-doped S:Si

energy (eV)

wavelength (µm)

ab
so

rp
ta

nc
e

0  0.5  1.0

124816

 1.5

1.0

0.5

0 
crystalline Si

laser-doped Si

Si band
edge

sulfur
impurity band

1  properties            2   intermediate band



isolate surface layer for Hall measurements

silicon substrate

buried oxide
device layer

1  properties            2   intermediate band



isolate surface layer for Hall measurements

silicon substrate

buried oxide
device layer

1  properties            2   intermediate band



isolate surface layer for Hall measurements

silicon substrate

buried oxide
device layerlaser doped region

1  properties            2   intermediate band



isolate surface layer for Hall measurements

silicon substrate

buried oxide

1  properties            2   intermediate band



isolate surface layer for Hall measurements

silicon substrate

buried oxide

1  properties            2   intermediate band



1  properties            2   intermediate band



Hall measurements

n-doped 5000 �-cm

1/T (mK–1)

N
/N

ro
om

temperature (K)
100200500 50

0 5 10 15 20

100

10

1

0.1

0.01

1  properties            2   intermediate band



Hall measurements

n-doped 5000 �-cm

1/T (mK–1)

N
/N

ro
om

temperature (K)
100200500 50

0 5 10 15 20

100

10

1

0.1

0.01

N2 CT 3 e EG kBT

1  properties            2   intermediate band



Hall measurements

n-doped 5000 �-cm

1/T (mK–1)

N
/N

ro
om

temperature (K)
100200500 50

0 5 10 15 20

100

10

1

0.1

0.01

EG = 1.217 eV

N2 CT 3 e EG kBT

1  properties            2   intermediate band



Hall measurements

n-doped 5000 �-cm

p-doped 10 �-cm

1/T (mK–1)

N
/N

ro
om

temperature (K)
100200500 50

0 5 10 15 20

100

10

1

0.1

0.01

1  properties            2   intermediate band



Hall measurements

n-doped 5000 �-cm

p-doped 10 �-cm

1/T (mK–1)

N
/N

ro
om

temperature (K)
100200500 50

0 5 10 15 20

100

10

1

0.1

0.01

Ed = 43 meV

1  properties            2   intermediate band



Hall measurements

n-doped 5000 �-cm

p-doped 10 �-cm

laser-doped

1/T (mK–1)

N
/N

ro
om

temperature (K)
100200500 50

0 5 10 15 20

100

10

1

0.1

0.01

1  properties            2   intermediate band



Hall measurements

n-doped 5000 �-cm

p-doped 10 �-cm

laser-doped

1/T (mK–1)

N
/N

ro
om

temperature (K)
100200500 50

0 5 10 15 20

100

10

1

0.1

0.01

Ed = 310 meV

N  = 1017 cm3

1  properties            2   intermediate band



Hall measurements

n-doped 5000 �-cm

p-doped 10 �-cm

laser-doped

1/T (mK–1)

N
/N

ro
om

temperature (K)

0 10 20 30 40 50

2050100300
100

10

1

0.1

0.01

1  properties            2   intermediate band



Hall measurements

n-doped 5000 �-cm

p-doped 10 �-cm

laser-doped

high concentration
laser-doped

1/T (mK–1)

N
/N

ro
om

temperature (K)

0 10 20 30 40 50

2050100300
100

10

1

0.1

0.01

1  properties            2   intermediate band



impurity (donor) band centered at 310 meV
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Hype
rdop

ing h
as em

erged
as a p

romising
method

for d
esign

ing s
emicond

uctor
s wit

h uni
que o

ptica
l and

elect
ronic

prop
erties

, alth
ough

such
prop

erties
curre

ntly l
ack a

clear
micros

copic
expla

natio
n. Co

mbinin
g

computat
ional

and
expe

rimental
evide

nce,
we prob

e the origi
n of sub–

band
-gap

optic
al abso

rptio
n

and metalli
city

in Se-h
yperd

oped
Si. W

e show
that

sub–
band

-gap
abso

rptio
n arise

s fro
m direc

t def
ect–

to–co
nduc

tion-
band

trans
ition

s rath
er th

an free
carri

er ab
sorpt

ion.
Dens

ity funct
ional

theor
y predi

cts th
e

Se-in
duce

d insul
ator-

to-m
etal

trans
ition

arise
s from

mergin
g of defec

t and
cond

uctio
n band

s, at a

conc
entra

tion
in exce

llent
agree

ment w
ith expe

riment.
Quan

tum
Monte

Carlo
calcu

lation
s con

firm
the

critic
al co

ncen
tratio

n, de
monstr

ate th
at co

rrela
tion i

s importa
nt to

descr
ibing

the tr
ansit

ion a
ccura

tely,
and

sugg
est th

at it
is a c

lassic
impurit

y-dri
ven Mott tr

ansit
ion.

DOI:
10.11

03/P
hysR

evLe
tt.10

8.026
401

PAC
S numbers:

71.30
.+h,

61.72
.sd, 7

3.61.
Cw,

78.20
.Bh

Of al
l the

expe
rimental

ly measur
able

phys
ical p

roper
ties

of m
ateria

ls, el
ectro

nic cond
uctiv

ity exhib
its the large

st

varia
tion,

span
ning

a fac
tor o

f 10
31 from

the b
est m

etals
to

the stron
gest

insul
ators

[1].
Over

the last
centu

ry, the

puzz
le of w

hy some materia
ls ar

e cond
uctor

s and
other

s

insul
ators

, and
the m

echa
nism

s und
erlyi

ng th
e tran

sform
a-

tion f
rom

one t
o the

other
, hav

e bee
n car

efull
y scr

utini
zed;

yet e
ven a

fter s
uch a

vast b
ody o

f rese
arch

over
such

a lon
g

perio
d, th

e subje
ct re

mains
the objec

t of
contr

overs
y. In

1956
, Mott in

trodu
ced a model

for th
e insul

ator-
to-m

etal

trans
ition

(IMT) in
dope

d semicond
uctor

s, in
whic

h long-

range
d elect

ron
corre

lation
s are the drivi

ng force
[2].

Hype
rdop

ing (dop
ing beyo

nd the solub
ility

limit) cr
eates

a new
materia

ls playg
roun

d to explo
re defec

t-mediat
ed

IMTs in semicond
uctor

s. In this
Lette

r, we ident
ify a

defec
t-ind

uced
IMT in silico

n hype
rdop

ed with
selen

ium

to conc
entra

tions
exce

eding
10

20 cm
�3 (com

pared
to the

equil
ibriu

m solub
ility

limit [3]
of ab

out 1
01

6 cm
�3 ) and

we

explo
re the detai

led natur
e of the trans

ition
with

both

expe
riment and

computat
ion.

We find
that

the IMT is

large
ly drive

n by elect
ron corre

lation
and most re

sembles

a cla
ssic i

mpurit
y-dri

ven M
ott tr

ansit
ion. A

dditi
onall

y, we

find
that

the h
igh dens

ity of Se
prese

nt at
the I

MT yield
s

direc
t opt

ical
trans

ition
s and

an abso
rptio

n coeffi
cient

in

exce
llent

agree
ment w

ith the m
easur

ed subb
and gap opti-

cal p
roper

ties [
4].

Hype
rdop

ing is curre
ntly

being
used

to engin
eer n

ew

materia
ls wi

th un
ique

and e
xotic

prop
erties

. Sili
con h

yper-

dope
d with

chalc
ogen

s exhib
its stron

g subb
and

gap
ab-

sorpt
ion d

own
to ph

oton
energ

ies a
s low

as 0.5
eV [5–1

1],

spark
ing subst

antia
l rece

nt in
teres

t in appli
catio

ns su
ch as

infra
red

detec
tion

and
inter

mediat
e band

photo
volta

ics

[5–1
1]. T

he succe
ssful

fabri
catio

n of re
ctify

ing junct
ions

[10]
and photo

diode
s [11

–13]
using

S and Se hy
perdo

ped

silico
n appe

ars to justif
y such

inter
est. W

hile
isola

ted S

and S
e dop

ants
are w

ell-es
tablis

hed d
eep d

ouble
dono

rs in

silico
n [3,14

], the
enha

nced
optic

al pr
opert

ies of hy
per-

dope
d silico

n (in whic
h these

chalc
ogen

ic impurit
ies a

re

prese
nt at

much
highe

r con
centr

ation
s) ar

e not y
et w

ell

unde
rstoo

d. Furth
er, unlik

e the proto
typic

al syste
m of

phos
phor

us-do
ped

silico
n for whic

h the IMT has
been

exten
sivel

y studi
ed and

chara
cteriz

ed [15,1
6], t

here
are

very
few

studi
es of an

IMT resul
ting

from
deep

defec
ts

such
as ch

alcog
ens [

17].

We pre
pared

Se-d
oped

silico
n (Se

:Si) s
amples

using
ion

implant
ation

follo
wed

by na
nose

cond
pulse

d-las
er melting

(PLM
) and

rapid
resol

idific
ation

. The
PLM

proce
ss en

a-

bles
chalc

ogen
dopin

g with
conc

entra
tions

exce
eding

1%

atom
ic; su

ch samples
exhib

it un
expla

ined
optic

al pr
oper-

ties
inclu

ding
broad

, featu
reles

s abso
rptio

n of photo
ns

with
energ

y lowe
r than

the
band

gap
of silico

n [9].

Silic
on subst

rates
(boro

n dope
d, � � 25 �cm) were

ion implant
ed with

Se to nominal
dose

s of
3� 10

15 and

1� 10
16 cm

2 using
an ion beam

energ
y of 17

6 keV.
The

implant
ed samples

were
expo

sed to four
laser

pulse
s (flu

-

ence
s of 1

.7, 1.
7, 1.7

and 1
:8 J cm

�2 ). Th
is flu

ence
regim

en

resul
ts in

a sligh
tly shall

ower
dopa

nt pr
ofile,

and
highe

r

peak
Se co

ncen
tratio

n, th
an repor

ted previ
ously

[18].
The

Se-ri
ch la

yer i
s cry

stalli
ne, e

xtend
s app

roxim
ately

350 n
m

from
the surfa

ce, and
is elect

ricall
y isola

ted from
the

p-typ
e sub

strate
by th

e rec
tifyin

g jun
ction

form
ed be

twee
n

the tw
o. Th

e Se
conc

entra
tion-

depth
profi

le wa
s measur

ed

via secon
dary

ion
mass spect

rometry
[17,1

8]. Sample

prepa
ratio

n and
measur

ement
proce

eded
as descr

ibed

previ
ously

[17],
with

the
Se:S

i layer
isola

ted
using

clove
rleaf

-mesa struc
tures

. Co
nduc

tivity
was

calcu
lated

from
sheet

cond
uctiv

ity using
the effec

tive
implant

ation

depth
deff

[17].
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We repor
t the

near
throu

gh mid-in
frare

d (MIR)
optic

al abso
rptio

n spect
ra, over

the
range

0.05–
1.3 e

V, o
f monoc

rysta
lline

silico
n layer

s hyp
erdop

ed with
chalc

ogen
atom

s synth
esize

d by

ion implant
ation

follo
wed

by pulse
d laser

melting
. A broad

mid-in
frare

d optic
al ab

sorpt
ion band

emerges
, pea

king
near

0.5 e
V for su

lfur a
nd se

leniu
m and 0

.3 eV
for te

lluriu
m hype

rdop
ed sa

mples.

Its st
rengt

h and width
incre

ase with
impurit

y conc
entra

tion.
Its st

rengt
h decre

ases
marked

ly with

subse
quen

t the
rmal an

neali
ng. T

he emergen
ce of a

broad
MIR abso

rptio
n band

is co
nsist

ent w
ith

the
form

ation
of an impurit

y band
from

isola
ted

deep
dono

r level
s as the

conc
entra

tion

of chalc
ogen

atom
s in metast

able
local

confi
gurat

ions
incre

ases.
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I. INTR
ODUC

TION

Silic
on hype

rdop
ed with

chalc
ogen

s can
be sy

nthes
ized

by pulse
d laser

irrad
iation

in a sul
fur-b

earin
g atmosph

ere,
1,2

ion
implant

ation
follo

wed
by pulse

d laser
melting

,
3,4 or

pulse
d laser

mixing
.
5 This

materia
l has

attrac
ted inter

est

beca
use o

f its
sub band

gap abso
rptio

n and has b
een studi

ed

as a cand
idate

for i
nfrar

ed (IR)
photo

detec
tors

6–8 and
effi-

cient
solar

cells
.
9–11 In addit

ion,
obse

rvati
ons o

f car
rier l

ife-

time rec
overy

for su
fficie

ntly
high

conc
entra

tions
of tit

anium

in sil
icon

has a
rouse

d sim
ilar i

ntere
st in

this m
ateria

l.
12,1

3

Chal
coge

n hype
rdopi

ng has
been

show
n to cause

an

insul
ator-

to-m
etal t

ransi
tion a

nd ha
s bee

n pro
posed

to fo
rm an

interm
ediat

e band
in the silico

n band
gap.

4,10
,14–

16 How
ever,

the hype
rdopi

ng-in
duce

d chan
ges

causi
ng the sub-b

andg
ap

absor
ption

have
remained

uncle
ar. O

ne re
ason

for th
is is

that

most m
easur

ements
of op

tical
absor

ption
have

been
limited t

o

the near
IR (NIR

) regio
n, or

to photo
n energ

ies abov
e the

band
gap,

17 even
thoug

h the I
R absor

ption
band

is ex
tremely

broad
. In

this
pape

r, we
repor

t measur
ements

of th
e optic

al

absor
ption

coeffi
cient

over
a broad

range
of ph

oton
energ

ies

spann
ing near-

to mid-IR
(MIR) w

avele
ngths

. The
resul

ts are

consi
stent

with
the f

orma
tion

of an
impu

rity band
in the sili-

con b
and g

ap. W
e also

repor
t the

effec
ts of

impu
rity d

ose a
nd

of po
st-pro

cessi
ng th

ermal tre
atme

nt in
selec

ted c
ases.

II. EXP
ERIM

ENT

Doub
le side

polis
hed p type

(001
) Si

wafe
rs, re

sistiv
ity

of 5–
25 X cm, wer

e ion
implant

ed at ro
om temperat

ure w
ith

eithe
r 95 ke

V
32S

� , 176
keV

80Se
þ , or

245 k
eV

130Te
þ to

dose
s of 1� 10

16 ions/
cm

2 . Th
e dose

of
32S

� was
varie

d

from
3� 10

14 to 1� 10
16 ions/

cm
2 and

pre-a
morph

ized
by

85 ke
V Si

� to dose
s of 3� 10

15 ions/
cm

2 when
the

32S
�

dose
is no

t gre
ater t

han 1
� 10

15 ions/
cm

2 . Pul
sed laser

melt-

ing
was

perfo
rmed using

a XeC
l excim

er laser
beam

(308
nm, 25

ns FWHM, 50
ns total

durat
ion).

Each
sample

recei
ved

three
laser

shots
at 1.

7 J/cm
2 follo

wed
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 l
aser

was
used

to m
easur

e the
melt du

ratio
n.

The
laser

fluen
ce w

as ca
libra

ted b
y com

parin
g the

melt du
ra-

tion
with

numerica
l sol

ution
s to the one-d

imensio
nal h

eat

equa
tion.

18 The
detai

ls of the sample prepa
ratio

n method

and d
epth

profi
les o

f cha
lcoge

n ato
ms obs

erved
by se

cond
ary

ion mass s
pectr

ometry
(SIM

S) ar
e repor

ted elsew
here.

3 For

all sa
mples

in this p
aper,

the s
ynthe

sis p
roced

ure i
s the

same

as that
in the

previ
ous

work
for sulfu

r dope
d samples,

wher
eas t

he pr
eviou

s wo
rk em

ploye
d a s

omewha
t hig

her fl
u-

ence
for S

e and
Te d

oped
samples.

Follo
wing

laser
melting

,

some of t
he sa

mples
were

therm
ally a

nnea
led in

a flow
ing a

r-

gon g
as at

mosph
ere f

or 30
min.

We measur
ed the trans

mittanc
e and reflec

tance
of sa

m-

ples
in the NIR

regio
n using

a grati
ng spect

roph
otom

eter

equip
ped with

an integ
ratin

g sphe
re detec

tor. T
he measur

ed

a)Prese
nt addre

ss:
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s, Univ

ersity
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We repor
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near
throu

gh mid-in
frare
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optic
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n spect
ra, over

the
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1.3 e
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rysta
lline

silico
n layer

s hyp
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ed with
chalc

ogen
atom

s synth
esize

d by

ion implant
ation

follo
wed

by pulse
d laser

melting
. A broad

mid-in
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ion band

emerges
, pea

king
near

0.5 e
V for su
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nd se
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m and 0

.3 eV
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mples.

Its st
rengt
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rptio
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.
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12,1

3
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n pro
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4,10
,14–
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ne re
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17 even
thoug

h the I
R absor

ption
band

is ex
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16 ions/

cm
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�
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mosph
ere f

or 30
min.

We measur
ed the trans

mittanc
e and reflec

tance
of sa

m-

ples
in the NIR

regio
n using

a grati
ng spect

roph
otom

eter

equip
ped with

an integ
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conce
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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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should have shallow junction below surface

sulfur-doped layer

p-doped substrate
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excellent rectification (after annealing)
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• enhanced sensitivity

• extended IR response
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Combine state-of-the-art low-noise CMOS image 

sensor design with enhanced quantum efficiency

1  properties            2   intermediate band              3   devices

US Patents:  US 8,058,615;  US 7,928,355;  US 7,968,834



1  properties            2   intermediate band              3   devices

US Patents:  US 8,058,615;  US 7,928,355;  US 7,968,834



1  properties            2   intermediate band              3   devices

Resolution
pixel
(µm)

noise
(e/pix)

Idark

(e/pix/s)
P

(mW)

872 x 654 5.6 2.1 24 300

1280 x 720 5.6 2.1 24 360

1280 x 1024 10 2.6 83 400

8” CIS process flow

4T pixel architecture
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nightvision
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Things to keep in mind

• can turn b:Si absorption into carrier generation
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Things to keep in mind

• can turn b:Si absorption into carrier generation

• very high responsivity in VIS and NIR

• disruptive improvement in Si imaging

• potential benefits in solar energy harvesting
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Summary

• new doping process

• new class of material

• new types of devices
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What is different about this process?
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Compare femtosecond laser doping to:

• inclusion during growth

• thermal diffusion

• ion implantation
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