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1 　Introduction

The optical constant s ( ref ractive index n and
extinction coefficient k) of materials (eit her in bulk
or t hin film form) as f unctions of p hoton energy E

(or wavelengthλ) are important for bot h basic sci2
ence and device applications. In general ,t he optical
p roperties of any medium can be described by it s
complex ref raction index , N = n - i k ,or complex di2
elect ric f unction ,ε=ε1 - iε2 , where 　εis related to
N byε= N2 , so t hatε1 = n2 - k2 andε2 = 2 nk. The
absorption coefficientαis directly related to k byα
= 4πk/λ. Optical constant s can be ext racted f rom

optical t ransmission/ reflection and spect ro scopic
ellip somet ry measurement s using various empirical
formulas[1 ] ,effective2medium t heories[ 2 ] ,or dielec2
t ric f unction models (DFMs) [3～6 ] . Of t hese approa2
ches , DFMs are p referred in bot h ext raction and
parameterization of optical constant s because of
t heir Kramers2Kronig consistency and their con2
venient analytic rep resentation of semiconductor
dielect ric responses.

Many DFMs have been established , including
t he well2known Forouhi2Bloomer ( FB ) [3 ] , Tauc2
Lorentz ( TL ) [4 ] , Adachi [5 ,6 ] , standard critical

point [6 ] ,and damped harmonic oscillator models[6 ] .
The lat ter t hree are relatively int ricate and mainly
apply to polycrystalline or crystalline semi2conduc2
tors ( especially compound semiconductors ) wit h
complex critical point st ruct ures. Compared to oth2
er DFMs ,t he FB and TL models are much simpler ,
as t hey have t he fewest fit ting parameters (only
five) . They are currently employed for several
kinds of amorp hous[3 ,4 ,7～10 ] , polycrystalline[11～13 ] ,
and crystalline/ amorp hous ( c2/ a2) mixed2p hase
semiconductor t hin films[ 14 ,15 ] . The question arises
whet her these two models can be applied to ot her
materials. In addition ,t he original TL model is di2
rectly related to t he FB model [4 ] . The exploration
and comparison of t heir characteristics are thus
beneficial to t heir f ut ure applications. Alt hough
people f requently ext ract and parameterize optical
constant s with t he FB and TL models ,t hey pay lit2
tle at tention to the models’inherent characteristics
and potential f urt her applications.

In t his paper , we investigate and summarize
t he history ,modifications ,inherent characteristics ,
and applications of t he FB and TL models. We
compare t he two models and propose new view2
point s regarding t heir detailed applications. We
predict deeper and wider usage of t he two models.
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2 　Forouhi2Bloomer model

In 1986 ,Forouhi and Bloomer proposed a t he2
oretical formulation of optical constant s for amor2
p hous semiconductors and dielect rics[3 ] . Wit h first2
order time2dependent pert urbation t heory ,t hey de2
rived t he following simple expressions for t he opti2
cal constant s :

k ( E) =
A FB ( E - EFB ) 2

E2 - B FB E + CFB

(1)

n ( E) = n ∞ +
B0 E + C0

E2 - B FB E + CFB

(2)

where

B0 =
A FB

Q
-

B2
FB

2
+ EFB B - E2

FB + CFB

C0 =
A FB

Q
( E2

FB + CFB ) B FB

2
- 2 EFB CFB

Q =
1
2

4 CFB - B2
FB

Equations 1 and 2 are consistent wit h Kramers2
Kronig analysis. This FB model p rovides a p hysical
pict ure of elect ronic t ransitions based on parabolic
valence and conduction bands. The five fit ting pa2
rameters are as follows : n∞ , t he ref ractive index of
t he material at optical f requencies ; EFB , t he optical
gap in t he FB model ( referred to as t he“FB gap”
hereafter) ; A FB , a constant t hat is p roportional to
t he ratio of the square of the position mat rix ele2
ment to the lifetime of t he elect ronic t ransitions ;
B FB , twice the energy difference between t he cen2
ters of t he valence and conduction bands ;and CFB ,a
constant t hat depends on bot h A FB and B FB .

In 1994 , Mc Gahan et al . [16 ] modified t he FB
model by taking into account t he states in the gap
and/ or nonparabolic bands. However ,t heir modifi2
cation adds complexity and more fit ting parame2
ters. Later ,Davazoglou[ 17 ] assumed k ( E) in Eq. 1 to
be zero or a positive constant when E < EFB in de2
tailed use of t he FB model . This is sometimes justi2
fied experimentally ,since some materials are t rans2
parent below EFB or exhibit additional absorption
due to f ree carriers t hat are below EFB and wit hin
t he near2inf rared ( IR) region.

However ,t here is a shortcoming in the origi2
nal FB model and t he modified versions by Mc Gah2
an et al . [ 16 ] and by Davazoglou[17 ] ,and t hat is the
underestimation of band gap values. Thus t he gap
values determined by t hese FB models are signifi2
cantly less than t hose obtained by other p hysical

models[ 11 ,17 ] and are even unp hysically negative in
some cases[ 16 ] . Fort unately , t he Tauc rule , which
has been used very successf ully for decades for gap
evaluation in indirect2gap semiconductors , yields
reasonable band gap values according to the rela2
tion[18 ]

α( E) =
Ba

E
( E - ETauc ) 2 (3)

where Ba is a constant and ETauc is t he optical gap
(denoted as t he“Tauc gap”hereaf ter) . The Tauc
gap can be easily deduced f rom optical t ransmission
spect ra using linear ext rapolation wit h what are
called Tauc plot s by t he relation[18 ]

( -
E
d

l n Tr )
1/ 2 ∝ ( E - ETauc ) (4)

where d is t he film t hickness and Tr is t he magni2
t ude of t ransmission , if Tr = exp ( - αd ) near t he
f undamental absorption edge. This ext rapolation
met hod is independent of the film t hickness d. As
typical evidence of the shortcoming of t he FB mod2
el ,we plot in Fig. 1 t he experimental ( solid curve)

and calculated ( dashed curve , labeled FB ) room2
temperat ure optical t ransmission spect rum in a
wide spect ral range of 500～2500nm by means of
least2square analysis for a c2/ a2 mixed2p hase B2
doped hydrogenated nanocrystalline Si ( nc2Si ∶H)

Fig. 1 　Experimental optical t ransmission spect rum
(solid curve) of B2doped nc2Si : H thin film[14 ] at room

temperature , with the fitted result s given by the FB
(dashed curve) , TL (dash2dotted curve) and mTL (dot2
ted curve) models in the wide spect ral range of 500～
2500nm 　Shown in the inset is the same experimental

spect rum ( solid curve) in the narrow range of 500～
770nm ,with the fitted result s by FB (dashed curve) ,FB
( n) ( dotted curve) and TL ( n) ( dash2dotted curve) .

Note that models used in the interband region only have

been labeled with“n”in the parentheses.

t hin film deposited on glass subst rate[ 14 ] , using
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Eqs. (1) and (2) and t he t ransmission equations
p resented in Ref . [ 18 ] . The fit by FB is good , but
t he yielded FB gap of 11093eV is much smaller
t han the average Tauc gap of 11494eV. The corre2
sponding n and k are shown as dashed curves in
Fig. 2.

Fig. 2 　(a) Plot s of factor ( n2 - 1) - 1 versus E2 for the

subgap ref ractive indices n ; (b) Extinction coefficient s k

calculated by the FB (dashed curves) , TL ( dash2dotted

curves) and m TL ( dotted curves) models for the B2
doped nc2Si ∶H of Fig. 1

Interband t ransitions cannot result in optical
absorption for E < EFB

[3 ,4 ] ,while k ( E) > 0 for E <
EFB according to Eq. (1) . Therefore ,t he FB gap is
an average effective gap which may even be nega2
tive if t he FB model is used in a wide spect ral range
t hat includes both the above2band2gap and t he be2
low2band2gap regions. Moreover ,it is implicit with2
in Eq. (1) t hat it is closely comparable to the Tauc
rule in t he interband region (i . e. , E > Eg where Eg

is t he t rue optical gap) . As a result , t he FB model
can be applied in t he interband region ( denoted as
FB ( n) ) . The feasibility of FB ( n) is illust rated in
t he inset of Fig. 1 ,where FB ( n) (dot ted curve) ac2
curately rep roduces t he experimental spect rum in
t he narrow spect ral range of 500～770nm ,revealing
a more reasonable FB gap of 11502eV ,in cont rast

to t he FB gap of 11093eV for t he wide spect ral re2
gion of 500～2500nm ( dashed curve) . Therefore ,
t he FB model used in t he interband region (i . e. ,
FB ( n) ) yields reliable optical gap s (i. e. ,an accu2
rate approximation of t he t rue optical gap s) and
optical constant s. This p resent s a new viewpoint
for t he application of t he FB model .

The FB ( n) model is superior to t he Tauc rule
in t he investigation of t hermal effect s on optical
band gap s as well as optical constant s in the inter2
band region , as demonst rated by a typical p2type
nc2Si ∶H example[14 ] . This can be well understood
as follows. First , t here is some uncertainty in t he
linear ext rapolation of Tauc gap values for differ2
ent spect ral ranges. In ot her words ,it is difficult to
determine t he exact linear region of t he experimen2
tal spect ra t hat is suitable for linear ext rapolation
at a given temperat ure. This result s in deviations of
t he Tauc gap values and event ually a smearing out
of t he t hermal behavior of the t rue band gap s wit h
t he variation of temperature[19 ] . Second ,t he optical
constant s cannot be calculated by t he above Tauc
rule alone ,since t he dispersion equation for nc2Si ∶
H in t he interband region is unknown. Finally ,
t here are only five fit ting parameters in the FB
model ,alleviating the problem of more fit ting pa2
rameters inducing more uncertainty in t he fit ting
procedure , particularly for temperat ure2dependent
investigation.

There are several inherent shortcomings in t he
FB model and it s variations[4 ] :

(1) In t he original FB formulation , k ( E) > 0
for E < EFB , which is unreasonable for undoped
semiconductors. Af ter all , many glasses are t rans2
parent . This was recognized by Mc Gahan et al . [16 ]

and Davazoglou[ 17 ] .
(2) The original FB and it s variations have k

( E) →constant when E →∞;bot h experimental and
t heoretical result s clearly indicate that k ( E) goes
to 0 as 1/ E3 or faster when E →∞. This limit is
particularly important for Kramers2Kronig integra2
tion.

( 3 ) The original FB and it s variations use
Kramers2Kronig integration f rom - ∞ to + ∞ to
calculate n( E) but do not incorporate time2reversal
symmet ry ,which requires k ( - E) = - k ( E) .

Despite t he above f undamental p roblems , t he
original FB model and it s variations can ext ract or
parameterize optical constant s of mat ter ranging
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f rom amorp hous[3 ,7 ] or polycrystalline[11 ] to c2/ a2
mixed2p hase (e. g. , nc2Si ∶H of Fig. 1) semicon2
ductors and dielect rics. Finally , it is wort h noting
t hat t he p receding statement s are related only to
t he single FB model and that t he original FB model
has been extended for use in crystalline semicon2
ductors (i . e. crystalline Si (c2Si) ) and dielect rics by
a multiple formalism ( i. e. , t he superposition of
several single2FB terms) [20 ] .

3 　Tauc2Lorentz model

In 1996 , to overcome t he above listed short2
comings in t he FB model ,J ellison and Modine pro2
posed t he empirical TL model for amorp hous semi2
conductors and insulators[4 ] . The imaginary part of
t he dielect ric f unction ε2 TL ( E) is esta blished by

multip lyi ng t he Tauc joi nt de nsit y of states by t he
ε2 obtained f rom t he classical Lorentz oscillator
model [4 ] :

ε2 TL ( E) = 2 n ( E) k ( E)

=

A TL E0 TL CTL ( E - ETL ) 2

( E2 - E2
0 TL ) 2 + C2

TL E2 ×1
E

, 　E > ETL

0 , 　E ≤ ETL

(5)

The real part of t he dielect ric f unctionε1 TL ( E) is

obtai ned by Kra mers2Kronig i ntegration , a nd is

give n by

ε1 TL ( E) = ε1 ∞ +
2
π P∫

∞

ETL

ξε2 TL (ξ)
ξ2 - E2 dξ (6)

w here P sta nds f or t he Cauchy p ri ncip al p a rt of

t he i ntegral . N ote t ha t t he integral is t a ke n ove r

p ositive e ne rgies ,so t he a bove2me ntioned ti me2re2
ve rsal sym met ry p rop e rt y need not be conside re d .

This i ntegral ca n be solved i n closed f or m as give n

by Eq. (6) of Ref . [ 4 ] . The re a re f ive f it ti ng p a2
ra mete rs i n t he a bove si ngle TL model : t he t ra nsi2
t ion2mat rix2ele me nt rela ted A TL , t ra nsition e ne rgy

E0 TL , a broa de ning p a ra mete r CTL , t he ba nd gap

ETL ( TL gap ) , a nd t he consta nt ε1 ∞. The multip le

TL model , w hic h is t he sup e rp osition of seve ral

si ngle2TL te rms ,e . g. , double TL (2 TL ) [ 12 ,13 ] , ge n2
e rally cor resp onds t o multi2t ra nsitions .

As indicated by Eq. ( 5 ) , t he TL model i n2
cludes only inte rba nd t ra nsitions ; a ny def ect a b2
sorp tion , i nt ra ba nd a bsorp tion , or U rbac h tail a b2
sorp tion is ignore d. Four va ria tions of t he TL

model have bee n p rop ose d t o re me dy some of its

li mita tions .

I n 2002 , Fe rlaut o et al . modif ie d t he TL mod2

el t o i nclude of t he exp one ntial U rbac h tail (a va r2
ia tion we will de note as t he TL U model) [ 21 ] . The

TL U model see ms more p hysically reasona ble , a nd

it i nt roduces t h ree a dditional f it ti ng p a ra mete rs .

L ate r , Foldyna et al . exte nded t he TL U model by

assumi ng a continuous f i rst de riva tive of t he die2
lect ric f unction [ 22 ] . I n t his case , t he re a re only six

f it ting p a ra mete rs . I n 2003 , Nguye n et al . p ro2
p ose d a ge ne ralized TL ( G TL ) model [ 23 ] , of w hich

t he TL model is a sp ecial case . Ve ry rece ntly , we

e mpi rically modif ied t he TL model by exte ndi ng

t he non2ze ro p a rt ofε2 TL ( E) t o t he w hole sp ect ral

ra nge [ 24 ] wit hout cha ngi ng t he exp ression of ε1 TL

( E) ( t his modif ied ve rsion is de noted as“m TL ”
he reaf te r) , i n orde r t o i nclude f ree ca r rie r a bsorp2
t ion a nd obtai n a more relia ble below2ba nd2gap

ref ractive i ndex f or dop e d se miconduct ors such as

B2dop ed nc2Si ∶H. The m TL does not i nduce a ny

a dditional f it ti ng p a ra mete rs .

It ca n be i nf e r re d f rom Eq. (5) t ha t t he origi2
nal TL model use d i n a wide exp e ri me ntal sp ect ral

ra nge coveri ng bot h t he region of t ra nsp a re ncy
( or wea k a bsorp tion ) a nd t he inte rba nd region

will yield al most t he sa me f it ti ng p a ra mete rs as

t hose of t he TL model use d only in t he i nte rba nd

region (de noted as TL ( n) ) . For exa mple , we also

p lot i n Fig. 1 a nd its i nset t he TL2(500～2500n m ,

dash2dot ted curve ) a nd TL ( n ) 2( 500 ～ 770n m ,

dash2dot ted curve) calculated t ra ns mission sp ect ra

of B2dop ed nc2Si ∶H , resp ectively. The TL f it is

good excep t in t he wea k a bsorp tion region of 1750
～2500n m ( w he re f ree ca r rie r a bsorp tion causes a

s mall decrease in t he exp e ri me ntal t ra ns mission

mi ni mum) ,a nd t he TL ( n) rep roduces t he exp e ri2
me ntal data as well as FB ( n) ,wit h t he f it ting p a2
ra mete rs A TL , CTL , E0 TL , ETL ,ε1 ∞ of 551449e V ,

01543eV , 31295eV , 11145eV , 41028 f or TL a nd

551369e V ,01743eV , 31418eV , 11180eV , 41746 f or

TL ( n) . B ot h TL gap values211145eV f or TL a nd

11180eV f or TL ( n ) 2a re much smalle r t ha n t he

cor resp ondi ng Tauc gap of 11494eV . The TL gap

is t hus a mat he matical gap rat he r t ha n a real

p hysical one , owi ng t o t he e mpi rical na t ure of t he

TL model . This is because t he comp one nts of t he

L ore ntz oscilla t or a nd Tauc joi nt de nsit y of states

i nε2 TL ( E) may be suit a ble f or describi ng t he be2
low2ba nd2gap a nd a bove2ba nd2gap a bsorp tion , re2
sp ectively. The t ra deof f betwee n t hese tw o com2
p one nts results i n a s malle r nomi nal ba nd gap ETL
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( TL gap ) t ha n t he t rue op tical ba nd gap Eg ,w he n

t he TL model f its real data . He nce t he a bsorp tion

below Eg is act ually e m bodied wit hi n t he p hot on

e ne rgy ra nge betwee n ETL a nd Eg . I t is no wonde r

t hat t he single or multip le TL models wit hout a ny

modif ica tions a re usually cap a ble of rep roduci ng

t he exp e ri me ntal data ve ry well eve n below t he

op tical ba nd gap (see Refs . [ 4 , 9 , 12 , 13 ] f or sup2
p orti ng exa mp les) .

Nevert heless , w he n f ree ca r rie r a bsorp tion

app ea rs i n t he nea r2I R region f or dop e d mate ri2
als , TL overesti mates n i n t his sp ect ral ra nge (see

t he TL f it ti ng i n 1500～2500nm of Fig. 1) si nce

k ( E) is f ixe d at 0 f or E ≤ETL . Fortunately , we

ca n resort t o m TL t o de rive relia ble op tical con2
sta nts , esp ecially f or t he below2ba nd2gap ref rac2
t ive i ndex f or dop e d sa mples . Its relia bilit y is evi2
de nce d by t he satisf act ory f it ( dot ted curve ) i n

Fig. 1 ,wit h t he f it ti ng p a ra mete rs A TL , CTL , E0 TL ,

ETL , ε1 ∞ of 541889e V , 01410e V , 31312eV ,

01996eV ,21751 . The releva nt n ( E) a nd k ( E) by

m TL ,s how n as dot te d curves i n Fig. 2 , a re close t o

t hose yielded by FB (das he d curves) a nd TL ( dash2
dot te d curves) . The n ( E) of B2dop e d nc2Si : H ob2
t ai ned by m TL is s malle r t ha n t hat give n by TL i n

t he low e nergy region , w hic h is justif ie d si nce t he

calculate d t ra ns mission ext re mes by m TL a re blue

s hif ted f rom t hose by TL (see t he sp ect ral si mula2
t ion i n 1500 ～ 2500n m of Fig. 1 ) . The yielded

k ( E) by m TL wit hi n t he ra nge of 015～110e V i n

Fig. 2 s hows t he t re nd of t he f ree ca r rie r a bsorp2
t ion ef f ect , i ndicati ng t hat t he f ree ca r rie r a bsorp2
t ion increases wit h decreasi ng p hot on e ne rgy. Si m2
ila r p he nome na rega rdi ng f ree ca r rie r a bsorp tion

have also bee n rep orted i n heavily dop ed p oly2
crystalli ne silicon [ 25 ] . The m TL model is also

worka ble f or ot he r B2dop ed nc2Si ∶H dep osited

under dif f e re nt growt h conditions ( not s how n

here) . As a result ,we conclude t ha t m TL is sup e ri2
or t o TL f or dop e d sa mples .

The“subgap ”( mai nly below Eg , someti mes

below E0 TL ) ref ractive i ndex revealed by m TL or

TL ( i n t he si ngle or multip le f or m ) f or la rge

groups of mat te r , i ncludi ng B2dop e d nc2Si ∶H
( Fig. 2 (a) ) , glass [ 8 ] , hydroge nated a morp hous ca r2
bon ( a2C ∶H) [ 9 ] , a2SiN ∶H [ 10 ] , high2 k dielect ric

Hf O2
[ 12 ] , a nd f e r roelect ric Bi3 . 25 L a0 . 75 Ti3 O12

(BL T) [ 13 ] (see also Fig. 3) , a re all f ound t o obey

t he one2oscilla t or We mple2DiD ome nico ( WD )

model of t he f orm [ 26 ]

n2 ( E) - 1 = Ed E0 / ( E2
0 - E2 ) (7)

w here E0 is t he si ngle oscilla t or e ne rgy , a nd Ed is

t he disp e rsion e ne rgy. Exp eri me ntal ve rif ication

of Eq. (7) ca n be obtai ned by p lot ti ng 1/ ( n2 - 1)

ve rsus E2 , as s how n i n Figs . 2 ( a ) a nd Fig. 3 . The

resulti ng st raight li nes yield values of t he p a ra me2
te rs E0 a nd Ed . For i nsta nce , E0 a nd Ed f or t he

m TL2yielde d subgap n ( E) ( wit hi n t he ra nge of

0150～1158eV) of t he B2dop e d nc2Si ∶H i n Fig. 2
a re 31412 a nd 311687e V , resp ectively. I n cont rast ,

t he FB2yielde d subgap n ( E) ca nnot be well de2
scribe d by t he WD model ,as conf i r med by a not h2
e r t yp ical exa mple of glass in Fig. 3 , w hose TL2
yielde d subgap n ( E) t ur ns out t o be consiste nt

wit h its na ture [ 27 ] . I t s hould be noted t hat t he

comp lete exp ression of ε1 TL ( E ) re mains un2
cha nged betwee n m TL a nd TL . The ref ractive2in2
dex be havior’s st rict obe die nce of t he WD model

i n t he subgap region is t hus believed t o be i nhe r2
e nt wit hi n t he TL model a nd not t he FB model .

Fig. 3 　Plots of f act or ( n2 - 1) - 1 versus E2 f or t he

subgap ref ractive indices n ( open circles : single TL

model ; dashed curves : FB model ; dot ted curves : double

TL model ; solid lines : linear f its ) of various semicon2
duct ors and dielect rics

It is also a new f i nding t hat t he subgap re2
f ractive i ndex revealed by t he TL model is st rong2
ly related t o t he one2oscilla t or WD model if t he

TL model is f it ted t o real data , no mat te r w hich

ki nd of TL model is use d (i . e . , i n a si ngle or mul2
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t ip le f orm , or m TL ) a nd rega rdless of t he f or m of

t he i nvestigated mate rials (i . e . , a morp hous ,p oly2
crystalli ne , or c2/ a2 mixed2p hase) . The n we a re a2
ble t o i nf e r t he f ollowi ng. I n ge ne ral , t he si ngle

TL cor resp onds t o one domi na nt i nte rba nd op tical

t ra nsition , t he double TL cor resp onds t o tw o t ra n2
sitions ,a nd so on . Si nce t he si ngle TL model is re2
la te d t o t he si ngle2oscilla t or WD model , a nd t he

multip le2oscilla t or WD model has bee n de mon2
st ra ted t o be equivale nt t o a one2ef f ective2oscilla2
t or WD model [ 26 ] , a ny multip le TL model is rela t2
ed t o t he si ngle2oscilla t or WD model .

The reason t he TL model is st rongly rela ted

t o t he WD model is tw of old . Fi rst , t he TL model

reveals a more relia ble dielect ric resp onse t ha n

t he FB model i n t he subgap region , w here t he re2
f ractive2i ndex be havior of la rge groups of mat te r

obeys t he Sellmeie r equation of t he f orm n2 ( E) -
1 = ( A0 - 1) + B0 / ( C2

0 - E2 ) wit h A0 , B0 a nd C0

as f it ting consta nts . E2 is ge ne rally much less t ha n

C2
0 i n t he subgap region , a nd t he Sell meie r equa2

t ion is t hus app roxi mately equivale nt t o t he WD

exp ression accordi ng t o t he relation ( A0 - 1 ) +
B0 / ( C2

0 - E2 ) ≈ ( ( A0 - 1) C2
0 + B0 ) / ( C2

0 - E2 ) .

Second ,w he n E < Eg or w he n ETL e nough smalle r

t ha n E , t he TL model app roaches t he classical

L ore ntz oscilla t or model of t he f orm [ 28 ]

εL ( E) = ε∞ +
AL

E2
0L - E2 - i CL E

(8)

w hose exp ression f or t he real p a rt of t he dielect ric

f unctionε1L ( E) t ur ns out t o be equivale nt t o t he

Sell meie r equation a nd subseque ntly t o t he WD

exp ression af te r usi ngε1 ( E) = n2 ( E) and neglec2
ting t he broadening term CL . The ot her parameters
are t he constant ε∞ , amplit ude AL and band gap
E0L . We adopt t he WD model here rather t han the
Sellmeier equation , because t he WD parameters
have f undamental p hysical significance and can
provide new insight into the microst ruct ure of mat2
ter [26 ] .

In combination with t he WD model ,we can at2
tach new p hysical significance to the t ransition en2
ergy parameter E0 TL of the TL model . E0 is t he en2
ergy of t he effective o scillator , which is typically
near t he main peak of t he imaginary part of t he die2
lect ric f unctionε2 . It has been extended to measure
t he energy difference between t he“centers of grav2
ity”of the valence and conduction bands ,which is
indicative of an average gap of the material [19 ] . This
average gap gives quantitative information about

t he“overall”band st ructure , differing f rom t he
conventional optical gap such as Tauc gap s[14 ]

which probes optical p roperties near t he f undamen2
tal band gap of the material . In t he successf ul usage
of the single TL model ( usually for amorp hous ,
sometimes for c2/ a2 mixed2p hase materials ) , t he
t ransition energy parameter E0 TL , which is closely
comparable to E0 and t he peak energy ofε2 , reflect s
such overall band st ruct ure information. For exam2
ple , E0 TL = 31312eV and E0 = 31412eV for t he B2
doped nc2Si ∶H by m TL in Fig. 1. In cases of t he
multiple TL model ( generally for multi2t ransition
amorp hous , polycrystalline materials ) , multiple
E0 TL parameters correspond roughly to different
t ransition energies ,or even critical point s such as
E1 ;however ,we can still resort to E0 for t he afore2
mentioned“overall”band st ruct ure information ,
which may be f urt her related to t he specific bond
density of mat ter [29 ] .

Based on the relation between WD and TL ,an2
ot her criterion is p roposed for judging whether t he
quant um size effect (QSE) is p rominent wit hin c2/

a2 mixed2p hase materials such as B2doped nc2Si ∶H
(where Si nanocrystals are embedded in an amor2
p hous Si mat rix) f rom the viewpoint ofε1 ( E) : t he
decrease in t he subgap ref ractive index of the mate2
rial is p rimarily ascribed to t he average gap E0 ex2
pansion ,which proves to be equivalent to t he meth2
od of Ref . [ 30 ] . When E0 is larger t han t hat of c2Si
(i. e. , 410eV , see Ref . [ 26 ]) it implies p rominent
QSE. Otherwise it implies negligible QSE. E0 TL of
t he single TL model also reveals similar qualitative
information about QSE , since it approximates E0 .
This criterion gives us a st raightforward and con2
venient way to judge t he degree of QSE f rom eit her
E0 or E0 TL . For instance , E0 TL = 61 508eV and E0 =

71902eV for t he int rinsic nc2Si ∶H [15 ] . Bot h of
t hese values are significantly different f rom t hat of
c2Si ,which is an indication of QSE. This is reasona2
ble since t he grain size of the int rinsic nc2Si ∶H is
only about 315nm ,less t han t he usual size limit of
5nm for considerable QSE in nc2Si ∶H.

Mass density and information about coordina2
tion number can also be deduced f rom t he TL fit2
ting parameters in conjunction wit h t he WD mod2
el . The parameter Ed , which is a measure of t he
st rengt h of interband optical t ransitions and is
nearly independent of E0 , is found to follow t he

simple relationship Ed =βN c Za N e in a variety of
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crystalline covalent and ionic solids and liquids. N c

is t he coordination number of t he cation nearest
neighbor to t he anion , and Za , N e ,β are con2
stant s[26 ] . In a diamond2type st ruct ure of c2Si , N c =

4 wit h E0 = 410eV and Ed = 4414eV. The WD mod2
el was extended to amorp hous semiconductor and
glasses[27 ] ,by the proposed relation Ea

d / Ex
d = (ρa /

ρx ) ( Na
c / Nx

c ) , w here ρ is t he mass density , and a

and x refer to amorp hous and crystalline forms ,re2
spectively. This relation is also expected to hold for
mixed2p hase materials like nc2Si ∶H ,with the pos2
sible distinction of constantβ. Therefore , Ed mainly
reveals information about density and coordination
number ( see Ref . [ 29 ] for supporting examples) .

Finally , similar to t he FB model , which has
been successf ully extended to crystalline semicon2
ductors and dielect rics[20 ] ,we can also predict t hat
t he ( single or multiple) TL model may be applica2
ble for the optical characterization and microst ruc2
t ure investigation of many ot her covalent and ionic
materials ,including more t han 100 widely different
solids and liquids p resented in Ref s. [ 26 ] and
[27 ] , whet her f ully or partially crystalline and a2
morp hous ,p rovided the ref ractive2index dispersion
behavior of t hese materials falls into t he pat tern
described by the WD model and t heir subgap opti2
cal absorption is adequately small .

4 　Further discussion

In addition to t he above investigations of the
FB and TL models , we give an overview of the
characteristics and applications of t hese two mod2
els :

Alt hough t he FB and TL models can be used
in t he near IR to ult raviolet spect ral range ,only FB
( n) ,and not TL ( n) ,can yield reliable optical gap s
of the material being st udied. The TL gap is a
mat hematical one t hat is due to t he empirical na2
t ure of t he TL model ,while t he t rue band gap can
be derived f rom t he TL2yielded k ( E) by means of
met hods such as a Tauc plot . When fit ted to real
data ,t he TL model can yield more reliable optical
constant s ( n( E) and k ( E) ) t han the FB model ,es2
pecially the subgap n ( E) . The TL2yielded subgap
ref ractive index is found to be st rongly related to
t he WD model ,on t he basis of which we can gain
insight s into t he microst ruct ure of mat ter and ex2

tend t he applications of t he TL model . Nevert he2
less ,we t hink t hat t he FB and TL models are not
applicable to all kinds of semiconductors or insula2
tors , but mainly to amorp hous ones , since t hey
were originally p roposed for amorp hous materials.
Bot h can be extended to be applied in multiple
forms for polycrystalline or crystalline materials.
When the FB and TL models (or t heir modified
versions) are not workable for specific substances
with complex critical point st ructures or in t he case
of ot her spect ral (e. g. ,far2IR) regions ,one may
resort to ot her DFMs , including t he Adachi mod2
el [5 ,6 ] or t he classical Drude model for reasonable
determination of t he optical constant s.

5 　Conclusions

The history , modifications ,characteristics and
applications of the well2known FB and TL dielec2
t ric f unction models have been investigated. Com2
parison is made between t hese two models using
typical examples. New perspectives in t he inherent
characteristics of t he two models are also p ro2
posed ,which will facilitate t heir deeper and wider
usage in many other semiconductors and insula2
tors.
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两个介电函数模型的用法 3

陈 　红 　沈文忠

(上海交通大学物理系 , 上海　200030)

摘要 : 回顾了两个著名的广泛用于提取或参数化半导体和电介质材料光学常数的介电函数模型 ,即 Forouhi2
Bloomer 和 Tauc2Lorentz 模型的历史、各种改进、各自特点和应用. 在揭示它们内在特点和比较运用在具体实例的
基础上 ,拓展和预言了这两个模型更为深入的和更为广泛的应用 .

关键词 : 介电函数模型 ; 光学常数 ; 半导体
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