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Evanescent states in thin silicon films and their significance
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~Received 7 December 1999; revised manuscript received 17 April 2000!

The full-zonek•p method is used along with the effective-mass and envelope-function approximations to
investigate the photoluminescence~PL! behavior of free-standing thin silicon films. The formulation reveals
that blue and red PL bands coexist and that the blue band is due to the transition from a high evanescent state
to a heavy-hole state. The square of the transition momentum is such that the blue band decays fast whereas the
red decays slowly. The presence of the high evanescent state explains why the blue PL can be observed in
relatively thick silicon films.
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I. INTRODUCTION

The observation of room-temperature photoluminesce
~PL! of porous silicon has attracted a great deal of theoret
and experimental interest since its discovery.1 The origin of
this interesting phenomenon has been suggested to be d
the quantum confinement of photoexcited carriers wit
nanometer-sized silicon structures.2,3 More specific sugges
tions have followed. These are surface effects4 that are size
independent and size effects that are size dependent.5 Experi-
mental results are also available, indicating that both surfa
and size-related bands coexist.6,7 Theoretical studies8–11 cen-
ter on the existence of a direct band gap and the effect
chemisorption on the energy gap.

In this article, we investigate the nature of PL for a fre
e
rs
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standing@001# silicon film in which the confinement is in the
z direction on the basis of the full-zonek•p perturbation
scheme with the effective-mass approximation~EMA! and
envelope-function approximation~EFA!. It is shown that
multiple PL bands can exist in the silicon film and that t
blue PL band can be found in relatively thick silicon film
This blue band is found to be due to an evanescent stat

II. CONFINEMENT CONDITION

Consider a free-standing@001# silicon film whose thick-
ness is 2q in the z direction. There are three doubly dege
erateD5 bands, threeD1 bands, and fiveD2 bands in the
@001# direction.12 These bands are given by the following
33 and 535 matrices:
D55F E~G258
l

!1kz
2 Qkz 0

Qkz E~G15!1kz
2 Q8kz

0 Q8kz E~G258
u

!1kz
2
G , ~1!

D15F E~G15!1kz
2 Tkz T8kz

Tkz E~G1
u!1kz

2 0

T8kz 0 E~G1
l !1kz

2
G ~2!

and

D25F E~G258
l

!1kz
2 Pkz 0 2&Rkz P9kz

Pkz E~G28
l

!1kz
2 P8kz 0 0

0 P8kz E~G258
u

!1kz
2 2&R8kz P-kz

2&Rkz 0 2&R8kz E~G12!1kz
2 0

P9kz 0 P-kz 0 E~G28
u

!1kz
2

G , ~3!
whereE(G i) is the zone-centered energy corresponding toG i

and theQ’s, T’s, P’s, andR’s are the matrix elements of th
momentum. Here, the crystal momentum in the transve
 e

direction is neglected. Atomic units are used throughout.
With the EMA and EFA, Eqs.~1!–~3! can be rewritten as

D iF
m5EmFm, ~4!
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where the superscriptm represents the state, e.g., electro
heavy hole, etc., such thatFm is the column vector for the
envelope functions of the statem andEm is the correspond-
ing energy level. The column vector for the envelope fun
tions of the heavy hole,Fhh, becomes

Fhh5F F1
hh

F2
hh

F3
hh
G , ~5!

where

F1
hh5A1

hheikz1B1
hhe2 ikz,

F2
hh5

iQ~E25
u 1k2!

~E151k2!~E25
u 1k2!2Q82k2 F1,z

hh[2 ih2
hhF1,z

hh ,

F3
hh5

QQ8k2

~E151k2!~E25
u 1k2!2Q82k2 F1

hh[h3
hhFhh.

Here, the subscriptz is for the derivative with respect toz
and theE’s are defined by

E155E~G15!2Ehh and E25
u 5E~G25

u !2Ehh.

Since the presentk•p perturbation scheme enables expa
sion of the full-zone Bloch function in terms of the Bloc
functions associated withk50,13 the wave function of the
heavy hole is

Chh5F1
hhu258

l
1F2

hhu151F3
hhu258

u

5F1
hhu258

l
2 ih2

hhF1,z
hhu151h3

hhF1
hhu258

u . ~6!

The wave functions of the electron and evanescent state
given in the Appendix. The evanescent states are treate
the same way as the propagation state. There is one eva
cent state in theD5 bands betweenE(G258

l ) andE(G15) and
another in theD2 bands betweenE(G258

l ) andE(X1c). The
large purely imaginary wave vectors are taken as spur
solutions.14

For a silicon film surrounded by vacuum, the bounda
conditions at the surface may be written as follows:15

C ,z
hh1lhhChh50 at z5q, ~7a!

C ,z
hh2lhhChh50 at z52q, ~7b!

wherelm is given bylm5AW2Em andW is the work func-
tion. With the aid of the orthogonality conditions

^u25
l u]/]zuu15&5

Q

2
i , ^u25

u u]/]zuu15&

5
Q8

2
i , ^u25

u u]/]zuu258 &50,

Eq. ~7! is rewritten as follows:

F1,z
hh1

Q

2
h2

hhF1,z
hh1lhhF1

hh50 at z5q, ~8a!
,

-

-

are
in
es-

s

y

F1,z
hh1

Q

2
h2

hhF1,z
hh2lhhF1

hh50 at z52q. ~8b!

Combining Eqs.~4! and~8! yields the confinement condition
for the heavy hole of the silicon quantum film:

2lkmhh

k2~mhh!22l2 5tan~2kq!, ~9!

wheremhh is defined bymhh512(Qh2
hh)/2.

The wave function of the high evanescent state@Eq. ~A4!
in the Appendix# and the boundary condition@Eq. ~7!# yield
the following confinement condition for the high evanesce
state:

~mhekhe1lhe!2e2kheq5~mhekhe2lhe!2e22kheq, ~10!

where mhe is defined bymhe512(Qh2
he)/2. The confine-

ment condition for the low evanescent state is the same
Eq. ~10! with the superscript ‘‘he’’ replaced by ‘‘le’’ and the
parametermle defined by

mle511~Ph2
ke!/22~Rh4

le!/&1~P9h5
le!/2.

Similarly, the confinement condition for the electron sta
can be written as follows:

2~§21
2 2§22

2 l2!cos~2k2q!14§11§12l sin~2k1q!22~§11
2

2§12
2 l2!cos~2k1q!24§21§22l sin~2k2q!28~h21

e l2

1m11m21!~h22
e l21m12m22!50, ~11!

wherel is used forlel and the§’s andk6 are defined by

§115m12m212m11m221~h22
el 2h21

el !l2,

§2152m12m212m11m222~h22
el 1h21

el !l2,

§125m222m211m11h22
el 2m12h21

el ,

§125m222m212m11h22
el 1m12h21

el

andk65k16k2 . Here theh’s are given in the Appendix and
the m’s are defined by

m115S 12
T8g1

2 D k11
T1T8g2

2
h21

el ,

m125S 12
T8g1

2 D k21
T1T8g2

2
h22

el ,

m215
T8

2
1h21

el k1 , m225
T8

2
1h22

el k2 .

The wave function in the vacuum surrounding the fi
can be expressed as follows:

Cn
m5H An

meikxxeikyye2lmz in z>q ~12a!

Bn
meikxxeikyyelmz in z<2q. ~12b!

The continuity of the wave function at the film surface r
quires, for example, forz>q, that
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F1
hh~q!u258

l
~r !2 ih2

hhF1,z
hh~q!u15~r !1h3

hhF1
hh~q!u258

u
~r !

5An
meikxxeikyye2lmq. ~13!

The constant coefficientsAv
m and Bv

m are obtained by aver
aging the position dependence over one monolayer with
center line at the surface, i.e.,z5q. The wave function over
the space can now be normalized. For accuracy, the p
should be taken into account in terms of the envelope fu
tion F1

hh(z). Table I shows the parity of the envelope fun
tions. The normalization of the wave functions yields t
coefficients in Table I.

The square of the matrix elements of the transit
momentum16 is

uPi→ f
j u25ZK fU2 i

]

]xj
U i L Z25UF E

2q

q

dr1E
q

`

dr1E
2`

2q

dr G
3FC f* S 2 i

]

]xj
DC8GU2

, ~14!

wherePi→ f
j is the dipole element between the states~i! and

~f !. Calculation of the square of the transition momentu
matrix between states is laborious and the details are o
ted. Table II gives the polarization of the transition betwe
the states.

III. RESULTS AND DISCUSSION

The energy level of each state can be calculated from
corresponding confinement condition using the parame
given in Table III. The result for a work function of 4 eV i
shown in Fig. 1. Because of the parity, there can be e

TABLE I. Parity of the envelope functionF1 .

State F1 Parity Envelope function

high
evanescent

even F1
he5A1

he(e2kz1ekz)52A1
hecosh(kz)

odd F1
he5A1

he(e2kz2ekz)522A1
hesinh(kz)

electron even F1
el(z)52A1

el@cos(k1z)1r cos(k2z)#
F2

el(z)52iA1
el@h21

el sin(k1z)1rh22
el sin(k2z)#

odd F1
el(z)52iA1

el@sin(k1z)1r sin(k2z)#
F2

el(z)52A1
el@h21

el cos(k1z)1rh22
el cos(k2z)#

low
evanescent

even F1
le52A1

le cosh(kz)

odd F1
le522A1

le sinh(kz)
heavy hole even F1

hh(z)52A1
hh cos(kz)

odd F1
hh(z)52iA1

hh sin(kz)

TABLE II. Polarization of the transition.

Transition states Polarizatio

even high evanescent, even electron transve
even high evanescent, odd low evanescent transve
odd high evanescent, odd electron transver
odd high evanescent, even heavy hole transve

even electron, even heavy hole longitudin
ts

ity
c-
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possible states, the high and low evanescent states, ele
state, and heavy-hole state, each having odd and even s
It is notable that the high evanescent state is size insens
and that the even and odd states have almost the same e
level for a film thickness larger than 20 Å. The even and o
states of the electron are almost identical. The even low e
nescent state does not exist for a work function of 4 eV. F
a film thickness smaller than 20 Å, the size dependency
the energy level is apparent for all the states but is ma
due to the odd heavy-hole state.

Figure 2 shows the dependency of the energy level on
work function for the key states involved in typical PL for
film thickness of 10 Å. The work function represents t
state of the film surface, such as the presence of adso
species, and thus is related to surface effects. It is notab
this regard in Fig. 2 that the electron and heavy-hole sta
are relatively invariant with the work function whereas t
evanescent states are sensitive to the work function or
surface effects. This finding is an indication that the evan

e

TABLE III. Parameters used for the calculation. The energy a
matrix elements of the momentum are in rydbergs and atomic u
respectively.

Parameter Value Parameter Value

E(G258
l ) 0.00 R 0.830

E(G28
l ) 0.256 p9 0.100

E(G15) 0.252 P8 20.090
E(G1

u) 0.520 Q8 20.807
E(G1

l ) 20.950 R8 1.210
E(G128) 0.710 P- 1.320

E(G258
u ) 0.940 T 1.080

E(G28
u ) 0.990 T8 0.206

P 1.200 W 4.0 eV
Q 1.050

FIG. 1. Energy level of each state as a function of film thic
ness. The work function is 4.0 eV.
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PRB 62 10 905EVANESCENT STATES IN THIN SILICON FILMS AND . . .
cent states represent most of the surface effects. The
evanescent state disappears at 6 eV.

There are five possible optical transitions that can t
place when the work function is 4 eV; only four optic
transitions are possible when it is 6 eV, the odd low evan
cent state disappearing at 6 eV. The transition energies
these four possible transitions (W56.0 eV) are shown in
Fig. 3. The result indicates that even at a film thickness of
Å a blue PL band can coexist with a red band in the visi

FIG. 3. Multiple transition energies in silicon quantum film. Th
work function is 6.0 eV.

FIG. 2. Dependence of the energy level on the work functi
The film thickness is 10 Å.
w

e

s-
or

0
e

range: the blue is due to the transition from the high evan
cent state to the heavy-hole state, which is longitudina
polarized PL~see Table II!, and the red to the transition from
the electron to the heavy-hole state. According to the re
here, the blue longitudinally polarized PL band in a 30
silicon quantum well observed by Steigmeiret al.17 might be
due to the transition from the high evanescent to the hea
hole state, which is longitudinally polarized.

Figure 4 gives the square of the matrix elements of
transition momentum, which is the transition probability, f
each of the four possible transitions. It shows that the squ
of the transition momentum for the blue band is much lar
than that for the red band. Therefore, the blue band is
fast-decaying band and the red band is the slowly decay
band, as observed by Kanemitsu7 in nanocrystallites.

It may seem odd in Figs. 3 and 4 that optical transitio
between odd and odd states or even and even states ar
cussed. In reality, however, transitions between the sa
parity states of the envelope function are due to the oppo
parity of the Bloch functions.

In summary, a formulation based on the full-zonek•p
method has revealed the presence of evanescent states i
silicon films. The presence of these evanescent states
plains why both blue and red PL bands can coexist. The b
band decays fast and the red slowly. These states also
plain why the blue band can appear for films thicker than
Å. The evanescent states are sensitive to the work funct
even the existence of some of the states depending on
magnitude of the work function. This fact is an indicatio
that the evanescent states represent surface effects a
posed to size effects.

.

FIG. 4. Square of the transition momentum element for each
four possible transitions as a function of film thickness. The wo
function is 6.0 eV.
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APPENDIX: WAVE FUNCTIONS

The complex band structure of a@001# Si quantum film is
such that the propagation state and an evanescent state
ist near the conduction-band minimum energy. The propa
tion states that represent the real crystal momentum are
sified into the hole state and the electron state. T
evanescent states that represent the purely imaginary cr
momentum are classified into a high evanescent state in
D5 bands and a low evanescent state in theD2 bands, high
and low indicating the energy level of the evanescent st
Spurious solutions are excluded in our calculation. The
fore, only one of the wave vectors is chosen for the evan
cent state.

The column vector of the envelope function of the hi
evanescent state in theD5 bands becomes

Fhe5@F1
he 2h2

heF1,z
he h3

heF1
he#T. ~A1!

Here the superscriptT is for the transpose of the row vecto
and the envelope functionF1

he is defined by

F1
he5A1

hee2khez1B1
heekhez,

where theh’s are given by

h2
he5

2Q@~E258
u

2~khe!2!#

@E152~khe!2#@E258
u

2~khe!2#1Q82~khe!2 ,

h3
he5

2QQ8~khe!2

@E152~khe!2#@E258
u

2~khe!2#1Q82~khe!2

and theE’s are defined byEj5E(G j )2Em. The column
vector of the envelope functionsFhe is valid only in the en-
ergy range betweenE(G258

l ) andE(G15).
ex-
a-
s-
e
tal
he

e.
-
s-

The column vector of the envelope function of the ele
tron state in theD1 bands becomes

Fel5@F1
el F2

el ig1F1,z
el 1g2F2

el#T, ~A2!

where the envelope functionsFel and theg’s are defined by

F1
el5A1

eleik1z1B1
ele2 ik1z1A2

eleik21z1B2
ele2 ik2z,

F2
el5h21

el A1
eleik1z2h21

el B1
ele2 ik1z1h22

el A2
eleik21z2h22

el B2
ele2 ik2z,

g15
h32

el h21
el 2h31

el h22
el

k1h22
el 2k2h21

el ,

g25
k1h32

el 2k2h31
el

k1h22
el 2k2h21

el ,

and theh’s are given by

h21
el 5

2Tk1

E1
u1k1

2 , h22
el 5

2Tk2

E1
u1k2

2 ,

h31
el 5

2T8k1

E1
l 1k1

2 , h32
el 5

2T8k2

E1
l 1k2

2 .

The column vector of the envelope function of the lo
evanescent state in theD2 bands becomes

Fle5@F1
le 2 ih2

leF1,z
le h3

leF1
le 2 ih4

leF1,z
le 2 ih5

leF1,z
le #T,

~A3!

where the envelope functionF1
le is defined by

F1
le5A1

lee2k lez1B1
leek lez

and theh’s are given by
h2
le5

2P

E28
l

2a3
le2~k le!2 ,

h3
le5

2PP8~k le!2

@E28
l

2a3
le2~k le!2#@E258

l
2a1

le2a2
le2~k le!2#

,

h4
le5

&R

E122~k le!22
&PP8R8~k le!2

@E122~k le!2#@E28
l

2a3
le2~k le!2#@E258

l
2a1

le2a2
le2~k le!2#

,

h2
le5

2P9

E28
u

2~k le!2 1
PP8P-~k le!2

@E28
u

2~k le!2#@E28
l

2a3
le2~k le!2#@E258

l
2a1

le2a2
le2~k le!2#

.

his
Here, thea’s are defined by

a1
le5

2P-2~k le!2

E28
u

2~k le!2 , a2
le5

22R82~k le!2

E122~k le!2 ,

a3
le5

2P82~k le!2

E258
u

2a1
le2a2

le2~k le!2 .
The column vector of the envelope functionsFle is valid in
the energy range betweenE(G258

l ) andE(Xlc) since theD2

bands have only purely imagine crystal momentum in t
range.

The wave functions of the high evanescent stateChe, the
electron stateCel, and the low evanescent stateC le are given
by
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Che5F1
heu258

l
2 ih2

heF1,z
heu151h3

heF1
heu258

u , ~A4!

Cel5F1
elu151F2

elu1
u1~ ig1F1,z

el 1g2F2
el!u1

l , ~A5!

and
e

C le5F1
leu258

l
2 ih2

leF1,z
le u28

l
1h3

leF1
leu258

u
2 ih4

leF1,z
le u12

2 ih5
leF1,z

l3 u28
u . ~A6!
*Author to whom correspondence should be addressed.
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