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Evanescent states in thin silicon films and their significance
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The full-zonek- p method is used along with the effective-mass and envelope-function approximations to
investigate the photoluminescen@l) 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.

I. INTRODUCTION standing 001] silicon film in which the confinement is in the

Z direction on the basis of the full-zone-p perturbation

PJ hef observat_llqn ofhroon;terr:pgrature tpzomllumwescetn(;icheme with the effective-mass approximati@MA) and
(PL) of porous silicon has attracted a great deal of theoretic nvelope-function approximatiofEFA). It is shown that

and experimental interest since its discovefhe origin of multiple PL bands can exist in the silicon film and that the
this interesting phenomenon has been suggested to be dueype p| pand can be found in relatively thick silicon films.

the quantum confinement of photoexcited carriers withinrhis plue band is found to be due to an evanescent state.
nanometer-sized silicon structure§More specific sugges-

tions have followed. These are surface efféttmt are size

independent and size effects that are size deperdereri-

mental results are also available, indicating that both surface- Consider a free-standin@01] silicon film whose thick-

and size-related bands coeXigtTheoretical studiés'*cen-  ness is 2 in the z direction. There are three doubly degen-

ter on the existence of a direct band gap and the effects afrate A5 bands, threed; bands, and fivel, bands in the

chemisorption on the energy gap. [001] direction’? These bands are given by the following 3
In this article, we investigate the nature of PL for a free- X3 and 5<5 matrices:

Il. CONFINEMENT CONDITION

E(Tys)+k:  Qk, 0
As=| Qk,  E(T+kl  Qk, |, (1)
0 Q'k, E(Ty)+Kk2
E(T19)+k2 Tk, T'k,
Ay=| Tk, E(T)+K: 0 ©
Tk, 0 E(I)+k2
and
() +k2 Pk, 0 —V2Rk, Pk,
Pk, E(T},)+k2 P’k, 0 0
A,= 0 P’k, E(Ty)+k: —v2R'k, Pk, , 3)
—V2Rk, 0 —V2R'k, E(I'pp)+k? 0
L Pk, 0 Pk, 0 E(Ty)+K2 |

whereE(I';) is the zone-centered energy corresponding;to direction is neglected. Atomic units are used throughout.
and theQ’s, T’s, P’'s, andR's are the matrix elements of the  With the EMA and EFA, Eqs(1)—(3) can be rewritten as

momentum. Here, the crystal momentum in the transverse
AFM=EMF™, (4)
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where the superscriph represents the state, e.g., electron, b Q hhehh - e

heavy hole, etc., such th&" is the column vector for the Fizt 5 mF1,~N"F1=0 atz=-q. (8b)
envelope functions of the state andE™ is the correspond-

ing energy level. The column vector for the envelope func-Combining Eqs(4) and(8) yields the confinement condition

tions of the heavy holer™, becomes for the heavy hole of the silicon quantum film:
Eh 2 kmnh tan 2ka) ©
=ta ,
eon_ | Ehn| ) k(M7 %2 a
hh
F3 wherem™ is defined bym™'=1—(Q#i"/2.
where The wave function of the high evanescent sféig. (A4)
in the Appendi} and the boundary conditidrEg. (7)] yield
|:*11h: AgheikZJr the—ikz, the following confinement condition for the high evanescent
state:
iQ(Eu +k2) ) o o
gh:(E15+ k2)(E£:+ k3 —Q'%K? Fih=—inSFhn, (mnekhet N8 22" = (mieche— \he)2e =21 (1)
where m is defined bym™=1-(Q#}9/2. The confine-
o QQ'k? hh hhehn ment condition for the low evanescent state is the same as
F3 :(E 1K) (Bt kD) — Q' 2K2 Fi=mnzF" Eq. (10) with the superscript “he” replaced by “le” and the
15 25 parametem'® defined by
Here, the subscript is for the derivative with respect t» " y o ) e
and theE’s are defined by m®=1+(P73)/2—(Rng)/vV2+ (P" 7g)/2.

Similarly, the confinement condition for the electron state

_ _ hh u _ uy_ r=hh
Eis=E(I';s9) ~E™ and Ex=E(I';5) —E™. can be written as follows:

Since the presert: p perturbation scheme enables expan- 5.2 _ .2 5 20042k~ q)+ 4 X sin(2k* ) —2
sion of the full-zone Bloch function in terms of the Bloch (5217 52\ ") cod )+ 4s1is12h sinf D=2
functions associated witk=0,® the wave function of the — 2 02)c0g 2k Q) — 45,1520\ SIN(2k ™) — 8( 75\ 2
heavy hole is

2
S11

+MyyMy) (750 >+ Mypm,;) =0, (11
whh= vy Eify o Ry : . ,
1525 7T 2HI5T T3 Hoy where\ is used for\® and thes’s andk™ are defined by

h hh=hh u _ el el 2
ZU1st 73 F1 Ups, (6) S11= MMy — My Moyt (75— 721N,

hh, | + _hh=h
=Fpuy —inFy
The wave functions of the electron and evanescent states are
given in the Appendix. The evanescent states are treated in
the same way as the propagation state. There is one evanes-
cent state in thé\ g bands betweeE(F'zs,) andE(T"45) and

another in theA, bands betweeE(F'zs,) andE(X;.). The

large purely imaginary wave vectors are taken as spurious . _ _
solutions** andk™=k; = k,. Here they's are given in the Appendix and

For a silicon film surrounded by vacuum, the boundarythe m's are defined by
conditions at the surface may be written as follows:

— el el 2
S21= — MMy — My iMy— (755F 173 N7,
_ _ + el el
S12= Moo= M+ My175— M12721,

—_ el el
S12= Moo= My — My 75+ Mo75;

- :<1_ T’n)k FRLAAE TR
PPN =0  at z=q, (7a) 1 2 |t 2 T
phh\hhphh—0 gt z=—q, (7b) Ty T+T v,
oz Mqo= 1- 2 k2+ 2 7l§|2-
whereA™ is given byA"= yW—-E™ andW s the work func-
tion. With the aid of the orthogonality conditions T /
Mp=— + 751K, Mp=— + 755K,

Q 2 2
(Ul 01 9z|uy5) = >h (Uag 9/ 97| uys) o , ,
The wave function in the vacuum surrounding the film
Q' can be expressed as follows:
=—1i, (uygaldz|uy) =0,
2 25| 2

{ ATeikXxeikyyef)\mz in z=q (123)
P

Eq. (7) is rewritten as follows: BTeikXxeikyye)\mz in z=—q. (12b

The continuity of the wave function at the film surface re-

hh J hh=hh hhezhh
Fi,+5n, F,+t\N"F; =0 atz=q 8a) .
1z 271z 1 tz ' ( quires, for exan ple, fOl?q, that

2
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TABLE |. Parity of the envelope functioF . TABLE lll. Parameters used for the calculation. The energy and
matrix elements of the momentum are in rydbergs and atomic units,
State F, Parity Envelope function respectively.
high even  Fi*=Al{e **+e")=2A]"cosh(?) Parameter Value Parameter Value
evanescent
odd  Fle=Ale **—e*?) = — 2AMsinh(x2) E(I) 0.00 R 0.830
electron even  F&(z)=2A%cosk2)+r cosk2)] E(T}) 0.256 p” 0.100
FEl(z) =2i A% 7S] sin(.2)+r 75 sin(k,2)] E(T0) 0.252 P’ —0.090
odd Fel(z) =2i A% sin(k2)+r sink,2)] E(TY) 0.520 Q' —-0.807
Fel(z) =2A% 75! cosk,2) +r 75, cosky2)] E(TY) —0.950 R’ 1.210
low even  F¥=2Afcoshi2) E(T12) 0.710 P 1.320
evanescent E(I'y) 0.940 T 1.080
odd  Ff=-2Afsinh(2) E(rY) 0.990 T 0.206
heavy hole  even  F}'(z)=2A}"cosk?) P 1.200 w 40 eV
odd  Fi"(2)=2iA1"sin() Q 1.050
FI(a) e (1) —i 73N () uss(r) + 73 F () b (1) possible states, the high and low evanescent states, electron
state, and heavy-hole state, each having odd and even states.
= AMelkxxgikyyg A", (13 Itis notable that the high evanescent state is size insensitive

o " m . and that the even and odd states have almost the same energy
The constant coefficientd,” andB," are obtained by aver- |eyel for a film thickness larger than 20 A. The even and odd

aging the position dependence over one monolayer with it§tates of the electron are almost identical. The even low eva-
center line at the surface, i.&5 g. The wave function over npescent state does not exist for a work function of 4 eV. For
the space can now be normalized. For accuracy, the parity fiim thickness smaller than 20 A, the size dependency of
should be taken into account in terms of the envelope fUnCthe energy level is apparent for all the states but is main]y
tion F}"(z). Table | shows the parity of the envelope func- due to the odd heavy-hole state.

tions. The normalization of the wave functions yields the Figure 2 shows the dependency of the energy level on the

coefficients in Table I. . ~ work function for the key states involved in typical PL for a
The square of the matrix elements of the transitionfiim thickness of 10 A. The work function represents the
momentur® is state of the film surface, such as the presence of adsorbed

5 species, and thus is related to surface effects. It is notable in
|Pj 2= (1 - ii _ 4 dr+ mdr+ _qdr this regard in Fig. 2 that the electron and heavy-hole states
i—fl x; - _q q o are relatively invariant with the work function whereas the
) evanescent states are sensitive to the work function or the
. d surface effects. This finding is an indication that the evanes-
X \I’f*(—l—)‘l” , (14) g
X
2.00 -
whereP!_; is the dipole element between the stafigsand 1 ®
(f). Calculation of the square of the transition momentum 7317 RPN
", ; . ) . ] ®82886600000000000000000
matrix between states is laborious and the details are omit 1504 000°°
ted. Table Il gives the polarization of the transition between ’ E:Eg
Bg
the states. 1.25 1 @ffsmﬂsﬂﬂiEssaaammmmmmmmsm
a
.I
I1l. RESULTS AND DISCUSSION % 1.00 1 - .
= 1 =
The energy level of each state can be calculated from theg 007
corresponding confinement condition using the parameterrgs wweeewwww
given in Table Ill. The result for a work function of 4 eV is & 0® 0®®
. . . . = &
shown in Fig. 1. Because of the parity, there can be eight5 054 @@0 B electron even statc
o . ee 8 odd electron state
TABLE II. Polarization of the transition. ] A4 ®  even high evanescent state
Qe ©  odd high evanescent state
Transition states Polarization -1.0- ° & even heavy hole state
- B odd low evanescent state
even high evanescent, even electron transverse : _ : ] . i :
even high evanescent, odd low evanescent transverse 10 20 30 40
odd high evanescent, odd electron transverse . .
' Film thickness
odd high evanescent, even heavy hole transverse
even electron, even heavy hole longitudinal FIG. 1. Energy level of each state as a function of film thick-

ness. The work function is 4.0 eV.
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from odd high evanescent state to even heavy hole state
----- from odd high evanescent state to odd electron state
------- from even high evanescent state to even electron state
"""""""" from even electron state to even heavy hole state

FIG. 2. Dependence of the energy level on the work function.
The film thickness is 10 A.

cent states represent most of the surface effects. The low FIG. 4. Square of the transition momentum element for each of

evanescent state disappears at 6 eV. four possible transitions as a function of film thickness. The work
There are five possible optical transitions that can takdunction is 6.0 eV.

place when the work function is 4 eV; only four optical

transitions are possible when it is 6 eV, the odd low evanes-

cent state disappearing at 6 eV. The transition energies f

Yange: the blue is due to the transition from the high evanes-
these four possible transitiondM=6.0eV) are shown in g g

Fig. 3. The result indicates that even at a film thickness of S&ent state to the heavy-hole state, which is longitudinally

A a blue PL band can coexist with a red band in the visiblepOIarizeOI PL{see Table )}, and the red to the transition from
the electron to the heavy-hole state. According to the result

30 here, the blue longitudinally polarized PL band in a 30 A
silicon quantum well observed by Steigmetral}” might be

due to the transition from the high evanescent to the heavy-
hole state, which is longitudinally polarized.

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

It may seem odd in Figs. 3 and 4 that optical transitions
between odd and odd states or even and even states are dis-
cussed. In reality, however, transitions between the same-
054 - parity states of the envelope function are due to the opposite
. parity of the Bloch functions.

In summary, a formulation based on the full-zokep
00 : : . : method has revealed the presence of evanescent states in thin
10 20 30 40 silicon films. The presence of these evanescent states ex-
Film thickness (angstrom) plains why both blue and red PL bands can coexist. The blue
band decays fast and the red slowly. These states also ex-
— from odd high evanescent state to even heavy hole state plain why the blue band can appear for films thicker than 30
= -~ - from odd high evanescent state to odd electron state A. The evanescent states are sensitive to the work function,
o ?"m cven high evanescent state to even electron state even the existence of some of the states depending on the
rom even electron state to even heavy hole state . . . . e .
magnitude of the work function. This fact is an indication

FIG. 3. Multiple transition energies in silicon quantum film. The that the evanescent states represent surface effects as op-

work function is 6.0 eV. posed to size effects.

2.5
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Transition energy (eV)
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APPENDIX: WAVE FUNCTIONS

The complex band structure off@01] Si quantum film is
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The column vector of the envelope function of the elec-
tron state in the\; bands becomes

such that the propagation state and an evanescent state coex- ; el el T
iy1F1,+vaF3]

ist near the conduction-band minimum energy. The propaga-

tion states that represent the real crystal momentum are claghere the envelope functiors® and they's are defined by
sified into the hole state and the electron state. The
evanescent states that represent the purely imaginary crystal
momentum are classified into a high evanescent state in the |
As bands and a low evanescent state in Aebands, high Fo=
and low indicating the energy level of the evanescent state.
Spurious solutions are excluded in our calculation. There-

Fel=[FeI Fel (A2)

F?:Aileiklz‘l- Bile_iklz‘l- Agleikﬂz_l_ B(z-:*le—ikzz,

SllAileiklz 7]21Bel —ikgz eleeIe|k21Z neIBeI —|k22

el el el el
M327M21~ M31722

fore, only one of the wave vectors is chosen for the evanes- 7T kimo—Kam5;
cent state.

The column vector of the envelope function of the high k1 75— Ko 7Sy
evanescent state in th; bands becomes Vo=

Fre=[FY® —mFY, 5%

Here the superscrigi is for the transpose of the row vector,
and the envelope functiolﬁ*l1e is defined by

(A1)

h
Fhe Ahe -k “z+ B'{ee" ‘“z,

where they's are given by

—QL(Ezs — («")?)]
[E1s— («")?][Ejs — ("9?]+Q"%(k")?’
—QQ'(«")?
[E1s— («")?][Eqg — ("9%]+Q"?(£")?
and theE'’s are defined byE;=E(I';))—E™. The column

vector of the envelope functior® is valid only in the en-
ergy range betweeE(FZS,) andE(T"5).

he__
72 =

he__
73 =

ky 7722_ ka 7721
and they's are given by

776" _Tkl 7]":" _Tk2
AT EUy2 TR
ol —T’kl eIZ—T’kz
31~ 1+k 732 E1+k§'

The column vector of the envelope function of the low
evanescent state in the, bands becomes

_ |

Fe=[F7

le| le-|
UELRY —ingFL,lT,

(A3)

I772|:|lez _ianlle,z
where the envelope functidﬁ'le is defined by
Fl]_e:Alle67 KleZ+ B|19eK|eZ

and the#'s are given by

le__ —P
K E, — aISE— (k)%
o _ PP/(Kle)Z
7] = 1
By — a5 (K9] Eqy — af — a5 — ()]
e V2R x/_PP’R’( %)
T B (K9 [Er (K92)[E) — a— ()] [Epg — af— a— (x%)?]'
o _P// . PPIPH/( Ie)2
7= .
2 EY _ (Kle)Z [E;, _ (Kle)Z][EL, (KIE)Z][E25’ _ al a|26_ (Kle)Z]
|
Here, thea's are defined by The column vector of the envelope functioRS is valid in
. - P2( 182 | —2R'2(K'®)2 the energy range betwe@(l“'zs,) andE(X,;) since theA,
afzw, a§=E—_|e—2, bands have only purely imagine crystal momentum in this
E, —(k°) 12— (K°) range.
P2( k%2 The wave functions of the high evanescent stf§ the
aS=—; e e electron statal®, and the low evanescent staké are given
_ _ _ e\ 2
Eyy —ay—a;— (k") by
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he, | - __herh he—h le, | s el | le| s el
Whe=FUe, — i 7hF1U1st 75 F 1 Upg (A4) W'e=F Uy —i 75F 17Uz, + 73F TUpg — i 74F U1
. ¢ leI3

W= Fuyet FEUS+ (i FE,+ Ul (A5) —ingFL Uy, - (A6)
and
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