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ABSTRACT

A finite-depth square-well model is used to show that the band gap of a nanoparticle for a given size can be tuned by embedding the
nanoparticle in different matrices. This may find a technological importance in different branches of physics. The band gaps calculated using
this model are found to be consistent with reported experimental band gaps of semiconductor materials (PbS and CdS) embedded in different
matrices. A new wave function for a one-dimensional semiconductor has been deduced to evaluate the size-dependent band gap of a
semiconductor wire, explaining the variation of the band gap of porous Si with the ratio of Si—O and Si—H bond concentrations.

It is well known that the band gap of a semiconductor in different branches of physics. One example is in photo-
nanoparticle increases as the particle size decreases. Howelectrochemical cells (PECs). To be practically useful as a
ever, the reported experimental band gaps of different PECs material, a semiconductor should have a band gap
semiconductors are inconsistent. For example, Wang'et al. small enough to absorb an appreciable portion of the solar
have observed a band gapo2.4 eV for PbS nanoparticles  spectrum in order to produce a large current. On the other
of diameter~1.0 nm capped with ethylene-15% methacrylic hand the semiconductor material must have a band gap large
acid copolymer (E-MAA), whereas the band gap is 5.2 eV enough so that the open-circuit current should be small.
for 1.0 nm diameter PbS particles embedded in dielectric These considerations limit materials for photovoltaic ap-
SiO, matrix2 Similarly, for polymer capped 1.0 nm diameter plications to those with a band gap in the-220 eV rangé.
CdS particles the band gap is 3.53 €Whereas for~1.3 Further, the loss of quantum efficiency in PECs is due to
nm CdS particles stabilized in 1-thioglycetthe band gap  electror-hole recombination in the bulk and at the surface
is 4.78 eV, and for 2.4 nm CdS particles embedded in silicate of the semiconductor. The bulk recombination can be
glass the band gap is 3.5 é¥urthermore, it has been shown controlled by reducing the size of the nanopartiledereas
for porous silicon that the photoluminescence (PL) peak the surface recombination can be decreased by passivating
energy depends on the surface conditions of the porousthe nanoparticle surface. In this context, it is important to
silicon. The PL peak energy is found to increase almost note that the efficiency of PECs and that of an electrolumi-
logarithmically with the ratio of S+O/Si—H bond concen- nescence device can be improved by embedding n-type
tration® Very recently, Passseo et’dhave also shown that  nanoparticles within a p-type semiconducting polymer or by
the wavelength of luminescence of InGaAs quantum dots embedding p-type nanoparticles within an n-type semicon-
can be tuned by controlling the barrier embedding quantum ducting polymet®*! The above discussion reveals that the
dots. One of the possible explanations for this discrepancy particle size should be as small as possible with the band
in the reported value of the band gap might be due to the gap in the 1.6-2.0 eV range for the use in PECs. Another
influence of the surrounding matrix and the surface condi- important technological direction is the use of nanometer-
tions. If this is the case, it is possible to tune the band gap sized semiconductor particles as potential amplifiers operat-
of semiconducting nanoparticles of a given size by changinging at 1.3 and 1.5wm wavelengths for telecommunication
the surrounding matrix and surface conditions. devices, which for a given material can be achieved by
The tuning of the band gap of a semiconductor system changing the particle size. Chemical methods of nanoparticle
for a given particle size may find a technological importance Synthesis do usually not allow to obtain monocrystalline
particles over a wide size rang@'? It would be useful for

* E-mail: nanda@uni-duisburg.de; Phonet49 (0) 203 379 3909; practical _application ifitis po_ssible to control the band gap
Fax: 449 (0) 203 379 3268 of a semiconductor nanopatrticle for a given size.
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Different models have been proposed to understand the p—
blue shift of the band gap as a function of particle size. Wang |
et al! proposed a hyperbolic band model to include the band V
nonparabolicity and derived an expression for the band gap oe
that explains the observed size-dependence of the band gap _L
of PbS nanoparticles down to 2.5 nm. However, this model
cannot account for the difference in the band gap of a
nanoparticle when embedded in different matrices or when E (m)
the surface condition is changed. Many researéhétdhave g E )
considered the square-well potential to understand the size- g
dependent optical properties of low-dimensional semicon-
ducting systems because of its simplicity. In treating low- —
dimensional systems, three categories are usually con- T
V

sidered: the so-called two-dimensional (2D) systems, which
include thin films, layer structures, quantum wells and oh
superlattices; the one-dimensional (1D) systems, such as X i
semiconductor wires; and zero-dimensional (OD) systems,

such as clusters, quantum dots, and colloids. In 2D and ODFigure 1. Potentials Yo andVoy) for a semiconductor material in
semiconductors, the exact ground-state wave function cana matrix. The depth of the potentialéo¢ andVor) depends on the
be used for the evaluation of the different physical properties, Surrounding matrix.

whereas the wave function in 1D is approxima&tdar the
same. In this letter, aewwave function for 1D semiconduc-
tors is derived, which is a better approximation to the exact
one? and also suitable for the calculation of different physical
properties>?3 The size-dependent band gap is evaluated )

using the ground-state wave functions and the physical values de 4 1do +p*d=0, p<a (2a)
of the barrier height and then compared with different dp®> P o
experimental results on the size-dependent band gap of

different semiconductors, as published in the literature. and

Interestingly, this model explainquantitatvely the size

dependence of the band gap of a semiconducting material PP 1dd
embedded in different matrices and sets a limit to the possible F ; d_p -
extreme values of the band gap. P

Finite-Depth Square-Well Model. It is well established ith
that the effective mass approximation overestimates the band
gap of very small particles where it is assumed that the
carriers are confined within a spherical well of infinite depth 2meE =—o2 and w =
(Vo — ).124 Further, the square-well potential assumption h? h?
with infinite depth cannot account for the influence of the
surrounding matrix on the band gap of a semiconductor so that
nanoparticle. When a semiconductor material is embedded
within another semiconducting matrix having a higher band
gap, Vo is defined as m*a’a’ + mysla’ =

1D Semiconductor§.he radial Schirdinger equations for
a 1D semiconductor are

’®=0, p>a (2b)

B o, f>0 (3)

2y Ve myV,,

m_pe0©
Eg - Eg + Voe + Von 1) where

where E4® and E,™ are the band gap energies of the #2
semiconductor material and the matrix, respectivélyand =

Von are the confined potentials of electrons and holes,
respectively (Figure 1). Further, the mass of the electrons
or holes is considered to be the effective massnside the
semiconductor and the free mamsoutside the semiconduc-
tor 2! In the boundary condition at the surface, the derivatives
of the functions are divided by the ma$<® To evaluate ® =CJfp),p <a and @ =DKyap),p>a (5)
the size-dependent band gap of low-dimensional semicon-

ductors, we concentrate only on the ground state energy eigerrespectively.C and D are normalization constantdy(2) is
values. the Bessel function of the first kind ar(2) is the Bessel

2nra®

and wherea is the range of the potential. The ground-state
solutions of eqs 2a and 2b are
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function of the second kind, which decreases exponentially 20 : r . .

with increasingz. The exact ground-state wave function for ~ p

p < ais? PN
15 ~x .

P(p < 8) = —=—Jy(Bpla) (6)

1
Ja Jl(ﬂ)

n'ag(p)

For an infinite potential the wave function vanishespat Exact result [eq 6]
= a, which implies that the solution of eq 6 is given By= 05 |  ——- Approximation [eq 9] 2, .
fo ~ 2.4. The integral representation &z) is>> | 77 Approximation [eq 8] Q

3@ = 1 f” cossin 6) do %020 02 04 06 0.8 1.0
7’0 P/a

Figure 2. Comparison of the exact wave function of 1D semi-
conductors with the approximated ground-state wave function for
an infinite potential barrier.

When the argumert is much smaller than unityly(z) can
be approximated as

32 = cos@/v/2)

value with a prefactor of 5.76 instead of 4.935[0 get a
prefactor of 5.76, we modify the wave function as

Thus, the ground state wave function for a can be written
as _ [3.363 36 s B

P(p < a) = m (11a)

®(p < a) = AcosBp/v/2) )

This wave function can now be used for the evaluation of
energy levels, electrerelectron interactions, and electron
impurity interactions of a 1D system. Now, we discuss the
wave function outside the 1D semiconductor. legr<< 1,
the Bessel functioko(op) can be approximated as

~ .. /3363 x
D(p < a) o cosig1 (8) Ko(ap) = — [In(ap/2) + 7] (11b)

At the boundary of the semiconductor, the wave function \yherey is the Euler constant. This leads to a negative value
corresponding to a infinite potential vanishes, which implies for the wave function for large. Therefore, we use the

Based on eq 7, we can write the normalized wave function
as

that fa/v/2 = x/2. To obtain an analytical result for following form of the wave function fop > a
electron-electron and electrerimpurity interactions, Gold
and Ghazaff have used the following expression of the ®(p > a) = B exp(—ayp) (11c)
normalized wave function in the infinite barrier height
approximation: or

N 72T 22 (0> 2a)= Tap (11d)

The wave functions according to egs 6, 8, and 9 are whereB and B* are constants. These forms of the wave
compared in Figure 2. It can be noted from the figure that function are more appropriate ds= 0 for largep.
the analytical expression, given in eq 8, is a better ap- Applying the boundary conditions to egs 11a and 11c, the
proximation to the exact one than is that of ref 22. To test following approximation for the eigen value equation is
the approximation (eq 8) further, we estimate the energy obtained:
eigen value, which is given by

H2p2 h2 fa_, an pa (m*)aa— m*( ﬂ ) (12a)
Ey(1D) + V,(—o0) = 4mfa2 ~ 4935 (10 V2334 2334 mp\A

If the wave function in eq 11d is considered instead of that
and is similar to the exact expression for the energy eigenin 11c, the eigen value equation becomes
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pa . - pa _[m* _ [
2334 V2334 (mo)(l Tod) (mo) "

m* (Vo
E(K - ﬁzaz) (12b)

When the depth of the potential is finite, there is no

analytical solution for the energy eigen values. Solving eq

12 numerically, it is noted that the solutiga is a fraction
of v2.3341/2, which depends on the value dfy(A) and
Mo, i.€., fa = nip oV 2.3347/2, wherenipp is a dimension-
less parameter depending ¥g m*, my, anda. For a large
value of the potential\(p — ), 7100 — 1 and is less than
unity for smaller values oV, anda. Based on the above

Applying the boundary conditions to eqs 16a and 16b, we
obtain the following approximation for the eigen value
equation

pacotpa=— (%)(aa+ N+1=1- (“%) —
e o

It is straightforward to see that the solutiga depends
on the value of\(¢/A) and is a fraction ofz, i.e., fa = 7o o-
(Vo/A)m, wherenop o( Vo/A) is a function ofVo, mg, m*, and
a. For an infinite square-well potentiaV{ — ), 7opo — 1

discussion, the energy eigen value can now be written as and is less than unity for smaller values\éf anda. The

2.334°7°
Eo(1D) + Vo= W?ﬁo,o (13)

To choose the correct wave function outside the square-well,

expression for the energy eigen values in OD is

hzﬂz 2
Eo(0D) + V, = m’]ouo(voim*’ My,a) (18)

we compareds?a?, estimated using eqs 12a and 12b, and To estimate the value af? for 1D and OD semiconductors,

found that the wave function (11c) fqs > a is more
appropriate although the values @#a? for both the wave
functions are comparable.

0D Semiconductord.he radial Schidinger equations for
a 0D semiconductor are

o 2dd |

—+=-—F—+p D=0, p<a 1l4a

a4 | pdp B P (14a)
and

2

P 2dP_ ey —0, p>a  (14)

do?> P dp

The ground-state solutions of eqs 14a and 14b are
© =Cjy(Bp), p<a
and
® =Dh,M(iop), p>a (15)

respectivelyC andD are normalization constantg,is the
spherical Bessel function of first kind, anlagh® is the
spherical Bessel function of third kind:

io(Bo) = Sigf” (162)
and
heiap) = - —eXpL_p op) (16b)

608

egs 12b and 17, respectively, are to be solved numerically.

Coulomb EnergyEnergy AE.-n) for the Coulomb inter-
action between an electron and a hole in a semiconductor is
evaluated by

2¢?

IRCE drh’ [ 2(rr dre]
167%°A A% e
=— —e[ﬁ) sin*(B,ry) dry, —

€

2SI B sin (2B drh/rh] (19)

in OD. Using the wave function for the infinite-depth
potential, AE.— in OD is found to be

AE, , = —1.7%ea (20)

which is in good agreement with that obtained by Bius.

For finite value of the potentiaAE.—, is estimated numeri-
cally and is compared with that for infinite barrier height as
shown in Figure 3. It can be noted that the Coulomb energy
decreases as the barrier height decreases and is in agreement
with other reportd®2° A pseudopotential calculatiéhalso
suggests that the contribution of Coulomb energy is smaller
as compared to eq 20. Further, as the particle size decreases
the Coulomb energy first increases and then decreases. The
increase in the Coulomb energy is associated with the
confinement of both electron and hole as the particle size
decreases. However, as the particle size is decreased further,
the probability of finding an electron outside the barrier
increases, and as a result of it the Coulomb energy decreases.
Bayani et al?® have shown that the surface polarization also
influences the Coulomb energy and that the effect is
prominent when the dielectric constants of the surrounding
matrix are substantially different. However, they assumed
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Figure 3. Coulomb energiesAE.-) calculated for finite-depth O *
potential /o = 5.545 eV) for PbS nanoparticles embedded in,SiO 1.6 L '
The dielectric constant of PbS is takeneas 17.2! The energy 0.1 . ;}g_ y 10.0
i-O/Si-

calculated for the infinite potential is shown by the solid line.
Figure 4. (a) Comparison of the band gap calculated by PC
the same effective mass inside and outside the particles,and this work for Si wire terminated by hydrogen. The parameters
which may influence the results quantitatively. Further, it used ar&g™(polysilane)= 4.69 eV3' m* = 0.2m, m* = 0.5m,
has been shovih that the electronic structure of CdSe 2andmo = m.* (b) Correlation between the band gap of porous
o : silicon with the S+-O/Si—H bond concentrations. The diameter of
nanocrystals is influenced by a polar environment, Whereasthe porous silicon is taken to 2.5 nm as it is not quoted in ref 6.
nanOCI’ySta|S Of GaP, CdS, PbS, S' W|th CrySta| structure Of The other parameters are the same as for (a)
higher symmetry group are expected to interact weekly with
their environment. It may also be note.d for g:dSe .that the ghown in Figure 4a. Here, we use= 11, m* = 0.2, my*
change of the energy shifts due to the dielectric environment _ 0.5m, andm, = m.32 A good agreement with the first-
decreases_ as tht_a dielectric.constant .increases [Figure 10 OEJrincipIe calculation can be seen. It is worth pointing out
ref 29]. This implies that.a difference in the pand gap of 2.8 | .16 that the band gap is found to be nearly the same as
eV for abl.O nm PbS ga;mcllaes Embeclidgd mﬁa@c:fE-MAA long as the SUNVoe + Von is the same, even whevhe =
calgnotI e acgog_nte or S)L/Jt_e po a;;atmn efiect. Von. This implies that the color of the luminescence is
esults and DiscussionsUsing eq 19, we can estimate  gqqjiive to the surrounding matrix but is not sensitive to
the shift in the conduction and valence band by substituting whether it is n-type or p-type, whereas the efficiency is very
m* = ms* and m* = my*, respectively. As the change in sensitive to it

band gap AE,) of a semiconductor particle is the sum of Now, we correlate the band gap of a porous silicon with
the shift in the conduction band and valence band, we havethe ratio S-O/Si—H bond concentrations. The valueEf™

used for polysilane is 4.69 e¥,whereas it is 11.5 eV for
Si0,.32 As the bond ratio of StO/Si—H is varied,ES™ was
obtained from the relation

7792 77h2
m* " my*

R2n?
2

+AE,, (21)

AE,

(m — i (M(g; ;
wherems* and my* are the effective mass of electron and Eg conc(Si—0) x Eg (SiGy) + conc.(St-H) x

hole, respectively. To test the validity of the formulation,
we compare our results with the reported experimental band
gap of three different systems: (1) porous Si with different The band gap was estimated for different bond ratios and
surface conditions; (2) PbS nanoparticles embedded withincompared with the experimental resfilis shown in Figure
SiO; and E-MAA; and (3) CdS nanoparticles embedded 4b. The diameter of the porous silicon is assumed to be 2.5
within silicate glass. nm, as it is not quoted in ref 6. It may be noted that as the
(1) Porous Si with Different Surface Conditions.First, bond ratio of Si-O/Si—H increases the confinement potential
the model proposed in this work was compared with the and thus also the band gap increases. This example shows
results of first-principle calculations (FPC) for a Si quantum clearly that the band gap of nanopatrticles of a given diameter
wire terminated by hydrogen (polysilane). As the band gap can be tuned by changing the surrounding matrix and hence,
of bulk Siis 1.12 eV and that of polysilane is 4.69 &4 the color of luminescence can also be changed by changing
barrier height of 1.785 eV is obtained for Si terminated by the surrounding matrix. An experimental evidence has been
hydrogen by assumingoe = Von = Vo. Using this value of provided very recently by Passaseo et waho showed that
Vo, the band gaps corresponding to Si wires of different the wavelength of luminescence of InGaAs quantum dots
diameters terminated by hydrogen were estimated andcan be tuned by controlling the barrier surrounding the
compared with the results of first principle calculatites guantum dots.

(m) ;
E, " (polysilane)
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~ 5.0 | @ Experimental result, PbS in SIO, [2] 4 d
> \ H Experimental results, PbS in E-MAA [1] ; 5.0 |
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Figure 5. Comparison of the experimental band gap of PbS Figure 6. Comparison of the experimental band gap of CdS
nanocrystals embedded in Si@atrix? and in E-MAA! with the nanoparticles embedded in silicate gfaisscompared with finite-
finite-depth square-well model. The values & used for the depth square-well model. The material parameters used for the
calculation are 5.545 and 1.75 eV for PbS nanocrystals i, SiO calculation aré/p = 2.3 eV,mg* = 0.18m,, my* = 0.53m,, andmy
matrix and in E-MAA, respectively. The other parametersrage = m24

= my* = 0.085m. andmy = m.* The band gap calculated for the

infinite potential is shown by the solid line.

color of luminescence can be tuned and a higher efficiency
of PECS can be achieved by changing the surrounding
matrix. Another important outcome of the work is the better
approximated ground-state wave function in 1D [eq 11a]
which can now be used for the calculation of electron
electron and electreaimpurity interactions in addition to
the calculation of the energy levels.

(2) PbS Nanoparticles Embedded within Si@ and
E-MAA. To test further the validity of the formulation
quantitatively, we compared the experimental data of PbS
and CdS with different surrounding matrices. The band gap
of E-MAA as estimated from the optical absorption dasa
~3.91 eV, which implies that the height of the potential in

case of PbS in E-MAA isv1.75 eV, wherea¥, = 5.545 Acknowledgment. This work has been supported by the

eV for PES_nan*o<:_rystals in Sj_;O_By using riSpeCtiI’EVO German National Science Foundation (DFG) in the frame-
valuesm* = my* = 0.083m, Mo = M, ande = 17.2;We o of the Special Research Program on “Nanoparticles

estimated the change in band gap of PbS nanoparticlesgom the gas phase: formation, structure and properties”
embedded in Sipand E-MAA and compared it with the (SFB 445).
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