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ABSTRACT
Dimension effect is an important effect to understand nanoscience and
nanotechnology. In this work, dimension effect on intrinsic carrier concentration of
semiconductor has been studied. The study is based on the calculation from the density

of state at 3, 2, 1 and 0 dimensions at temperature k,T <<g /2 Where g_is energy gap.

Since the density of state at different dimension has different function, intrinsic carrier
concentration calculated from density of state is expected to vary as a function of
dimension. For 2, 1 and 0 dimensions, the energy level are discrete outside the energy
gap. Moreover, 1 and 0 dimensions also have degenerated state and the degeneracy has
an effect on density of state. From the calculation, it has been found that the intrinsic

carrier concentration of semiconductor depends on the dimension and is proportional to

T P'? exp(-E, / 2kgT) where D is a dimension.

Key words: Density of state, Dimension effect, Intrinsic carrier concentration.
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INTRODUCTION

Dimension effect is an important effect to understand nanoscience and
nanotechnology. Due to dimension effect, the properties of nanostructures are different
from the properties of microstructures or bulk. For example, density of state (DOS) at
different dimension has a different function as shown in Figure 1. For 3 dimension, DOS is
a continuous function with respect to energy and is related to a square root of energy. For
2, 1 and 0 dimensions, the DOSs are the discrete function with respect to energy. The
lower the dimension, the smaller the number of available energy values and the discrete

function turns into a delta function at zero dimension.
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Figure 1. The function of density of state at 3, 2, 1 and 0 dimensions with respect to the

energy.
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Density of states and Fermi-Dirac distribution are the basic parameters for
calculation of electrical properties such as intrinsic carrier concentration, heat capacity and
conductivity etc. Therefore, a change of dimension should have an effect on the electrical
properties.

Bogacheck et al. (1996) have been calculated the conductance of nanowire and
demonstrated the quantization of conductance in the value of 2e*/h according to Landauer
formula. The conductance quantization of gold nanowire has been experimentally
confirmed by Takayanaki (2001). However, to our best knowledge, there has been no
report on the intrinsic carrier concentration as a function of dimension.

In this paper, we report on dimension effect on intrinsic carrier concentration of
semiconductor, calculated from density of state and Fermi-Dirac distribution. We will
demonstrate that the intrinsic carrier concentration of semiconductor depends on the

dimension and is proportional to T°/?exp(-E, /2k,T) Where D is a dimension.

MATERIALS AND METHODS
Assumption and calculation method:
The electron and hole concentrations can be defined as in equation (1).

o0 EV
n= [D.)fu()ds and  p= j D, (¢) f, (¢)de (1)
E —o0

C

For further calculation, the following assumptions are applied:
1. Fermi-Dirac distribution can be applied to all dimensions
2. All dimensions have conduction level and valence level

3. The thermal energy satisfies the condition & - u >>kgT

4. For all dimensions, intrinsic carrier concentration follows law of mass action

2
n“=np.
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Then, the Fermi-Dirac distribution and density of state in 2, 1 and 0 dimension are
substituted in Equation (1).

Thus, at room temperature ¢ — u >> kT , then Fermi-Dirac distribution can be

written down as

1 H—e
fo(s) = ~ exp(—=) (2)
) exp(i__l'fl)+1 kgT
B
1 E—
iy (2) =1- fe(e) =1- ~ exp(-—5) 3)
) exp(g_ )+1 kT
kgT

where fe(s) is a electron distribution in the conduction band
fn(¢) 1s a hole distribution in the valence band.

For 2 dimension, density of state of electrons and holes are

D,y (¢)de = ﬂ';; Z H(s - )de 4)
D,y (¢)de =%Z H(s - )de 5)

Therefore, electron and hole concentrations in 2 dimension are

m 0
oo =— 5 exp(u/KyT) | exp(-¢/k,T) Y H(s —&)ds (6)
Ec !
m b
oo = eXp(pt/KsT) [exp(z /K T) Y H(e - &)de @)

For 1 dimension, density of state of electrons and holes are

_1(2m, 1 nH(s—¢;)

Dip.(£)de = ﬁﬂ 2 j Z (g_gi)m de (8)
_1(2m, 1 nH(s—¢)

DlD,h(g)dg_ﬂ_[ hz J ,Z (8i —8)1/2 d&‘ (9)

Therefore, electron and hole concentrations in 1 dimension are
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1(2m, H? T nH(e-¢)

N :;[ 2 J eXp(,u/kBT)EJ;eXp(—g/kBT)ZWdE (10)
1(2m, "* = nH(e-¢)

Pio =;( hzhj exp(—y/kBT)Lexp(e/kBT)deg (11)

For 0 dimension, density of state of electrons and holes are

Dy (€)de = Dyp (€)de = AD niS(e—¢;)de ; Als constant (12)
Therefore, electron and hole concentrations in 0 dimension are

Nop = T Dop (€)eq fo(€)de =exp(u/KgT) T Az no(e—¢g)exp(-e/kgT)de  (13)

Ec [

Ev E,
Poo = jDoo(e)h,d f, (e)de =exp(—u/k,T) j A> n,8(s—¢;)exp(e/kyT)de (14)
) —o

Finally, the intrinsic carrier concentration can be obtained from law of mass action.

CALCULATION OF RESULTS AND DISCUSSION
The general solution of the product of electron and hole concentrations in 3, 2, 1
and 0 dimensions, calculated from density of state, are summarized in Table 1. In order to
simply calculate the intrinsic carrier concentration, we considered the special cases for two

cases. For the first case, electrons are considered to have energy only E.and holes are
considered to have energy only E,. The calculated intrinsic carrier concentration for the

first case is summarized in Table 2. It was found that the intrinsic carrier concentration is

related to dimension as

npa TP? exp(—E, /2kgT) ‘D=3,2,1and 0 (15)
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Table 1. The general solution of the product of electron and hole concentrations in 3, 2, 1

and 0 dimensions calculated from density of state.

Dimension General solution of the product of electron and hole

concentration (n? =np)

keT )’
3 N3p Psp = 4[2872712) (memh )3/2 exp(—Eg /kgT)

2 © 0
2 Nyp Pop = M[Z‘,@(p(_lzcn /kBT):||:zeXp(Evn /kBT):|

234
T h n=1 n=1

z(memh):l-/2 I(BT

1 Nip Pip = T{i ncn EXp(_Ecn /kBT)i||:i nvn eXp(Evn /kBT):|
n=1 n=1

0 Ny Pop = A’ [i n, exp(-E, /kBT)}{i n, exp(E, /kBT)}
n=1 n=1

where

E

Cq

is an energy level in conduction level of ordernandE, =E

c

E, isanenergy level in valence level of order nand E, =E

V, v
The plot of intrinsic carrier concentration as a function of temperature for the first
case is shown in Figure 2. It can be seen that the curves are different at different

dimension.
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Table 2. The first case of intrinsic carrier concentration in 3, 2, 1 and 0 dimensions.

Dimension First case of intrinsic carrier concentration (n,)

k.T 3/2
3 ni'3D - Z(Z;ZJ (memh)3/4 eXp(—Eg /ZkBT)

K. T
2 Niop = (7;72 j(memh)llz exp(—Eg 12k;T)

1/2
1 Mo :[ZE;JJ (mel”l'\p)l/4 eXp(—Eg 12k;T)

0 Niop = Aexp(-E, /2k;T)
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Figure 2. Plot of intrinsic carrier concentration as a function of temperature for the first case.
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For the second case, energy level of electrons in upper conduction level and energy
level of holes in lower valence level are considered to be symmetrical, behave as the free

electron and then, follow the relation
E. =n’E and E, =E, -(n*-DE_;n, =n, (16)

The calculated intrinsic carrier concentration for the second case is summarized in

Table 3.

Table 3. The second case of intrinsic carrier concentration in 3, 2, 1 and 0 dimensions.

Dimension Second case of intrinsic carrier concentration (n,)
3 =2 AR 34 E,/2k,T
ni,SD - 27Z'h2 (memh) exp(_ g B )
(memh)llszT S 2
2 Nz =-—————2—exp((E, + E,)/ 2k T)| D_exp(-n’E_ /kgT)
n=1

1/2 0
1 Niip = (27;:3) (m,m, )" * exp((E, + Ev)/2kBT){Z n. exp(-n’g, /kBT)}
n=1

0 Nioo = Aexp((E, + EV)/2kBT)[Z n. exp(-n’E, /kBT)}
n=1

To investigate in more detail, ZnO was used as a study case. For ZnO at room
temperature about 300 K, it was found that the first term of series in all dimensions was
greater than the other term of series. Thus, the first case and the second case have the same

function. Then, the intrinsic carrier concentration can be related to dimension as

noa TP'2exp(-E, /2k,T) ;D=3,2,1and 0.
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Moreover, if we plotted the graph between Inn+E /2k T and InT, the slope of

the graph would correspond to D/2 as shown in Figure 3. This plot could be used to

determine the dimension of the sample by comparing with the experimental results.
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Figure 3. Plot between Inn+E_ /2k,T and InT for ZnO.

CONCLUSION
The dimension effect on intrinsic carrier concentration of semiconductor has been

studied. The study is based on the calculation from the density of state at 3, 2, 1 and 0

dimensions at temperature T <<5 where E_ is energy gap. From the calculation, it
2

was found that the intrinsic carrier concentration of semiconductor depends on the

dimension and it is proportional to T°'2exp(-E, /2k,T) Where D is a dimension. Moreover,

the slope of the plot between Inn+E_ /2k,T and InT would correspond to D/2 and could
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be used to determine the dimension of the sample by comparing with the experimental

results.
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