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3D system

* solid of sides d,, dy, d, containing N free electrons
e assumption — neglect e-e and e-crystal interactions — free electron gas
 use effective mass m*

1 1
e energy of electron E = ~mv? = =m(v2 + vy + v2). Two electrons can have
the same energy i.e. be in the same state, two spins

» wave vector k = (ky Ky k),

—

p=mb=hk=h_"—=h/A
+k =| | = +2m/2

* ~“nm long wave

e periodic boundary conditions — to simulate an infinite solid

* Yy, 2) =P +dy,y,2) =P(x,y +dy,z) =x,y,z +d,)
* Y(x,y,2) = Pp)P(y)P(2)
e« solnP(x) = AetkxXetkyy gikzz
 k, = +tnAk = +n2n/d, ... ..
* twoe-s (m; = +l) in each state
» * all states are equal!\)(adlstrlbuted contd
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periodic boundary condition 1D

Vix)
'y
A=d/3
. k=46 1/d
h=d/2
=) A \y(x) k=244 n/d,
n= - 1.: fz T/d,
N e s N




periodic boundary conditions

* all states are equally distributed
e 2e-sink, =0
e 2e-sink, = +Ak,—Ak (v, = £AV)
* 2e-sink, = +2Ak, —2Ak (v, = £2AV)
* In 3D bulk material
 2e-sin (ky ky, k;) = (Xn, Ak, £ny,Ak, +n,Ak,)
* sphere for large values of n
« AtOK
* kg radius of sphere
* Fermi velocity vg
* Fermienergy Er < kr, E < Er occupied, E > Ep vacant
* Separation between states, Ak = tn2n/d,, ,

* bulk material, dy,, , is large, Ak small, quasicontinuously filled levels

* nanomaterials Ak is large
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DOS 3D

* Density of states, DOS D5, (k) — number of states per unit interval of
wavenumbers

* D3,4(k)AK is the number of electrons with wavenumber between k and Ak
* # of e-s with wavenumber < k,,, ;.

kmax
NCkma) = | Dsali) dk
 GS.alle-shave k < kp 0
D3q(k) = dlz[l—g{) o k*
o E(k) « k?
D;4(E) = dIL(EE) = dljlik).;lg x E.1/NVE <« VE




electrons in 3D bulk
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2D sheet

* extended in x- and y- directions, few nm thick in z-dirextion

* free electrons in xy-plane, quantized along z

* 2DEG

* infinite high potential walls at z = i%dz

* solutions = PIB,
* E, =h?k;/2m = h*k;/8n*m = h*n;/8md3, n, = 1,2,3 ...

e similarto k, = nAk,, Ak, =m/d,

* distribution of states in k,k,, plane remains quasi-continuous

* visualize this as planes in k, k,, with a separation Ak, between the planes in
k., direction. label individual planes with n,

» within one plane # of states is quasicontinuous

/'\

7 )
M
¥,
#;

e . # of states « area of plane

* i.e.# of states < k? = kZ + k3

* inaring, # states o< k. Ak

* integration over all rings = total area of plane

A

n=3

A

h=2/3d,

n=2

k=3m/d,

?'\.:d{‘

k=2m/d,

A=2d,

n=1

k=1m/,

ad
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DOS 2D
* Dyg (k)

* Dyu(E)

X k

dN (k)
dk
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DOS 1D
* Di4(E) = 1/‘/E

a)
z
xfj‘i',v
L
c) d)
2 Bk, )
I:{k“} & Dy 4(E)
— k, b " k‘_'-'.r. L 1 = |
Ak, =0 Ak,
Fig. 26 (a) Onedimensional solid. (b) The can also be seen in the dispersion relations.
allowed (k,. k. k; )-states can be visualized Along the k,-axes the energy band E(k. k,. k)
as lines parallel to the k,-axes in the three- is quasi-continuous, but along the k.- and k.-
dimensional k-space. In this figure only one axes only certain energies exist. (d) The density

line is shows as an example. Within each line, of states within one line along the k.-axes is
the distribution of states is quasi-continuous,  proportional to E-V/2, Each of the hyperbolas
since Ake — 0. The arrangement of the shown in the Dy,-diagram corresponds to an
individual lines is discrete, since only certain individual (k. k; )-state.
CML 102: Che discrete k.- and k.-states are allowed. (c) This 11




OD systems

a) b} k. .
Z 5 t k=0, k=0, k=0)
A AL
X W
r k';, k-_-lu
d)
c) .
Eik,, .} .
T Dy E)
Y
- k‘:-;r.-t = F
Ak, s
Fig. 2-7 A zero-dimensional solid. (a) The space. (c) Only discrete energy levels are
solid is shrunk in all three dimensions to a allowed. (d) The one-dimensional density of

thickness that is comparable to the De Broglie states Dgy( E) contains delta peaks, which
wavelength of its charge carriers. (b) Because  correspond to the individual states. Electrons
of such confinement, all states (k. k.. k) are  can occupy only states with these discrete

discrete points in the three-dimensional k- energies.
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* Energy level spacing § < Er /N i.e. the highest occupied energy divided by
the number of electrons

* Ep < p(=N/V)

* Fermi energy depends only on the density of electrons, not on the number
=> E is independent of particle size

e §x1/V x1/L3

* The size of the particle decreases, energy level spacing increases

/'

X

@ : CML 102: Chemistry of Functional Materials— Sameer Sapra, Department of Chemistry, lIT Delhi




Quantum dots

E 1 h?
well, 1D — 8 m*d?2 bulk semiconductor quantum dot semconductor
EIL}:J E(k) V()
2
. E =3t \ / N
4
) . _ Pl N
ES here = l h EE{hllﬂk} F e, Egid} o d__ B
1% 2 m*d?2 ;f‘x . ]
e S
1 1,1 / \
* * — * + * / IH ﬁf\uﬁ
m my, me 1

E _ -1.8e?
Coul — 2mred

E,(dot) = Ej(bulk) + E ey + Ecow

E.(d) = E,(bulk) + - [1 +
g g 2d2 *

1 1.8 2
mg  my

2med
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