Handout 25

Semiconductor Heterostructures

In this lecture you will learn:

* Energy band diagrams in real space

* Semiconductor heterostructures and heterojunctions
* Electron affinity and work function

* Heterojunctions in equilibrium

* Electrons at Heterojunctions
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Band Diagrams in Real Space - |
N-type semiconductor P-type semiconductor

Energy Energy
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Band Diagrams in Real Space - I

Electrostatic potential and electric field:
An electrostatic potential (and an electric field) can be present in a crystal:
#(F) and  E(F)=-V4(r)

The total energy of an electron in a crystal is then given not just by the energy band
dispersion E,|k)but also includes the potential energy coming from the potential:

E (k) - E,(k)-es(r)

Therefore, the conduction and valence band edges also become position dependent:

E. — E.-ey(F) E, - E,—ed(F)
Example: Uniform x-directed electric field
E.
/: —
———-----"""F E(F)=E, %

—— % #9(F)=9(x =0)-E,x
/Ev E.(x)=E.(x=0)+eE,x

N-type semiconductor
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Electron Affinity and Work Function

Electron affinity “y ” is the energy required to remove an electron from the bottom
of the conduction band to outside the crystal, i.e. to the vacuum level

Energy
Vacuum

Potential in
a crystal

Conduction —»
band

0 X

Work function “W?” is the energy requiredto  -4---------- ----V
remove an electron from the Fermi level to
the vacuum level w X

£ Ee
* Work function changes with doping but -TTTTTTET E;
affinity is a constant for a given material

E,
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Semiconductor N-N Heterostructure: Electron Affinity Rule

Heterostructure: A semiconductor structure in which more than one semiconductor
material is used and the structure contains interfaces or junctions between two
different semiconductors

Consider the following heterostructure interface between a wide bandgap and a
narrow bandgap semiconductor (both n-type):

2
The electron affinity rule
tells how the energy band
"""" edges of the two
semiconductors line up at
21 22 a hetero-interface
Ecq
L Ec
"""" -~ TE
Egq E 2
g2
Ev1 Ev2
E(m — Spring 2009 - Farhan Rana — Cornell University
Semiconductor N-N Heterojunction
22 o
E.q Electrons Something is wrong here:
| . N | E., the Fermi level (the chemical
f1 potential) has to be the
-------- T~ T Efy same everywhere in
Eg1 Eg2 equilibrium (i.e. a flat line)
E
Ev1 | v2

* Once a junction is made, electrons will flow from the side with higher Fermi level
(1) to the side with lower Fermi level (2)
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potential:

Semicond:uctor N-N Heterojunction: Equilibrium

Depletion |
,{Accumulation
‘region

_______________

region

Note: the vacuum level fo'llows the electrostatic

V(x)=V(x=0)-e[§(x)-¢(x=0)]

* Electrons will flow from the
side with higher Fermi level (1)
to the side with lower Fermi
level (2)

* Electron flow away from
semiconductor (1) will result in a
region at the interface which is
depleted of electrons (depletion
region). Because of positively
charged donor atoms, the
depletion region has net
positive charge density

* Electron flow into
semiconductor (2) will result in a
region at the interface which has
an accumulation of electrons
(accumulation region). The
accumulation region has net
negative charge density
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Semiconductor N-N Heterojunction: Equilibrium

21 X2
Ec1
Efp-=-t-=---=-- | Ec2
eVb I- ________ b
E,, Ef,
g EgZ
Ev1 | EVZ
Depletion mmmmm e
region Ievb _/Accumulation
________ - -- region
X2
EC1 Ec2
Ef1 —— T = - -- Ef2
Ego
Eg1 EV2
v1 _j

¢ Electron flow from
semiconductor (1) to
semiconductor (2) continues
until the electric field due to the
formation of depletion and
accumulation regions becomes
so large that the Fermi levels on
both sides become the same

* In equilibrium, because of the
electric field at the interface,
there is a potential difference
between the two sides — called
the built-in voltage

* The built-in voltage is related
to the difference in the Fermi
levels before the equilibrium
was established:

eVp =Eq—Ep2
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Semiconductor P-N Heterojunction

/l\ Ec2

-------- - - -E¢

D
Holes

Once a junction is made:

* Electrons will flow from the side with higher Fermi level (1) to the side with lower
Fermi level (2)

* Holes will flow from the side with lower Fermi level (2) to the side with higher
Fermi level (1)
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Ev1

potential:

Semiconductor P-N Heterojunction: Equilibrium

eVb I]
’

,
4

Depletion X2
region ,/ iDepletion
______ -Y— -7 iregion
=c2
Ec1
Epq— = ———Ep
f1
EV2

g2

Note: the vacuum level follows the electrostatic

V(x)=V(x=0)-e[¢(x)-4(x=0)]

* Electron flow away from
semiconductor (1) will result in a
region at the interface which is
depleted of electrons (depletion
region). Because of positively
charged donor atoms, the
depletion region has net
positive charge density

* Hole flow away from
semiconductor (2) will result in a
region at the interface which is
depleted of holes (depletion
region). Because of negatively
charged acceptor atoms, the
depletion region has net
negative charge density
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Semiconductor P-N Heterojunction: Equilibrium

¢ Electron flow from
_______ | E semiconductor (1) to
€2 semiconductor (2) and hole flow
E E from semiconductor (2) to
g1 92 E semiconductor (1) continues

f2 until the electric field due to the
E, 4 J Ev2  formation of depletion regions
P e S becomes so large that the Fermi
eV, /' levels on both sides become the

X2 same

Depletion

region L’/ Depletion
V______ --'—-"  region

* The built-in voltage is related

E;2 to the difference in the Fermi
E E levels before the equilibrium
c1 92 E., Was established:
Ef-=-ft========f===—===-= - == f2
E,, eV, =Ef - E
Eg1
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Types of Semiconductor Heterojunctions

Type-l: Straddling gap

Type-ll: Staggered gap

Type-lll: Broken gap

Ec1

g1

Ev1
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Band Offsets in Heterojunctions

V oo e -
21 X2
Ec1
I IAEC )
E
g1 Eg
Ey1 J IAEV Evz

The conduction and valence band offsets are determined as follows:
AE; = y2-1

AE, = AEy - AE, = (Eg1— Egp)- AE,

—
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Electrons at Heterojunctions

Ec,

[ — IIAEc

g2

Eyq ] I AE, E,,
v

Question: What happens to the electron that approaches the interface (as shown)?
How does it see the band offset? Does it bounce back? Does it go on the under side?

The effective mass equation can be used to answer all the above questions

In semiconductor 1:

vi(F)=4(7) verz, ()
[ E.1(ko - V) + U() | 04(F) = E #4(F)

In semiconductor 2:
v2(F)= 6(F) vy (F)
[ Ecalko - 9)+ UG) |02(F) = E 2(7)
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Electrons at Heterojunctions; Effect of Band Offsets

E
£ o— [TaE, c2
c1
U(F)=0 Eg1 Eg2
E,q AE,
| I v Ev2
Assume for the electron in the conduction band of semiconductor 1:
2,2 ~ .
- n‘k 2\ 4 (7 = Notice that the
— r)=g(r i r
E; (k)— Eci+ 2m,, va(F)=4(r) W°1rko=°( ) conduction band edge
12 € energy (i.e. E;4 or tEczt)
_ 2 =\ = appears as a constan
{ 2m,, V7 +Eq } #(F)=E 4(r) potential in the effective
mass Schrodinger
And for the electron in semiconductor 2: . equation
2,2
E,. (k): E.,+ 'k w2 (F)=¢(F) V/cZ,Eo=0(r) Conduction band offset
2mg, at the heterojunction
72 ) - - therefore appears like a
- V4 +Es |(F)=E ¢,(F) potential step to the
2mg, electron
-~
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Electrons at Heterojunctions: Boundary Conditions

° AE,
Eci— i
Eg Ego
Eyq AE,
x=0

Ecz

Ey2

X

T
(1) Continuity of the wavefunction at the boundary:
'//1(’7)‘,(:0 = V’Z(Fxx=o

=

If one assumes: Verk, (7’) *¥c2k, (F)

(2) Continuity of the normal component of the probability current at the boundary:

In text book quantum mechanics the probability current is defined as:

JE) =¥’ ()5 Vo) + 00 =y 7)o V(E)-w() Vv’ ()

Or in shorter component notation:

Jo(F)= W*(f)%aaw(fﬁ c.c.

Probability current is always continuous across a
We need an expression for the probability current

¢1(F1x=o = ¢2(F)‘x=o

boundary
in terms of the envelope function

S—
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Electrons at Heterojunctions: Boundary Conditions
Probability Current: In a material with energy band dispersion given by:
~ N 52
En(k)=Ep+"s (k=Ko (K =Ko)=En+ 3 " (kg —kog ks —kop)
2 a,p Zmaﬂ

The expression for the electron probability current (in terms of the envelope function) is:
h

J,(F)=X¢ (F)=———844(F)+c.c.
“ ﬂ 2'mdﬂ ﬂ E * — AE. Ecz
1™ 3
Eg1 Egz
E,
1 L OAEV E, .

Continuity of the probability current: T
The continuity of the normal component of the probability current across a
heterojunction gives another boundary condition for the envelope function:

1 = 1 =
Y——0ghlr =)——0 r
B mXﬂ'] ﬂ¢1( )‘x=0 B mXﬂZ 'B¢2( )‘x=0

1/mXX
For: M‘1 = 1/m

= 1 00 _ 1 560)

4 Myxq ox ‘x:O_mxxz ox ‘x=0

1/mZZ
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Electrons at Heterojunctions: Boundary Conditions

I
x=0 X
(1) Continuity of the envelope function at the boundary:

¢1(f)‘x=o = ¢2(F)‘x=o

(2) Continuity of the normal component of the probability current at the boundary:

1 = 1 =
Y——0ghlr =)——0 r
B mXﬂ'] ﬂ¢1( )‘x=0 B mXﬂZ 'B¢2( )‘x=0

If in both the materials the inverse effective mass matrix is diagonal then this
boundary condition becomes:

1/ mXX

M= 1my, o 1 o4(r)

m ox
1 /mzz xx1

1 6¢y(F)

x=0 Mxx2 ox x=0

—
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The Effective Mass Theory for Heterojunctions
Ecz

|1 AE,

Ec1

T X

Assume in semiconductor (1): Assume in semiconductor (2):

o’w
Il
o
X

0=0
2,2 2,2 2,2
hek% hky+hkz

E_\k)=E
02( ) ezt 2mx2 2my2 2mzz

In semiconductor (1):

[Ec1(K, -9)+ U(F) |4(7) = E 44(7)
= [Ea(-) |4(F7)=E 4(7)
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The Effective Mass Theory for Heterojunctions
() L L. ()
[ ]

Ec,
E 1 I IAEC i
C
I x

In semiconductor (1): 0

O Y | W)-E4()

2m,4 ox? 2my, 6y2 2my, 522 et
= i\k k k
Assume a plane wave solution: ¢(F)= e'l xaxrkyy+hsz)
2,2
o k2, n°k, n2k? A plane wave

Plugitintoget: E=E,+_—*1+ y .~ "z solution works

2mx1 2my1 2mz1

We expect a reflected wave also so we write the total solution in semiconductor (1)
as:

¢1(F) _ ei (kx1x+kyy+kzz) wr ei (kx1x+kyy+k;z)

—
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The Effective Mass Theory for Heterojunctions

H(F) L L. 4(F)
. [TaE Eco
Ec1 i
I x
In semiconductor (2): 0
P 8?2 o 9* o 8P , ,
- A2 ~2- ~5+Ec2 ¢2(F)=E ¢,(F)
2my; 0x° 2myy gy*  2my; oz
- i\k k k
Assume a plane wave solution: ¢ (F)=t e'( xaXtkyy+hzz)
2,2 h2k2 2,2 A plane wave

Plugitintoget: E=E_,+ k2 + LA "kz solution works

2my; 2my; 2my, here also
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Boundary Conditions at Heterojunctions
oo) L o)
2
E 1 ° I IAEC i
C
I x
0
i il- 2,2 p2p2 2,2
¢1(f) _e (kx1x+kyy+kzz)+ re (-kx1x+kyy+k;2z) E=E,+ hekyxq y | kg

2mx1 2my1 2mz1
¢2(F) i ei (kx2x+kyy+k;z)

2,2 2,2 2,2
Wk 17Ky kg

E=E +
c2 2mx2 2my2 2mzz

(1) Envelope functions must be continuous at the interface:
#(x =0)=4,(x=0)

ei kyy+kzz) Tr ei (kyy+kzz) -t ei (kyy+kzz)

=>1+r=t

Note that this boundary condition can only be satisfied if the components of the
wavevector parallel to the interface are the same on both sides
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Boundary Conditions at Heterojunctions
H(F) < — Lo 4(F)
[ ]
AE,
Ec1 I I c
T X

1k 7ky | 7K
2mx1 2my1 2mz1

Ec2

0
¢1(f) _ ei (kx1x+kyy+kzz)+ r ei (—kx1x+kyy+kzz) —E-= Ec1 +

¢2(F) —t ei (kx2x+kyy+kzz)

2,2 p2y2 2,2
E=E2+hk"2 y+hkz

C
) 2my, 2my2 2my,,
Energy conservation:

i Tky  nkE kG kg nPkE

E=E°1+2mx1 2m,, 2my 27 2m,, 2m,;  2my,

_ 1Pk 1K _’%[1_1]_7‘12'«3[1_1}
2mx2 2mx1 ¢ 2 my2 my1 2 myz; my
nkep _ Wk

2

x1

—AVg\ky , k
2mx2 2mx1 eff( y z)

Note that the effective barrier height depends on the band offset as well as
the parallel components of the wavevector
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Boundary Conditions at Heterojunctions
#(r) L L. 6(F)
* |} AE,

Ecz

Ec1

T X
0

: : 2,2 2,2 2,2
#(F) = e (kx1x+kyy+kzz)+ re (kx1x+kyy+kzz) | E-E.+ nlkiq h°ky  hck:
2mx1 2my1 2mz1

)= t o Brax gy ) LA

2mx2 2my2 2mzz

E = Ecz +
(2) Probability current must be continuous at the interface:

Conservation of

L% = L% probability current at
Myq 0X|,_og Mya 0X| _, the interface
. ikyq ei(kyy+kzz)_r ei(k_‘,y+kzz) ): ikyo ¢ ei(k_‘,y+kzz)

myq my;

= K (1-r)= Kz ¢
myq my;
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Transmission and Reflection at Heterojunctions

<r— —t>
-— Ec2
- [TaE,
C
T X
0
We have two equations in two unknowns:
1+r=t Lo (1-r)=—kx2t
x1 x2
The solution is:
2 _ 1- mx1kx2/mx2kx1

- 1+ mx1kx2/mx2kx1

- 1+ mx1kx2/mx2kx1

Where: 5 9.2
n‘k Wk

P2 2K — AV (k)

my, 2mx1

Special case: If the RHS in the above equation is negative, then k,, becomes imaginary
and the wavefunction decays exponentially for x>0 (in semiconductor 2). In this case:

Ir|=1
Sd the electron is completely reflected from the hetero-interface

—
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