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ZnO
 is a prom

ising m
aterial for short w

ave-length opto-electronic devices 
such as U

V
 lasers and LED

sdue to its large exciton binding energy and low
 

m
aterial cost

ZnO
 can be doped easily n-type, but the realization of stable p-type ZnO

 is 
rather difficult

U
sing first-principles band structure m

ethods
w

e w
ill address:

W
hat causes the p-type doping difficulty in ZnO

H
ow

 to overcom
e the p-type doping difficulty in ZnO

Introduction
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•
 

B
and structure and total energy are calculated using the first-

 
principles band structure m

ethod (FLA
PW

, PP) w
ith local density 

approxim
ation (LD

A
)  

•
 

D
efects are described using the supercell approach. A

 uniform
 

background charge is added for charged defect calculation

•
 

A
ll the internal structural param

eters are optim
ized by m

inim
izing 

the quantum
 m

echanical forces

•
 

B
and in different supercell calculations are aligned using atom

ic 
core levels or average potentials

M
ethod of calculation

S.-H
. W

ei, C
om

putational M
aterials Science 30, 337 (2004)
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M
ain reasons of failure-to-dope

•
 

The im
purity atom

 has lim
ited solubility in the host 

m
aterial, so not enough dopants

 
are introduced

•
 

The defect transition energy levels are too deep, so not 
enough charge carrier are generated at w

orking 
tem

perature

•
 

Spontaneous form
ation of opposite-charged “killer 

defects”
 

(cation vacancy, anion vacancy, etc.), w
hich 

pins the Ferm
i energy

S.-H
. W

ei, C
om

putational M
aterials Science 30, 337 (2004)



O
rigin of p-type doping difficulty in ZnO

: 
high acceptor form

ation energy

C
alculate m

inim
um

 defect 
form

ation energy of neutral N
O

H
f

 

(N
O

 

)m
in

 

= 1.2 eV    (N
2

 

)

D
ue to the strong bonding and 

large form
ation energy of ZnO

, 
intrinsic defect form

ation 
energies are large

μ
O

O
-poor

O
-rich

ΔHf (eV)

0 2 4 6 8 100 2 4 6 8 10

V
O

N
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V
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O
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A
cceptor energy levels in ZnO
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Li Zn
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N
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N
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Formation energy 

O
rigin of p-type doping difficulty in ZnO

: 
high acceptor ionization energy

•

 

For group V
 on oxygen site acceptor, the low

est transition energy 
level N

O

 

is 0.35 eV
 above the V

B
M

•

 

For group IB
 on Zn site acceptor, the low

est transition energy

 

level 
is also deep, at 0.40 eV

 for A
g

Zn

•

 

G
roup IA

 on Zn site has relatively shallow
 defect level, but self 

com
pensation lim

its their use as effective acceptor



A
n acceptor level above V

B
M

 
has a w

avefunction character sim
ilar 

to the V
B

M
, i.e. it has an anion p

and cation d
orbital characters

O
xygen p

orbital energy is very 
low

, there are no group-V
 elem

ents 
that are m

ore electronegative than O
 

p-d
coupling betw

een host 
elem

ents and dopants (e.g., N
O

w
ith 

Zn or C
u

Zn w
ith O

) is large

O
rigin of p-type doping difficulty in ZnO

: 
high acceptor ionization energy

N
aLi

Zn
M

g
B

eS
bA
sPNOF

Zn
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Increase defect solubility using non-equilibrium
 

therm
odynam

ics

W
hat controls the dopant solubility is the dopant chem

ical 
potential, μ

A . Therefore, the key to enhance the solubility of the 
dopant is to raise the chem

ical potential and avoid the form
ation of 

the precipitates of the dopants

C
hoose the optim

al host elem
ent chem

ical potentials 

Enhance solubility by m
etastable m

olecular doping

Enhance solubility by epi-grow
th (e.g., M

B
E)

ΔH
(α,q)(E

F

 

,μ) = ΔE
(α,q)(E

F

 

=0,μ
i

 

=0) + Σ n
i

 

μ
i + qE

F

S.-H
. W

ei, C
om

putational M
aterials Science 30, 337 (2004)



C
hoose the optim

al host elem
ent chem

ical potentials
The form

ation energy of N
O

is the low
est under O

-poor condition, 
w

hereas V
Zn is the low

est under the O
-rich condition

ΔH
f

 

= E
(ZnO

:N
) -

 
E

(ZnO
) + μ

O

 

–
 

μ
N

ΔH
f

 

= E(ZnO
:V

Zn

 

) -
 

E(ZnO
) + μ

Zn

μ
O

O
-poor

O
-rich

ΔHf (eV)

0 2 4 6 8 100 2 4 6 8 10

V
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N
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V
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ΔH
f

 

= E(ZnO
:N
) -

 
E(ZnO

) +
 

μ
O

 

‒
 

μ
N

ΔH
f

 

= E(ZnO
:N
) -

 
E(ZnO

) + 2μ
O
 ‒

 
μ
N
O

μ
N

 

(N
2

 

) < μ
N

 

(N
2

 

O
) < μ

N

 

(N
O
) <
 μ
N

 

(N
O
2

 

)

N
 chem

ical potential depends on the 
doping sources (N

2

 

, N
2

 

O
, N

O
, N

O
2

 

)

N
 solubility in ZnO

 is m
uch higher if 

N
O

 or N
O

2

 

is used as dopant

N
O

 or N
O

2

 

doping also avoids the 
form

ation of (N
2

 

)O

 

, w
hich is a 

com
pensation donor in ZnO

Enhanced solubility by m
olecular doping: ZnO

:N

Yan et al., Phys. Rev. Lett. 86, 5723 (’01)
O

-poor
O

-rich

-4 -2 0 2 4 6

N
O

2

N
O

N
2

 

O N
2

ΔHf (eV)

μ
O



Single N
 atom

 in ZnO

N
Zn O

Transition energy level of N
O

E
(0/-) =

 

V
B

M
 + 0.35 eV

C
alculate m

inim
um

 defect 
form

ation energy N
O

H
f

 

(N
O

 

)m
in

 

= 1.2 eV    (N
2

 

)

H
f

 

(N
O

 

)m
in

 

= 0.4 eV    (N
O

, Zn
3

 

N
2

 

)
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E
ffects of conventional co-doping 

•
 C
an co-doping low

er the defect transition energy levels?

C
B

M
 

VB
M

 

V
Zn

 

+ G
a

Zn

2N
O

 

, t2

G
a

Zn

 

, a
1

C
B

M
 

VB
M

 

V
Zn

 

, t2

G
a

Zn

 

, a
1

2N
O

 

+ G
a

Zn

A
 

A
 

The level repulsion effect is rather sm
all because the donor 

state and the acceptor states have different sym
m

etry

The defect transition energy level m
ay be low

ered only if the
defect com

plex consists a single donor and a single acceptor



D
esign shallow

 p-type dopants in ZnO

D
efect w

avefunction has 
large w

eight on its 
neighboring atom

s

R
eplace O

 by the m
ore 

electronegative F is 
expected to low

er V
Zn

energy level

R
em

ove p-d coupling 
betw

een N
O

and cation 
by replacing Zn w

ith M
g 

or B
e is also expected to  

reduce the acceptor 
energy level 

N
O

 

,p

Zn,d
Zn,d

A
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(")
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'-' '"z
'-'

0 <N=
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0
1

2
3

-2 -0 2 4 6

E
F (eV

)

A
u

Zn

C
u

Zn

A
g

Zn

8
A

u
i

C
u

i

A
g

i

ΔHf (eV) R
educe self-com

pensation by introducing 
G

roup-IB
 acceptors in ZnO

C
u

Zn has very deep acceptor level because of the large p-d
coupling, but A

g
Zn

has relatively shallow
er levels

IB
i is highly unstable, so self-com

pensation for IB
 dopantsis low

Y
. Y

an, M
. M

. A
l-Jassim

, and S.-H
. W

ei, A
PL 89, 181912 (2006)



L
arge size m

ism
atched p-type doping in Z

nO
:A

s

p-type conductivity in A
s and P-doped ZnO

 have been observed and conventional 
doping m

odel attributed the dopants to A
sO and P

O

W
e have show

 that A
sO

and P
O

are unlikely to be the m
easured acceptor because

-

 

The form
ation energy is high (A

s and P is m
uch larger than O

)
-

 

The ionization energy of A
sO

 

and PO
 are very high ~ 0.8 eV

 

B
ackground:

A
cceptor energy levels in ZnO

(0/-) 
O O O

N
 O

0.40
0.70

1.10
0.90

Sb
AsP

C
B

M
 

V
B

M
 



-A
tom

ic size of A
s and Zn are sim

ilar

-

 

A
sZn

 

has relatively low
er form

ation energy but 
it is a (triple) donor

-

 

V
Zn

 

is a native (double) acceptor w
ith low

 
form

ation energy

-

 

O
ne A

sZn

 

and tw
o V

Zn

 

bind strongly and form
 

a new
 acceptor com

plex (A
sZn

 

-2V
Zn

 

)

-

 

The com
plex has low

 form
ation energy and 

low
 ionization energy (~ 150 m

eV
)

The new
 m

odel:

[A
sZn

 

-2V
Zn

 

com
plex]

A
s

Zn O

V
Zn

V
Zn

L
arge size m

ism
atched p-type doping in Z

nO
:A

s

Lim
pijum

nong, Zhang, W
ei, and Park PRL 92, 155504 (2004).
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U
niversal approach to overcom

e the doping 
asym

m
etry in w

ide-band-gap sem
iconductors

First, through effective doping 
of m

utually passivated defect 
pairs, w

e introduce a fully 
com

pensated defect band near 
the V

B
M

 or C
B

M
 of the host

Second, after the fully 
com

pensated insulating phase 
is form

ed, use excess dopants
to dope the passsivated system

 
by ionizing the defect band

Excess dopant states
D

efect band

H
ost band

Y
. F. Y

an, et al., Phys. R
ev. Lett.  98, 135506 (2004)



M
odify the valence band edge of ZnO

 by 
passivate doping of G

a w
ith N

N
 com

bined w
ith G

a creates a passivated defect band 
above the host ZnO

 V
B

M

a
IV
a

DOS (1/eV cell)

'"a <X>
a

~

a
a

...-::

N <i::J

?

N
::J
0
~

G)
Ql

\3 .



C
reate shallow

 acceptor level by doping the 
passivated ZnO

:(G
a+N

) system
 using 

excess N

The calculated defect level of N
 is about 0.1 –

0.2 eV
 

above the defect band

[Y
. Y

an, J. Li, S.-H
. W

ei, M
. M

. A
l-Jassim

, Phys. R
ev. Lett.  98, 135506 (2007)]
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Possible dopants
 or dopant

 com
plexes for 

p-type doping in ZnO
B

ased on defect w
avefunction analysis, various m

icroscopic 
m

odels have been proposed to reduce the ionization energy of 
acceptor level in ZnO

A
g

Zn ; V
Zn + F

O

M
g

Zn + N
O

;  B
e

Zn + N
O

A
sZn + 2V

Zn
;  P

Zn + 2V
Zn

D
oping of defect band is an effective and universal approach 

to doped w
ide band gap m

aterials such as ZnO

N
O

+ (N
O

+ G
a

Zn )defect band



Sum
m

ary

http://w
w

w
.nrel.gov/cm

s/

W
e have analyzed the origin of p-type doping difficulty in ZnO

. 
Several strategies have been proposed to overcom

e the doping 
difficulty

•
Increase defect solubility by “defeating”

 

bulk defect therm
odynam

ics using
•

optim
ized host elem

ents chem
ical potential

•
surface enhanced defect solubility

•
m

olecular doping
•

large size-m
ism

atched antisite doping

•
R

educe defect ionization level by 
•

com
bining donor w

ith acceptor to m
odify defect w

avefunctions
•

reducing p-d

 

coupling betw
een defect level and host states

•

 

D
esign new

 dopable m
aterials by adjusting the band edges states using 

passivated

 

doping and subsequent doping using the sam
e dopants
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