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u

Stahll€ p-type doping of zinc oxide is an unsolved but critical issue for ultraviolet

N

optoelectronic applications despite extensive investigations. Herein, we propose an Er-N

codoping§trategy for defect engineering of ZnO to suppress the self-compensation of

d

the do trinsic point defects over the acceptor-type ones. Via first-principles

calculations, investigate the influence of Nitrogen and Erbium concentration on

stabili O. The complex (Erz,-mNo) consisting of multiple substitutional N on

O site and one substitutional Er on Zn site is a crucial stabilizer. With an increase of the

[

concentr , the absorption edges redshift to lower energy due to the impurity
band bro @ in the bandgap. Our results suggest that codoping Er-N into the ZnO

matrix is a feasible way to manufacture stable p-type ZnO.
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Stable p-type ZnO is important but challenge to achieve despite extensive efforts with single
dopants or codopants. First-principles study reveals that the Er-N codopant is stable,
suppresgi f-compensation of the donor-type intrinsic point defects, with a strong

infrared absggation when the N concentration is above 1.389%. The absorption edges redshift
when N c increases.
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Novelty an act: The Er-N codopant is stable for ZnO, suppressing the self-compensation

of the don@f-type intrinsic point defects, with a strong infrared absorption when the N

conce i ove 1.389%.
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Zinc oxide (ZnO) is one of the most important semiconductors with attractive properties
[1-3] and wide applications [4]. However, some vital problems that hinder the further
developwlo-based optoelectronic devices still remain unsolved; for example, p-type
dopping 2 w high hole concentration is still unavailable, partially due to the strong self-
compeigatigigifshe donor-type intrinsic point defects (IPDs) over the acceptors in ZnO
itself. Thehuppressing the self-compensation and improve the solubility of the
acceptors @1 to produce stable and reliable p-type ZnO, which becomes a highly

as

elevated t 1s required by fabrication of different kinds of semiconductor devices. Till

now, man g strategies have been proposed in order to realize p-type ZnO. Some
groups re ping strategies by doping Group I or V elements (Li, Na, Ag, N, P, As,
etc.) to th atrix to produce p-type ZnO [5-10]. These methods were simple, but the

as-producg p-type ZnO was not stable due to the strong self-compensation and low

solubility of the acceptors. For this reason, Yamamoto and Katayama-Y oshida proposed a

strategy bg N and Al(Ga) into ZnO to decrease the Madelung energy and ionization

energy hance the incorporation of the N acceptors [11]. Besides, some theoretical
and experime odoping methods by using N and many other different dopants was also
carried uce p-type ZnO, for example, N codoping with P [12], Mg [13], Ag [14,

15], Li[16-19], B [20, 21], Be [22], and As [23], etc. Other codoping methods, such as Li-F

[24], Al—Ahnd Ag-S [26, 27], Mg-F [28], Li-P [29], were proposed as well.

Inde g (including codoping) is a simple and effective means to improve the
electricmal properties of ZnO [30-33]. Except for the Group I, III and/or V
elemen’ d above, rare earth (RE)-doped ZnO materials also show great potential for

producingkptoelectronic devices due to their unique electronic structures. Extensive studies
have been carrie;ut for RE-doped ZnO, including Eu [32], Er [33, 34], Tm [35], Yb [36],
La [37] and ]. Among them, Er is a very promising dopant because the unique intra-4f

transiti r can produce strong 1.54 pm (4113/2—>4115/2) emission [39], which lies in the
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minimum loss region of silica-based optical fibers and can be used in future optical
telecommunication. Er can inherently inhibit the donor-type IPDs in ZnO and favor the
formationt! acceptor-type IPDs [31]. However, doping Er into the ZnO lattice alone is not

likely to € @ pe ZnO with high hole concentration due to the low concentration and
solubiliy eisthesaeceptors.

In this papgr, a codoping strategy by codoping Er and N into ZnO is proposed to surpass
the difﬁm@oted above. We study via first-principles calculations the crystal

structures gorf@ion energies, ionization energies, band structures and optical properties of
the Er-N m Zn0O. We find the Erz,-mNo complexes were the main configurations in the

Er-N codoped Zn® systems due to their small lattice distortions, formation energies and

ionization f Electronic and optical properties of these systems were further analyzed.

Results

StructE The view of the part of the configurations of the codopant models
consid strated in Figure 1(a). Crystal parameters of the Er-N codoping
ZnO:(nErg-mNo) systems were computed with the condition that all the degrees of freedom

of the sys ee to move. The results of the lattice constants and volumes of these

conﬁgura shown in Figure 1(c) and (d). From the results of ZnO:(Erz,-mNo) (m=0,
1,2,3,4)1 1(c), it can be found that with increasing the doping concentration of N
CN, lattﬁzr a firstly increases a little but decreases when ex>1.389 at.%. The lattice
parame“ decreases, then increases as cx>1.389 at.%, and decreases again when
en>2.778 at 7 W ZnO:(nErz,-No) (n=0, 1, 2, 3, 4), parameter ¢ behaves similarly as that of
ZnO:(Eanmbut parameter a is very different because it increases monotonically with

increasi r concentration. Figure 1(d) shows the change of the cell volume as a
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function of the doping concentration. The cell volume only decreases slightly with increasing
the N concentration. On the contrary, the cell volume increases dramatically with increasing
the Er cmn. This could be understood from the fact that the ionic radius of Er**
(0.890 A) bigger than that of Zn®" (0.740 A), leading to volume expansion for Er

doping g3 3dedshgiie fore, the doping N influences much less on the crystal parameters than that
of dopingw Er-N codoping systems.
S N
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Figure 1.
mNo) (m

-dopants. a Partial view of the models considered: (al-a5) ZnO:(Erz,-
,1,2,3,4)and (a6-al0) ZnO:(nErz,-No) (n=0, 1, 2, 3, 4). (a2) and (a7) are

actuall odel observed from different angles. b Formation enthalpies of per
molecqurzn) for different co-doping concentration, the line for guide to variation
of N and ith co-doping concentration. For some total co-doping concentration, the
formation enthalply is lower when the more N dopant. ¢ Lattice parameters (a and ¢) for
hexagonal res and d cell volume for the configurations co-doped as a function of the
Erand N i Concentrations. The lattice constants and cell volume decrease slightly with
N dopi ntration, while increase with Er doping concentration. The N doping
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influences much less on the crystal parameters than that of Er doping in the Er-N co-doping
systems.

T

Fo @ enthalpies. The effect of concentration of Er-N codoping on the formation
enthalp#swsented in Figure 1(b). The formation enthalpies vary linearly with the
concentratign of N for the complexes with same number of total dopants. Two representative
codoping mes [ZnO:(Erzy-mNo) (m=0, 1, 2, 3, 4) and ZnO:(nErz,-No) (n=0, 1, 2, 3, 4)]

¢ corresponds to concentration of the N (Er) dopants of 0, 1.389, 2.778,

were used

4.167, andl5.956 @at.% for different m (n), respectively.

US
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Figure 2 Formation energy versus Fermi level of doping systems for different extreme

chemical potential conditions (case A: Zn-rich, Er-rich, case B: Zn-rich Er-poor, case C: Zn-
poor, EW D: Zn-poor, Er-rich). a Formation energies of ZnO:(Erz,-mNo) (m=0, 1,
2,3,4) as atun

Formatio

ion of the Fermi level for different chemical potential conditions. b

of ZnO:(nErz,-No) (n=0, 1, 2, 3, 4) as a function of the Fermi level for
different chemical potential conditions. The defect transition energies became shallower with
increasglg;moncentration and the nErz,-No complexes are not as stable as the Erz,-mNo

complexed®

O
2,
—

Ioni ergy and defect formation energy. lonization energies of the defects with

different concentration (Figure 4) show that the values of &(0/-1) for Erz,-3No and
Erz,-4No @es are 1.008 and 0.244 eV respectively, while the values of &(-1/-2) for
Erzy-3No and Erz,-4No complexes are 0.574 and 0.233 eV, respectively. The values of &(0/-
1) are gre@ those of ¢(-1/-2) for the Erz,-3No and Erz,-4No complexes, indicating that
the defﬁ's directly transformed from neutral to -2. The defect formation energies of
ZnO:(Erz,-m m=0, 1, 2, 3, 4) and ZnO:(nErz,-No) (n=0, 1, 2, 3, 4) are displayed in
Figure ion of the Fermi level under different chemical potential conditions. The
range of the Fermi energy is given by the calculated VBM (0 eV) and CBM (3.412 eV). The
defect tra ergies became shallower with increasing the N concentration. Under Zn-
@

neutral Erz,- f complex approaching the lowest formation energy. However, under the Zn-

rich gro ions, the formation energy increases as the N concentration grows, with the

poor gro environment, the formation energy of the neutral Erz,-4No complex is the

highest i be reduced to minimum after the ionization to -3.
g
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Figure 3. Bructures of ZnO:(Erz,-mNo) (m=0, 1, 2, 3, 4) calculated by GGA+U

method. T 1 level is set to zero. An obvious impurity band (green lines) is introduced

concentration, the impurity band gradually expands and finally becomes tail of the valence

(O

in the banter N atoms are doped into the ZnO:(Erz,) matrix. With increasing the N

band.

operties. The band structures of the ZnO:(Erz,-mNo) (m=0, 1, 2, 3, 4)

E

doping systems were calculated referring to the Fermi level at zero, as shown in Figure 3.
Their corrwg VBM, CBM and E, (summarized in Table S2 in the Supplementary
Informati that both the VBM and CBM move toward lower energy when N is doped
into the ZnOWBY,,,) system. With increasing the N concentration, nevertheless, both the VBM
and CBﬂ)ward higher energy. The band gap E, also increases with an increase of N
atoms in tF ZnE,ErZH) system, as £,=3.281, 3.432, 3.470, 3.507, and 3.565 eV, for m=0, 1,
2,3, and ﬁively. Of them, the result of £,=3.281 at m=0 agrees well with the

available ntal value of 3.23 eV [40]. Noticeable impurity bands (green lines) are
introducedd and gap after N atoms are doped into the ZnO:(Erz,) matrix. With
increasin concentration, the impurity band gradually expands and finally becomes tail
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of the valence band. The band-tail states are not good extended states for carriers, thus

leading to degradation of the electrical properties of the ZnO:(Erz,) as a semiconductor.

The t partial density of states (DOS) of electrons in the ZnO:(Erz,-mNop) (m=0,
1,2,3,4) igure S3 in Supplement Information) manifest that the valence band is

compos-e of the Hybridization among the Zn-3d, O-2p and Er-4f states, and the VBM is

mainly attr o the O-2p states. The conduction band is hybridized by the Zn-4s, Er-5p

and Er-4f d dominated by Zn-4s states. After doping N into the ZnO:(Erz,) matrix,

the Er-4f ve to lower energy. The resonance bonding effect of the Zn-3d states may

S

weaken the'tybPidiztion between the O-2p and Zn-3d states, thus leading the valence band

toward the lowergnergy. On the other hand, the shift of Zn-4s, Er-5p and Er-4f states to the

Gl

lower ener to the downward shift of the CBM. In addition, it can be seen that the

impurity introduced by doping N is originated by the N-2p states. With further

q

increasin ncentration, the hybridization between N-2p and Zn-3d states and the

d

localizatio 4f states are gradually enhanced, but the hybridization between Er-4f and

Zn-3d eakens, which may be the reason for the VBM moving to higher energy.

M

Author
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Discussion

Conduction band
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Figureéon energies equivalent to the point symbol in Figure 2, alongside the

relevant charge states. The ionization energies of nErz,-No complexes are deeper than those

of the ErZmelexes.

O

T&\imﬁon energies of Erz,-mNo (m=0, 1, 2, 3, 4) gradually become smaller
with increds

ini the N concentration, which means that the defect ionization energies can be

reduced significafitly when more N atoms are incorporated into the Erz,-No complex, thus

leading to st -type doping of ZnO. Figure 4 show that the ionization energy of

ZnO:( is the lowest in Er-N codoping syetems. This means that ZnO:(Erz,-4No) is

This article is protected by copyright. All rights reserved.
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more likely to ionize and reduce the resistivity. Therefore, how to improve the concentration
of'the Erz,-4No complex in ZnO:(Erz,-mNo) systems under the Zn-poor and Er-rich
environment 1s the key to realize excellent p-type ZnO films. On the other hand, under Zn-
poor cond @ e presence of Zn vacancy will enhance the p-type conductivity because it
will intgodueegeie holes in the valence band [41].

«

4

w

Atom radius (A)
N

-4 -2 0 2 4
Valent charge (+e)

Figure 5 dopants. Both single dopant and codopants for p-type ZnO reported in

~100 literatWimes@fe summarized according to their valent charge and atom radius from
periodic e ble. The matrix elements Zn and O (red squares) are for reference,
compa d N (Magenta triangles) in this study. The element doping and codoping

are displa*d by iircle and filled triangles respectively.

-
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The p-type of ZnO doping and codoping elements from previous published literature

have been summarized in the “Chart of dopants” according to their valent charge and atom

radius (Figure 5). It can be seen from the figure 5 that the marks of Er and N are closer to the
positions & Zn, and they fall on the positions of dopsnts that have been implemented.
This alge iadieates that Er-N co-doped ZnO may be feasible experimentally. The doping

mechanisMants in Figure 5 was analyzed based on the available experimental data and

theoreticawﬂ. For example, group-I doping introduced shallow acceptor state. As for

the group V p-type doping, the mechanism is complicated and is different for different
element. mies focus on the N-doped ZnO. The drawback of N-doping is the quite

limited sojf N. Which leads to low hole concetrations and high resistivities. The other

things is t

be develosa an: resulted in the p-type conduction unstable [42]. The Er-N codoping extends
1ty o

es the formation of No acceptors, the shallow double donors (N3)o could

the solubi in ZnO and improves the stability of p-type ZnO.
Conclusi

In su Pstructural, electronic and optical properties of the ZnO:(nErz,-mNo)
system f crystal structures, formation energies, ionization energies, and band

structures fave been studied systematically by the first-principles method. The obtained

results show that the N concentration less influences the crystal structures than that of Er. The

10nization\g 5 of ZnO:(Erz,-mNo) complexes are shallower than those of ZnO:(nErz,-
No), whic the Erz,-mNo complexes the main configurations in Er-N codoped ZnO
syste re N atoms are doped to be combined with Erz, to form larger Erz,-mNo

complew&:ct ionization energies can be reduced and favor to form stable p-type
ZnO:(Ean—m!:oilms. The ionization energy of ZnO:(Erz,-4No) is the lowest in Er-N

codoping sye efi and it can realize p-type semiconductor material with excellent

This article is protected by copyright. All rights reserved.
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performance. Our results show that codoping Er-N into the ZnO matrix may be a feasible

way to realize stable p-type ZnO.

g

=

Method
|
First-princi alculations
The excha elation potentials of electron-electron interactions were approximated by

the gener%xdient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
functional, imteractions between the ion core and its valence electrons were described by
ultra-soft tentials. The configurations of the valence electrons used in the
calculatiogln (3d"° 4s%), Er (4% 55° 5p° 657), O (25* sp*), and N (2sp°). GGA+U

method w 0 optimize the system energies to correct the bandgap value of ZnO, where

the U, 0, B~ Urer values adopted in this work were 7, 10.5 and 6 eV, respectively. The
reciprocal space was sampled by a 4x4x3 Monkhorst-Pack mesh in the irreducible Brillouin
zone for the supercell. The cutoff energy for the plane wave basis was set to be 510
eV. In tion process, the energy variation, maximum tolerances of the force,
stress, and atomic displacement were set to be 1.0x10° eV/atom, 0.03 eV/A, 0.05 GPa and

0.01 A, rehly. More details about the model and computations are in the

Supplemeorrnation.
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1. Formation Energy

N 00 O l\))
1 1 1

Formation energy (eV)
oo

A B

Figure ST ct of Chemical potential on the charge-neutral formation energies of
doping s or different extreme chemical potential conditions (case A: Zn-rich, Er-rich,
case B:"Z11- -poor, case C: Zn-poor, Er-poor, case D: Zn-poor, Er-rich). The formation

energies under Zn-poor and Er-rich are the lowest for all the complexes, indicative of the
easiest WWessfully codoping Er and N into the ZnO matrix under this condition.

complexesy indicating that N atoms are easier to substitute the O atoms to form the Erz,-mNo
defect compﬁwith Erz, under the four extreme conditions. Besides, for all of the above
doping co , growing under the Zn-poor conditions results in significantly lower
formation than those under the Zn-rich environment, which indicates that Zn-poor

crystal environment is more favorable for the doping process. Li et al. [S1] also found
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that the formation energy of Er doped ZnO under Zn-poor growth condition was lower than
that of Zn-rich growth condition. The formation energies under Zn-poor and Er-rich are the

lowest omplexes, indicative of the easiest way of successfully codoping Er and N

into the Zrﬁmixunder this condition.

2. Relathical potentials.

S N
-6 -54-3-2-120 -12-9 -6 -3 0
1 1 1 i 1 A 1 1 1 i

O n ,_| a

L
> !
2 i
=z '9 =1-6-739 : i Zn-poor Zn-rich
St L
< -12- | 4403 | -3.342
-15 <

Au, (eV)

Figure S @ e chemical potentials Ay; (i=Zn, Er and N) by the constraint of Auo. For
the dopingSmeia®, four extreme conditions can be obtained from Auz,, Aug- and Auy by the

ConStraI

=

Table ;eme growth conditions obtained from Figure S2 by the constraint of Auo.

straint Apizy Aug, Auo Auy
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Zn-rich, Er-rich 0 -6.392 -3.342 -6.739

Zn-rich, Er-poor 0 -8.181 -3.342 -6.739
bl -poor, Er-rich -3.342 -6.392 0 -1.727
r-poor -3.342 -8.181 0 -1.727

H T
In orgoid the appearance of elementary substance (Zn, O,, Er, and N3), the Aw;
(i=Zn, Om should satisty the four conditions: Auz,<0 eV, Auo<0 eV, Aug<0 eV, and

Aun<0 eV eatwhile, in order to avoid the formation of competitive compounds, Ay, (i=Zn,
O, Er, or also satisfy the other four conditions: Auz,+Auo<AH;(Zn0O),
2Aug+3 (Er203), 3Auzt2Aun<AH/(Zn3N,), and Aug+Aun<AH;(ErN). The

formation es of ZnO, Er,O3, Zn3;N, and ErN have been calculated and the results are
AHf(ZnOE eV, AHy(Er;03)=16.362 eV, AHy(Zn3N,)=-13.479 eV and AH;(ErN)=-
13.131 eV gespgetively. Since ZnO is used as the substrate material here, -3.342<Au7,<0 eV
and -3.34 eV must be satisfied firstly [see Figure S2(a)]. At the same time, due to Er
and N as the doping material, Aug, and Auy are bound by them [see Figure S2(b), (c) and
(d)]. Th
relationshi hown in Figure S2. Four extreme conditions can be concluded from Az,

ive chemical potentials for Auz,, Aug., Auy, and Auo according to their

Aug, a e constraint of Auo, as displayed in Table S1 in the Supplementary

Information.
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3. VBM, CBM and Eg

Table @CBM and E, of the ZnO:(Erz,-mNo) (m=0, 1, 2, 3, 4) doping systems

ED&feeEmmm  Er (at.%) N (at.%) VBM (eV) CBM (eV) E;(eV)

+Zn 1.389 0 -0.225 3.056 3.281
Erw 1.389 1.389 -2.157 1.275 3.432
@ 1.389 2.778 -1.379 2.090 3.470
Erze: 1.389 4.167 -1.493 2.015 3.507
Erzﬁ 1.389 5.556 -1.121 2.444 3.565
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4. Electronic Density of States
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Figure S3 y of electronic state. Total DOS (TDOS) and partial DOS (PDOS) of

ZnO:(
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) (m=0, 1, 2, 3, 4) calculated by GGA+U method. The Fermi level is set to



zero. After doping N into the ZnO:(Erz,) matrix, the Er-4f states move to lower energy. With
further increasing the N concentration, the hybridization between N-2p and Zn-3d states and
the locaWEr-@r states are gradually enhanced, but the hybridization between Er-4f

3

and Zn- &kens.

The detriB@gion of the total and partial density of states (DOS) of electrons in the
ZnO:(Erz, m=0, 1, 2, 3, 4) systems were calculated and shown in Figure S3, in which
the Fermi iy set to zero. From Figure S3(a), it can be seen that the valence band is

mbridization among the Zn-3d, O-2p and Er-4f states, and the VBM is
mainly attj o the O-2p states. The conduction band is hybridized by the Zn-4s, Er-5p
and Er-4f states, @hd dominated by Zn-4s states. After doping N into the ZnO:(Erz,) matrix,

as shown jlzlﬁg S3(b), the Er-4f states move to lower energy. The resonance bonding
Zn-

Gr

composed!

effect of't 3d states may weaken the hybridiztion between the O-2p and Zn-3d states,
thus leadi lence band toward the lower energy. On the other hand, the shift of Zn-4s,
Er-5p andMates to the lower energy leads to the downward shift of the CBM. In

addition, 1 seen that the impurity band introduced by doping N is originated by the N-

2p stat er increasing the N concentration, as shown Figures S3(c), (d) and (e),
the hybridiza etween N-2p and Zn-3d states and the localization of Er-4f states are
gradua , but the hybridization between Er-4f and Zn-3d states weakens, which

may be the reason for the VBM moving to higher energy.
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5. First Brillouin Zone

t

First Brillouin Zone

G (0, 0, 0)

A (0,0, 1/2)

H (-1/3,2/3, 1/2)
K (-1/3,2/3, 0)
M (0, 1/2, 0)

L (0, 1/2, 1/2)

o

C
-

Figure S4&First Brillouin Zone. The G, A, H, K, M, and L points are marked out with
coordinate values. They are Some special high symmetry points in the ZnO lattice.

afi
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6. Pair interactions

{

Tal otal energies of ZnO:(Erz,-No) with different Erz, and No distances.
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e 7/n0:(Er, )
e 7/n0:(Er, -N 0)
— ZnO:(Ean-ZN O)
e /n0:(Er, -3N )
ZnO:(Er, -4N )

0 1 2 3 4 5 6
Energy (eV)
Figure S5* al properties. a The dielectric function of ZnO:(Erz,-mNo) (m=0, 1, 2, 3,

4). b The @bs n and reflectivity of ZnO:(Erz,-mNo) (m=0, 1, 2, 3, 4). For m=2, 3, 4,

d

there are three peaks in dielectric function curve, which originate from the transitions

between t tates and N-2p states, and their optical reflectivity is very high in the IR

Vi

region. 1 absorption coefficient increases in both the visible and UV regions with

the increasing incorporation of N atoms.

hor

Figure isplays the dielectric function e(w)=¢cr(w)+igi(®) of the ZnO:(Erz,-mNo) (m=0,

1,2, 3, , where er(®) and ¢i(w) are the real part and the imaginary part of the

f

dielectric respectively. The imaginary part €j(w) curve starts with an decreasing

U

transition d with an increase in the N concentration, as 3.825, 1.466, 0, 0 and 0 eV for

m=0, 1 d 4, respectively. For ZnO:(Erz,-mNo) (m=2, 3, 4) systems, there are three

A
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prominent peaks with an increasing peak intensity at 0.346, 0.346, and 0.066 eV,
respectively, which originate from the transitions between the N-2s states and N-2p states.
This phMmay be attributed to the boosted transition probability as the N
concentrat @ creased. From the real part er(®w) curve shown in Figure S5(a) and the
lower igsofsg@i@gean see that only the curve of ZnO:(Erz,-4No) possesses two energies with
er(w)=0 (M and 0.542 eV, respectively, see the lower inset). For er(@)<0 in the
interval 0@).542 eV, the ZnO:(Erz,-4Np) semiconductor exhibits metallic properties.

The optic tion spectra of the ZnO:(Erz,-mNo) (m=0, 1, 2, 3, 4) systems are predicted
in Figure me absorption edges redshift to lower energy with the increase of N
concentrats is phenomenon is mainly due to the impurity band structures introduced by
doping the N atoSs (see Figure 3). The optical absorption coefficient increases in both the
visible (1.5~ V) and ultraviolet (UV) regions with the increasing incorporation of N
atoms. Mlieover, the ZnO:(Erz,-mNo) (m=2, 3, 4) systems also show considerable optical
absorptio nfrared (IR) region when the concentration of N is above 1.389%. The
corresponmectance spectra of the ZnO:(Erz,-mNo) (m=0, 1, 2, 3, 4) systems are
illustrated e S5(b). The optical reflectivity of the ZnO:(Erz,-mNo) (m=2, 3, 4)

system h in the IR region, which indicates that the transmittance of IR light is

very low and ptical penetration of IR light will be poor for the considered materials. The

optical coefficient and reflectivity are both not high in the visible region for all the
Zn0O:(Erz,-mNo) systems, which suggests that the transparency and penetration of the ZnO:(

Erz,) filmgs little affected by doping N atoms.

8. P-type ing ZnO

Table S4. The doping elements for p-type doping ZnQO.

Doping Valent lonic radius Refs.
s element state

Ag 1 100 S2

As -3 222 S3

This article is protected by copyright. All rights reserved.
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S13
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Table S5. The codoping elements for p-type doping ZnO.

Doping Doping Valent lonic radius  Refs.

H element B state
ement A (A)

= s Ag N 2 97 S22

L Al N 3 50 S23

< ) Al P 3 50 S24

m Al C 3 50 525

Al As 3 50 S26

: As N -3 222 S27

C B N 3 20 S28

Be N 2 31 S29

m o N -4 260 S30

: Cr C 3 64 S31

Cr N 3 64 S32

Cu Al 1 60 S33

L Cu N 1 60 S34

O Er K 3 88 S35

F Li -1 136 S36

c Ga N 3 62 S37

H Ga C 3 62 S25

: Ga P 3 62 S38

< H Li 1 10 S39

This article is protected by copyright. All rights reserved.
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Methods

Allc ©®ns are carried out by the CASTEP code package [S55] based on density

functional tHe®#®. It is widely used in the field of chemistry and materials science. By

simulatio ion, we can get the crystal structures, formation energies, ionization

i

energi ctures and optical properties. It is good to predict the physical properties of

the mat rovide a good way for material engineering design. The First Brillouin

[

Zone of Z igc model, and some special high symmetry points in the lattice are

illustrated in Figule S4 in Supplement Information, marked out with coordinate values as G,

9

A, H, K, M an respectively.

A
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The Model of the codopants system

A 3x3x2 supercell containing 72 atoms were used for all the models in this paper. To
evaluattwty of the crystal structures, the ZnO supercell was firstly doped with one Er
atom (Erccupying the site of Zn atom) and one N (No, N atom occupying the
site of O aji nich the distances between Erz, and N was set as the nearest-neighbor
(INN) mhesseeond ncarest-neighbor (2NN) and the third nearest-neighbor (3NN),

respective ation calculations of these ZnO:(Erz,-No) models were then carried out by
varying theglistagces between the Erz, and N atoms. Table S2 in Supplementary
Informati@ the total energies of the ZnO:(Erz,-Np) models, from which one can find
that the total e y decreases slightly when the distance is decreased from 3NN to 1NN. The
total enerwmwest when the distance is located at INN, indicating that the Er-N
codoped isost stable at 1NN position. Therefore, Er-N codoped ZnO at 1NN position
is used for the doiants in the following of this work.

Fort ed systems, different Er and N concentrations play important roles on the
stability o

dels. In order to obtain representative codoping systems effectively in our
il models of ZnO:(Erz,), ZnO:(No), ZnO:(2Erz,), ZnO:(Erz,-No),

{ for the complexes with same number of total dopants. So two
representative codoping complexes [ZnO:(Erz,-mNo) (m=0, 1, 2, 3, 4) and ZnO:(nErz,-No)
(n=0,1,2 ere proposed and studied to evaluate the structural, electronic, and optical
properties Qdgilag Fr-N codoping in ZnO in this work. ZnO:(Erz,-mNo) (m=0, 1, 2, 3, 4)
[ZnO:(nE @ n=0, 1, 2, 3, 4)] corresponds to concentration of the N (Er) dopants of 0
at.%, 1.389 at.%, 2.778 at.%, 4.167 at.% and 5.556 at.% for different m (n), respectively.

Figure l(i shows partial view of the models considered in this work.
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Defect formation energies and ionization energies

Defect formation fnergy of each system is defined by the formula as follows:

= Et(a, q) —Et(ZnO)—Zn,-(,Ui +A:ui)

p— + 4Gl E ey + Eypy (ZnO) + AV'] (1)
where Ey(d, e total energy of the system containing defect o and charge ¢, and E((ZnO)
is the totaBenergyof the intrinsic ZnO bulk material. »; is the atom number of element i (i =
Zn, Er, O o at 1s added to (n; > 0) or removed from (n; < 0) the intrinsic ZnO bulk
material. mhemical potential of element i. Ay; is the relative chemical potential of
element § determined by the relationship as follows: Au=u;(compound)—
,ui(elemer@tance). Eremi 1s the Fermi level of the system with its value varying

between and maximum (VBM) and conduction band minimum (CBM), namely the

bandgap (HPP (Zn0O) is the VBM energy of the intrinsic ZnO. AV is the correction
potential 1 d to describe the electrostatic potential difference between the supercells
with and dopant impurity.

In their 1nc1ples calculations, ionization energy &(g/q") of a semiconductor material
can be y Eq. (2) and defined as the Fermi energy [ Erermi in Eq. (1)] when the
defect formati ergy AEr(a, g) of the system with a defect a and charge ¢ is equal to that
of the with another charge ¢'. From Eq. (2), it is obvious that the ionization

energy &(q/q") is independent on the chemical potential ; of each element i.

Ma,q)—E (a,q")+qAV —q' AV’
q—q

= £y, (ZnO) 2)

c§fr

Chemical

From t t can be seen that the defect formation energy AEs(a, q) is closely related
with th ; of each element i, of which y; and Ay; also need to be determined. Under
specific t amic equilibrium conditions, u; and Ay; are both limited by the growth
conditionmue of u; is determined by total energy of gas or solid formed by element ;.
F(Zn), ug=E(Er), uo=1/2E(0O,), ux=1/2E(N,), where E«(Zn) and E«(Er)
ergies of Zn and Er solids, respectively, and E(O,) and E(N,) are the total

L

Specifically, 4

energies of O and nitrogen molecules placed in the 15x15x15 A’ cube, respectively. Au;

This article is protected by copyright. All rights reserved.

35



is the relative chemical potential of element i in a particular environment, and can be
calculated by the formula: Ay;=u(compound)-u;, where u,(compound) is the chemical
potentth i in a specific compound. However, the value of Ay; cannot be gained
directly beca

party

thermodynamic equilibrium conditions.
H

{compound) cannot be calculated directly. But Ay; can be obtained to be

limited in ilar range by the constraints of formation enthalpies and bulk
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