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Compensation mechanism for N acceptors in ZnO
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We present a mechanism for the compensation of N acceptors in ZnO through real-space multigrid electronic
structure calculations within the local-density-functional approximation. We find that at low N doping levels
using a normal N source, O vacancies are the main compensating donors for N acceptors, while N acceptors
are compensated via the formation of defect complexes with Zn antisites at high doping levels. When an active
plasma N gas is used to increase the N solubility, N acceptors are still greatly compensatedimglétules
at oxygen sites and N-acceptor,-NMomplexes, explaining the difficulty in achieving low-resistiviistype
Zn0.
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Recently, zinc oxidgZnO) has attracted much attention are required to adequately describe the localized nature of
because of wide applications for various devices such as pthe Zn 3 and O % wave functions. To deal with such
ezoelectric transducers, varistors, optical waveguides, andcalized orbitals in the valence shell, we use a real-space
solar cellst Since ZnO has a direct band gap of 3.3 eV and amultigrid method'® which has been very efficient in appli-
large exciton binding energy of 60 meV, this semiconductorcations to localized systems such as St®The Laplacians
has been considered as a promising material for shorin Poisson and Kohn-Sham equations are expressed up to the
wavelength optoelectronic devices. In fact, efficient exci-twelfth order, based on a finite difference metfiBdhe real-
tonic UV laser actions have been demonstrated at roonpace grids are generated by thex@Bx 80 mesh, with the
temperaturé:> Undoped ZnO exhibits intrinsia-type con-  gpacinggh) of 0.253, 0.256, and 0.246 a.u., respectively. We
duc1t|V|ty,_3and very high electron densities of aboutiest various sets of fine grids up to the effective kinetic en-
102 cm are aChIevabIé.On the other hand, it is very ergy CUtOﬁ:[Ecutoﬁ:(’iT/h)z] of 200 Ry, and find the grld

difficult to fabricate low-resistivityp-type ZnO as for other : f about 0.26 di toE
wide band-gap semiconductors, ZnSe and GaN. Amongs_pacmg of abou ) a.ulcorresponding {0 Ecuof

group-lV acceptors, N is considered to be a shalfstype ~146 Ry) to be sufficient to ensure _t_otal energy conver-
ence and suppress numerical instability. We employ a su-
dopant® However, to our knowledge, no one has succeeded o . .
in obtainingp-type ZnO using a pure nitrogen source, while percell contallnmg 64 host atoms in .t.he wurtzite stru.ctur.e.
two groups have successfully fabricatpdype samples by The s:umma}tmn of thg charge.densmes over t.he Brlllpuln
codoping N with H or G&7 Thus, N acceptors are strongly ZON€ is cgrrled out using tHe p0|r_1t. We_ re_lax ionic coordi-
compensated in ZnO, whiletype ZnSe can be grown using _nates until t_he atom|c_ geometry is optimized, using the con-
a N, plasma sourcd? Although several theoretical calcula- jugate gradient technique. _
tions have been done to explain the compensation of N ac- The formation energy for each charge state of a defect is
ceptors in ZnSé%*?no clear explanations have been givencalculated from the total energy, the chemical potentigls
for the compensation mechanism in N-doped ZnO. (i=2Zn, O, and N of the constituent elements, and the Fermi
In this paper, we report the results of first-principlesenergy (e).?* Including all the defects considered here, de-
pseudopotential calculations for the compensation mechdect and hole concentrations are determined by the charge
nism in N-doped ZnO. To find dominant compensating speheutrality conditior?! To describe the stoichiometry of ZnO,
cies, we examine native point defects and N-related defectwwe use the stoichiometric paramelerlying between 0 and
such as N-N complexes and N-acceptor—native-defect conit under extreme Zn- and O-rich conditions, respectively. The
plexes. When a normal \gas is used as a doping source, N heat of formation of ZnO is calculated to be 3.68 eV, in good
acceptors are mainly compensated by O vacancies arfgreement with the experimental value of 3.61 eV. The top of
Ng-Zng complexes, resulting in extremely low hole concen-the valence band is referenced to zero to describe defect
trations. Even if an active Nplasma is used, it is still diffi- levels in the band gap.
cult to achieve high hole carrier densities due to the compen- First we examine native point defects, vacancig and
sation by N molecules at O sites andJ\N,)o complexes, Vzp), interstitials (Zp and Q), and antisites (Zgand Q).
explaining the difficulty in obtaining low resistangetype  We find that Zpn has the lowest energy at an octahedral site
Zno 314 for both neutral and positively charged states. The six sur-
The total energies of native and N-related defects are carounding Zn atoms move away by 0.2 A from the octahe-
culated using the first-principles pseudopotential methodiral site, reducing repulsive interactions between the intersti-
within the local-density-functional approximatiqhDA).X®>  tial and host Zn atoms. The Z@n bond distances lie
Norm-conserving pseudopotentials are generated by thleetween 2.48 and 2.59 A, which are smaller than the values
scheme of Troullier and Martin€,and then transformed into of 2.66 and 2.91 A for bulk Zn metal. When a Zn atom
a separable form of Kleinman and Bylandérin usual occupies an O site, the neighboring Zn atoms undergo very
plane-wave calculations, a very large number of plane wavekrge lattice relaxations of 0.4 and 0.6 A, with theZzn

0163-1829/2001/68)/08512@5)/$20.00 64 085120-1 ©2001 The American Physical Society



EUN-CHEOL LEE, Y.-S. KIM, Y.-G. JIN, AND K. J. CHANG PHYSICAL REVIEW B54 085120

(a) Split-interstitial O (b) (Nyo (a) Zn-rich (b) O-rich

11 | |
10 - .
9 - Zn, .
S s : -
L g i i
> [ 4
5 ! -
s 4 |- -] | ZI],- 4
g r X T § 7 7
g 20 Zn,  Zn, 1 [ L0z v ]
E X f °
(¢) Ny-Zn, (d) Ny-Zn, o or K T
1 t 11 Va ]
2 - — - E

(0] 3 ! Vo ! ! | |

7n 0 1 2 3 0 1 2 3
7n Fermi energy (eV) Fermi energy (eV)
Zn, FIG. 3. Defect formation energies as a function of the Fermi
10 level for native defects in ZnO undéa) Zn- and(b) O-rich condi-
N, No tions.
7Zn

sating species for N acceptors, whilg,, and G, are double
acceptors. The calculated formation energies of native de-
fects are plotted as a function of the Fermi level for both Zn-
and O-rich conditions in Fig. 3. Under Zn-rich conditions,
Vg is the most stable defect for all the Fermi levels. When
the Fermi level is close to the valence-band maximiig,
Zn;, and Zny have similar formation energies. On the other
bond distances of 2.47 and 2.49 A. For,@he octahedral hand, in the O-rich limitV, becomes the most stable defect
site is lowest in energy for negatively charged states, and thia n-type ZnO, while @ is energetically more favorable as
double acceptor level lying close to the valence-band maxithe Fermi level moves to the valence-band maximum.
mum is derived from the emptyRorbital of Q. On the For N-related defects, the calculated formation energies of
other hand, for neutral and positively charged states, ONg, (N,)o, and Ny—double-donor complexes are listed in
forms a split-interstitial complefsee Fig. 1a)] at an O site.  Table I. Among these defectsNs only an acceptor, while
In the split-interstitial configuration, each O atom is bondedthe others are donors. When a Molecule is located at an O
to two surrounding Zn atoms, and thg-O bond is tilted by  site, two valence electrons from the nearest Zn atoms occupy
about 39° from thec axis in the (21L0) plane. The split- the nonbonding state of @), as shown in Fig. @). From
interstitial complex behaves as a double donor, and its dondghe analysis of defect transition levels and wavefunctions, we
level is characterized by thepw* state of the @O com-  confirm that (N)o acts as a shallow double donor, very
plex, as shown in Fig. (3. For a neutrally charged state, similar to the (N)se molecule at a Se site in Zn$&In the
since the surrounding Znsfelectrons are transferred to the optimum geometry of (Mo [see Fig. 1b)], the N-N bond is
pp7* level, the G-O bond distance is larger by 0.23 A than tilted by about 35° from the axis in the (21L0) plane,
that for a free @ molecule. Among the native defecigq,
Zn; and Zry are double donors, becoming possible compen-  TaABLE I. Formation energies of N-related defects. The nitrogen
chemical potential otuN:;LNZIZ is chosen, anadH is the calcu-
(c) lated heat of formation of ZnO. For N-acceptor—double-donor com-

FIG. 1. Atomic structures of the) split-interstitial-Q complex,
(b) N, molecule at an O sitdc) N-acceptor—Zn-antisite complex,
and (d) N-acceptor—Zn-interstitial complex in ZnO.

plexes, the binding energies are also given.
Defect Formation energgeV)  Binding energy(eV)
No 0.94+ \AH
No 141+ NAH-pq
(NL)3" —0.78+NAH+ 2,
(Ng-Vo) ™ —0.01+ 2 AH + g 0.31
FIG. 2. Charge density contours for the donor levels of@e  (No-Zm)* —0.50+2NAH + pe 1.06
split-interstitial-Q complex,(b) N, molecule at an O site, ar(d) O (No-Zng) * —1.10+ 3NAH+ pg 1.52
vacancy. In(@), (b), and(c), the contour spacings are 0.01, 0.01, and (Ng-O,) * 5.61+ ue 0.60
0.001 a.u., respectively. The Zn atoms(@ are located at 0.15 A [Ng-(N,)o]* 0.35+ 2\NAH+ pe 0.28

below the plane.
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similar to the split-interstitial-©complex. In this case, the wave function of theV, defect level is characterized by a
N-N bond length is calculated to be 1.11 A, which is combination of the Zn ¢ and O 2 orbitals, as illustrated in
slightly larger than the calculated value of 1.09 A for a freeFig. 2(c). Thus, it is more likely that/ o behaves as a deep
N, molecule. When | forms a complex with a double do- donor rather than a shallow donor. In fact, we find that the

nor (D) via the reaction (2+/0) transition level ofV, lies at 0.73 eV below the
o N conduction-band ~ minimum,  similar to  previous
No+D“"—(No—D)" +Ey, (D) calculation€® When we perform the LDA calculations with

placing the Zn 8 orbitals in the core complex and including

becomes a single donor. The calculated formation and bincﬁon“rlle‘fJlr part|aI.£gore C?IFI’]?C(;IOI;]S for the excgange—
ing energies of various ;D complexes are listed for N-rich correlation potentiat, W_e_St' ind thatVo acts as a deep
conditions in Table I. For the &V, No-(Ny)o, and donor; the (2+/0) transition level moves from 0.73 to 0.6
No—split-interstitial-Q complexes, we find similar binding €V Pelow the conduction-band minimum, with the band gap
energies of 0.3—-0.6 eV. In thed\Zn, complex[see Fig. increased from 0.9 to 1.7 eV. In this case, since the LDA

1(c)], the Ny and Zny, atoms undergo large lattice relaxations Pand gap is still underestimated, thfg level would be po-
of 0.35 and 0.75 A, as compared to the isolated Conﬁgurasitioned above 1.1 eV from the valence band maximum, if
tion of Ng and Zny. Such large lattice relaxations lead to a the band-gap correction is included.
large binding energy of 1.52 eV for theg\Zng complex. In the LDA calculations including the ZndBelectrons as
For the Ny,-Zn; complex[see Fig. 1d)], we also find a large Valence states, the severe underestimate of the band gap is
binding of 1.06 eV because of the attractive interaction beattributed to the fact that the semicore Zd States are too
tween N, and Zn. A similar large binding energy for this high, repelling unphysically the occupiga band upward.
complex was also reported in Zn&edmong the Ny-D com-  The failure of the LDA to accurately describe the strongly
plexes considered here NZn, and Ny-Zng have low forma-  localized semicore @ states also affects the transition levels
tion energies in the Zn-rich limit\=0), compensating effi- and formation energies of defects. Using self-interaction and
ciently for N acceptors. As going to the O-rich limit, since relaxation-corrected (SIRC) pseudopotentials for InN,
the formation energies of (NZni and [\b-Zno increase rap- Stampfl and CO—Worke%g showed that although the Single-
idly, these defects may not be responsible for the acceptdiarticle defect level of | in the band gap is shifted by about
compensation. 0.5 eV to higher energies, the character of this defect state is
To calculate defect and hole concentrations, it is importan¥ery similar, as compared to the LDA results without self-
to know accurate transition levels of donor defects. Since thénteraction corrections. They also found that valence-band-
LDA underestimates the transition levels such as the bantplated defect states are affected in the SIRC calculations,
gap, corrections are needed for defects that have the chardtowever, the changes of the defect levels are much smaller
teristics of the conduction band. With the analysis of thethan the band-gap correction. Recently, Zhang and
angu|ar momentum decompositions, we project the Wav@o-worker§3 have performed the SIC calculations for ZnO,
functions of defect levels onto the p2and Zn 4 orbitals, ~ and found that the single-particle defect level of newgls
which derive the valence-band maximum and conductionpositioned at 1.0 eV below the conduction-band minimum,
band minimum states, respectively. The defect levels assoc#l0se to our LDA calculations. Because of the LDA uncer-
ated with the conduction band are rigidly shifted upwards bytainty, we calculate defect concentrations by varying the
the band-gap correction of about 2.5 eV, while those with thdransition level ofVy from 1.1 eV above the valence-band
valence-band character are assumed to be unaffected. F&¥@ximum up to the conduction-band minimum. Although
example, for double donors, the LDA may give rise to errorsdefect concentrations depend on the transition level, we find
of about 2.5-5 eV in the formation energies for neutral andhat dominant compensating donors for N acceptors do not
1+ charge states, while no error is expected for the 2 change. Thus, we decide to use 1.10 eV above the valence-
charge state. For both Zand Zn,, since their donor levels band maximum for the donor level &f,, which is close to
are mainly composed of the Zrsrbital, lying just above the experimental value of 1.2 eV, for calculating defect con-
the conduction-band minimum, the band gap correction igentrations with the band-gap correction for other donors
needed for the transition levels. Recent experinfénts such as Zpand Zny.
showed that Znbehaves as a shallow donor, and other LDA ~ For all the defects considered here, we estimate defect
and  self-interaction-corrected (SIC)  pseudopotential ~concentrations under the growth condition using a normal N
calculationé® also reported that Znand Zn, are shallow gas source. Experimentally, the N concentration is controlled
donors. For the split-interstitial Q the donor level is char- Py varying the Zn/O flux ratio and the amount of applied N
acterized by the O @ orbital, corresponding to thppm* dopa_n_ts. In our caICL_JIatlons, we su’nulate_ these experimental
level of O,, as discussed earlier. Thus, a correction may nogonditions by changing the stoichiometric parameteand
be needed for the formation energy of this defect. wgr ~ the nitrogen chemical potentialy. The calculated defect
however, we need a special care for the transition level. 1&nd hole concentrations at 1000 K are plotted as a function
was suggested experimentally thag is the main source of of the total N concentration in Fig. 4._The N concentration is
intrinsic n-type conductivity’* while nonlinear spectroscopy controlled by the parameter, anduy is fixed to satisfy the
measurements showed the donor level at 1.2 eV above tixtreme N-rich condition, i.eun=puy,/2. Then, the calcu-
valence-band maximuf?.Our calculations indicated that the lated hole concentration corresponds to the maximum value

whereE,, denotes the binding energy, and thg-B complex

085120-3



EUN-CHEOL LEE, Y.-S. KIM, Y.-G. JIN, AND K. J. CHANG PHYSICAL REVIEW B4 085120

e ! ! ' ! ! ~—~ I | T T T
< ] & ol ]
= 107 3 107
2 i S -
[ - = [
: 3 B g 3
g 107 (No-Zno)* NorZn)”_+ ‘E’ 107 |
(] B 5 3
Q B o -
S _ No—> g -
= - N, P 3
ER (A% s f
o 05 N Ml Vo> = 105
§ B Zn* . § 5
3 B 5 -
b5, - + ( -V ) St o
L \'4 Znd o~ Vo 5
A 1013-| vl o oy il |||m A 1013_

10 13 10 15 1017 1019 10 13

[N] concentration (cm?) [N] concentration (cm?)

FIG. 4. Defect and hole concentrations as a function of the total FIG. 5. Defect and hole concentrations as a function of the total
N concentration for a normal \gas source. The N concentration is N concentration for a normal Ngas source. The N concentration is
controlled by varying the stoichiometric parametekeeping the N controlled by varying the N chemical potentigly, maintaining
chemical potential in the extreme N-rich Iimip(\,:,uNZIZ). stoichiometric condition ok =0.1.

achievable under each stoichiometric condition. We find thaactive N2 source using a radio frequency or an electron Cy_

the N doping is inefficient under O-rich conditions becauseg|otron resonance plasma. In ZnSe, this doping technique has
the total amoun{N] of incorporated N impurities is below peen very successful in increasing the hole carrier density, as
8 X 1012 Cmis, which is too small to obtain SuffiCiently h|gh Compared to the norma'j\gas SOUrCé'.g When an active Bl

hole densities. As going to the Zn-rich limit, since the for- source is used, the N solubility increases greatly under
mation energy of I decreases significantly, both the hole Orich conditions, where native defects and N-acceptor—
and N concentrations increase. When the total N Concentrfh'ative_defect Comp|exes are rare'y formed; thUS, the d0p|ng
tion lies in the range of T6-2x10' cm 3 which is  efficiency is expected to increase. To simulate theoretically
achievable under Zn-rich conditions with=0.15-0.28, the  the active N source, we choosgy, Which is higher by
most abundant donor defect\i’,%+ . Since the concentrations about 1.5 eV than that for Nmolecules (LNZ/Z)_ This N

of split-interstitial Q, Zry, and Zn, are relatively lowVo IS chemical potential is determined by assuming that equal
the dominant compensating species among the donor defects.

In this case, the concentration of {)\ is lower by an order

of magnitude than that for Zn For high doping level§[N] a0 jovk I I I I I l |

>2x10" cm™® or \<0.15), the concentration of & F

(No-Zne) ™ is similar to that of Ny due to the large binding = - N-

energy. Thus, §-Zng is the most efficient compensator _S 3 (1‘(1)2)3*_

among the N-acceptor—native-defect complexes in N-doped & i

ZnO. Similarly, previous calculations suggested that N ac- ‘E‘ 107 —

ceptors are compensated bygdV s, and NsgZn; complexes 8 - .

in ZnSe!! Because of the acceptor compensation, we find § [ [No-(N)ol 1

that the hole carrier density is saturated to about 2 o -

x10* cm™3 for N concentrations of 6-2x 10 cm 3, 2 -

while it decreases d#\] increases further. - 10%F 7]
We can control the total N concentration by varying, = i

with keeping the Zn-rich condition ok=0.1; the total N g = No

concentration can increase up to"4@m™3. We find that the ) Y S /

hole carrier densities are much smaller than for N acceptors A 107 A T e

due to the compensation By, as shown in Fig. 5, and 10" 10" 10" 10"

eventually saturated to about<d.0'* cm™2 when the con-

centration of N-Zng is close to that of Iy. This behavior is

very similar to the results obtained by varying Thus, we FIG. 6. Defect and hole concentrations as a function of the total

conclude thaV, and Ny-Zng are the dominant compensat- N concentration for a plasma,Njas source. The N concentration is

ing species for low and high doping levels, respectively.  controlled by varying the N chemical potentjal,, maintaining a
We investigate thep-type doping efficiency for a more stoichiometric condition of =0.6.

[N] concentration (cm™)
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amounts of N molecules are in the ground and excited 10" cm 3, even if a high purity ZnO samplg9.999% is
states; the energy of an excited Molecule in the®> | state  used. Since water or an,Hjas is usually present in growing

is higher by 3.09 eV per N atom, as compared to the groungdamples, it becomes a source of H. Experimentally, H is
state &Eg)_ We select a suitable O-rich condition of known to behave as a donor in Zr#®Recent first-principles
=0.6, which increases the maximum N concentration fron‘ﬁﬁ'CU'&ﬂOﬂS also showed that H is a shallow donor, resulting
101 to 7x 10'® cm™3. As expected, we find that the concen- in intrinsic n-type conductivity’® Thus, the H abundance will
trations of native defects and N-acceptor—native-defect cone another reason for the difficulty of making high-quality
plexes are extremely low, while defects purely composed oP-type ZnO.

N atoms are abundant, as shown in Fig. 6. In this case, the In conclusion, we have investigated the compensation
(N,)o molecules are the dominant compensating Speciegpechanism for N acceptors in ZnO through first-principles
with defect densities similar to that for the N acceptors. InPseudopotential calculations. We find that for low N concen-
ZnSe, it was also shown that §)\, is a major compensating trations, N acceptors are mainly compensated by O vacan-
donor for N acceptor In the O-rich conditions, similarly, cies, while N-acceptor—zinc-antisite complexes becomes the
the N acceptors are compensated by)dNand Ny-(N,)o. ~ Major compensating species as the N concentration in-
We find that the hole carrier density decreases with increasireases. Thus, the maximum hole concentration achievable
ing of [N], with a maximum value of about>2104 cm™3, with a normal N source is calculated to be about
as shown in Fig. 6. Thus, it is unlikely to enhance pigpe ~ 10'° cm °. When an active plasmaNsource is used, al-
doping efficiency with an active Nsource, although this N though the N solubility increases, the doping efficiency is
source increases the N concentration. This feature may extill low because of the compensation effect byrNolecules
plain the failure of obtaining low-resistanpetype ZnO even at O sites and B-(N2)o complexes.

if a plasma N source is uset£**In addition, it is difficult to

control unintentionally incorporated impurities such as H be- This work was supported by the supercomputing center in
low the calculated maximum hole concentration of aboutKORDIC, which provided Cray T3E computing times.
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