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Undoped and N-doped ZnO films are grown by atomic layer deposition under O-rich conditions.
Scanning photoelectron microscopy studies carried out on the films cross sections with a state-of-the-art
resolution of 130 nm, allowed the study of the electronic structure of individual crystallites. In has been
found that crystallites can be divided into two types, that differ in the electronic structure of the valence
band. This finding, together with the cathodoluminescence images showing clustering the acceptor- and
donor-related emission, unveiled that acceptors and donors are grouped in separate regions of the ZnO
and ZnO:N films. Density-functional-theory (DFT) calculations reveal that the complexes involving zinc
vacancy, hydrogen, and nitrogen (in the case of ZnO:N) modify the density of states in the valence-band
region, so the experimentally observed differences in photoelectron spectra between crystallites evidence
the grouping of acceptor complexes in some crystallites. DFT calculations also suggest that shallow
acceptor states might be of n - Vz, origin. Nitrogen willingly joins such complexes and facilitates their
formation. The separation of donors and acceptors and its tendency to group along the growth columns is
of great relevance for future applications, as it indicates that eventual electronic devices should rather be

constructed in a vertical architecture.

DOI: 10.1103/PhysRevApplied.18.044021

I. INTRODUCTION

Zinc oxide has been found to be inherently an n-
type material with an electrical conductivity that can
range from resistive to highly conductive and strongly
varies depending on the growth method used. As charge
native point defects were shown to be either deep or of
high formation energy [1,2], high electron concentrations
have been attributed to interstitial hydrogen impurity [3]
and defect clusters or pairs present inside the material
[4-7]. The presence of defect clusters has been confirmed
by Raman [8,9] and Fourier-transform infrared (FTIR)
spectroscopy [10] as well as by positron annihilation spec-
troscopy [7,11,12]. According to the present knowledge,
native defect complexes, often containing hydrogen, such
as Vz,, Vo (n = 2,3), Vzy-nH, Zn;VoH and others deter-
mine ZnO conductivity as they introduce shallow and deep
donor and acceptor levels [13—15]. Since the O-rich or Zn-
rich growth conditions determine the formation energy of
native point defects [16], they also affect the formation of
corresponding complexes, and thus the electrical conduc-
tivity of ZnO [11,17,18]. Additionally, it has been reported
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that dislocation density and strain affect electrical transport
in this material as well, especially in the case of thin ZnO
films [18]. The theoretical investigations indicate that dop-
ing with nitrogen gives relatively better perspective for a
stable p-ZnO than other dopants [19]. Although the defect
level of N substituting O (Np) in ZnO was found to be as
high as 1.3 eV [20], so too deep to allow for hole conduc-
tivity at room temperature, acceptor doping with nitrogen
has been reported for ZnO grown using different tech-
niques [21-30]. Theoretical studies conducted in recent
years, trying to resolve this contradiction, have shown
that shallow acceptor states might have more complicated
physical origin than Ng, because nitrogen, like other V-
group dopants [31], can form permanent complexes with
V7, and/or with hydrogen, which provide shallow and deep
acceptor states [2,15,32—-38]. Indeed, the above complexes
were detected by different experimental techniques includ-
ing positron annihilation spectroscopy [39,40], Raman
spectroscopy [28,38,41—44], electron paramagnetic reso-
nance (EPR) spectroscopy [45], and these results were
supported by x-ray photoelectron spectroscopy [28,38,44]
and luminescence data [28,38,41,43]. Such complexes as
VzaNo [33], VzaNoH [35], or the —NH,, group [46], can
be formed in ZnO in many different ways. Theoretical
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calculations have indicated that the Vz,No complex might
be created by transforming the Nz,-Vo complex located
on the Zn-terminated surface [33], which turns out to be
metastable and can evolve to the V7N acceptor complex
with an energy lower by 0.5 eV [33]. Reynolds et al. [34]
achieved significant hole concentration by following the
above prescription experimentally. An alternative mecha-
nism of the V'z,Ng complex formation, by diffusing the V7,
defect towards Ng and then trapping H, was proposed by
Yong et al. based on first-principles calculations [37]. The
shallow acceptor states derived from the (NHy)z, complex
were found to be thermodynamically stable under O-rich
conditions, as predicted by Bang [36].

This brief summary shows that not only the efficient
introduction of acceptor dopant, but also oxygen- or zinc-
rich growth conditions as well as the presence of hydrogen
are responsible for the formation of acceptor levels and
conductivity conversion. Additionally, recent cathodolu-
minescence investigations have shown that the macroscop-
ically measured p-type conductivity of ZnO may have a
complicated microscopic origin, since the luminescence
associated with donors and acceptors in polycrystalline
ZnO films grown under O-rich conditions was found to
be spatially separated and comes from different crystal-
lites [47,48]. These results strongly suggest that ZnO lay-
ers may consist of separate domains, containing donors
or acceptors, the spatial distribution of which is closely
related to the microstructure of the film, i.e., the columns
of growth.

First indications of separated p- and n-type regions were
found on the surface of ZnO films doped with nitrogen
[49] and co-doped with nitrogen and arsenic [50] in sur-
face photovoltage measurements, but those results were
obtained on the surface of the films, while present inves-
tigations were performed on the films’ cross sections. The
existence of n- and p-type regions was also deduced from
the resistivity-distribution profiles of N-doped ZnO sam-
ples, for which the signs of the Hall-voltage signals did not
change with magnetic field direction [51]. Interestingly, the
surface resistivity profile confirmed the dimension of the
islands with 50—100-um scale.

The above findings motivated the scanning photo-
electron microscopy (SPEM) experiment presented here,
which was designed to find possible differences in the elec-
tronic structure between the columns in order to verify the
thesis about the p- and n-type domains inside ZnO:N. In
the performed experiment two shapes of the valence band
(VB) are observed depending on the measurement site, i.e.,
depending on which growth column is sampled.

Correct explanation of the experimental photoelectron
spectra requires a correct description of the electronic band
structure of defects in ZnO. The previous theoretical stud-
ies revealed that the results strongly depend upon the
exchange-correlation functional used [20,33,35,37,52-57].
A well-known deficiency of local density approximation

(LDA) or generalized gradient approximation (GGA) to
density functional theory (DFT) is the underestimation of
a forbidden energy gap (E,) of semiconductors due to the
sublinear dependence of the total energy on the number
of electrons in the system [58]. As a result, using these
approaches, the energies of defect acceptor states with
respect to the valence-band maximum (VBM) are calcu-
lated lower. Moreover, the LDA or GGA method leads
to the increasing of delocalization of p defect states near
the VBM [59]. The two approaches leading to correct E,
are the semiempirical hybrid functional (HF) method, and
the LDA + U; + U, or GGA + U, + U, method in which
Hubbard-like +U terms [59,60] are applied to both the
d (cation) and p (anion) states [54,57,61]. In particular,
the significance of the +U terms is additionally evident
by the fact that within the last approach, both Vz, or Ng
are deep acceptor centers in agreement with experimental
observations, which is not obtained within LDA or GGA
[20,54,62].

According to this, in the first part of the paper we present
the SPEM results that indicate two types of domains in
ZnO:N thin film, which are reflected in different elec-
tronic structure of the VB. Next, using the GGA + Uy +U,
approach we compute the electronic structures of a number
of defects and complexes involving zinc vacancy (Vzy,),
nitrogen, and hydrogen. We find that shallow acceptor
states might be of the Vz,No pair or the Vz,NoH;-No
four-constituent complex origin. We show that observed
differences in the shape of the valence band can be under-
stood in terms of grouping of donors and acceptors in
separate crystallites.

II. METHODS

A. Experimental methods

For the experiment, about 2-um-thick ZnO and ZnO:N
films are grown by atomic layer deposition (ALD) on
a highly resistive Si(100) substrate (> 10* Q-cm) using
diethylzinc (DEZn) and deionized water (DI) as precur-
sors. Nitrogen is doped using ammonia water, alternatively
with DI, as the oxygen-nitrogen precursor. The details of
the deposition process can be found elsewhere [26,48].
Essential features of the growth procedure applied here
are the low deposition temperature of 100 °C, assuring
O-rich conditions in the ALD process [63] and thus facil-
itating creation of zinc vacancies [16], and the precursor
feeding sequence in which ammonia water is alternated
with deionized water in every fourth ALD cycle, which
results in incorporation of the —-NH group at an oxygen site
in the ZnO wurtzite lattice [48]. It should be noted that
the location of the —NH group (at O or Zn site) incorpo-
rated during the ALD process with the NH4OH precur-
sor depends on the applied precursors’ feeding sequence
applied in the growth procedure [28,38,64,65]. Nitrogen
concentration of 1 x 10 at./cm® is found from secondary
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FIG. 1. Experimental
measurements.

ion mass spectroscopy (SIMS). The samples are subjected
to 4 min rapid thermal processing (RTP) in nitrogen atmo-
sphere at 400°C using an AccuTherm AW610 system
from Alwin21 Inc. The x-ray diffractograms reveal the
wurtzite-type crystal structure and show the polycrystalline
nature of the ZnO and ZnO:N films with dominating [100],
[002], and [110] crystallographic directions (Fig. S1 within
the Supplemental Material [72]). Transmission electron
microscopy (TEM) images reveal the columnar structure
with ordered rows of atoms inside the grains. Details of
the films structure can be found in Ref. [48].

The SPEM experiment is performed at the ESCA
Microscopy beamline (Elettra, Italy) with photon energy
of 650 eV and an energy resolution of 300 meV [66,67].
The spatial resolution of 130 nm, which is the state of the
art in SPEM experiments, allowed the electronic structure
to be probed inside a single column of growth. Samples
are cleaved under ultrahigh vacuum (UHV) conditions to
reveal an atomically clean cross-section area for a photoe-
mission experiment. The experimental scheme is shown in
Fig. 1.

B. Computational methods

The GGA calculations [68] are performed using the +U
corrections [60] implemented in the QUANTUM-ESPRESSO
code [69]. The +U corrections are imposed on d(Zn),
p(0), and p(N) orbitals. Ultrasoft atomic pseudopotentials
are employed [70]. The plane-wave basis with the kinetic
energy cutoff of 40 Ry, which provides a good description
of II-VI oxides, is applied here. The Brillouin zone sum-
mations are performed using the Monkhorst-Pack scheme
with the " pointand 2 x 2 x 2 k-point mesh [71]. The 128-

and 288-atom supercells are used with optimized atomic
positions until the forces acting on ions are smaller than
0.02 eV/A. More technical details about the calculation are
given within the Supplemental Material [72].

We calculate the defect formation energy of defects
Etom as [73,74]

Eform = Eyot(host+defect) — Eo(host)
+ Z nip; + Q(EF + 8VBM) + Ecorrect- (1)

The first two terms on the right-hand side is the total energy
of the supercell with and without the defect (or complex),
respectively, n; is a number with the +(—) sign corre-
sponding to the removal (addition) of atoms, w; is the
variable chemical potential of atoms in the solid, ¢ is the
charge state of defect (or complex), ef is the Fermi energy
referenced to VBM, eygym is the energy of the VBM of
pure ZnO, and E .yt is the finite-size supercell correc-
tion [74]. The energy of eypym is determined in line with
the algorithm in Ref. [74] from the total energy differ-
ence between the pure ZnO with and without a hole at the
VBM in the dilute limit. In Eq. (1) u; are different from the
chemical potentials u; (bulk) of the ground state of ele-
ments (Zn bulk, O,, H,, and N»). u;(bulk) in the standard
phase are given by total energies per atom of the elemental
solids: w;(Zn bulk) = E(Zn bulk), while w;(O bulk) =
E0t(02)/2, pi(Nbulk) = Eit(N2)/2, and w;(H bulk) =
Ewt(Hy)/2. In line with our experiments, only the O-
rich conditions are considered. The chemical potentials
of N and H can couple with the O chemical potential.
It is also considered that no additional nitrogen is intro-
duced with oxygen during the ALD process, thus the
N-poor conditions are taken into account. Thus, p©(Zn) =
Etot(Zn bulk) + AHf (ZnO), u(O) = Eit(02)/2, u(N) =
Eo(N2)/2, and u(H) = Ei(H2)/2 + 1/2 AH; (H,0).
Here AH; is the enthalpy of formation per formula unit,
which is negative for stable compounds. AH; at 7= 0K
is obtained by considering the reaction of formation or
decomposition of a crystalline from its components. Cal-
culated AHy are —3.7 (—3.6), and —2.98 (—2.96) eV for
Zn0O and H;O, respectively (the experimental values are
given in brackets from Ref. [75]).

The last term, FEcomect, includes the potential align-
ment correction of the VBM and the image charge
correction [74].

Next, we calculate the charge transition level €(q;/q>)
between the ¢, and ¢, charge defect states that is defined
as the er at which formation energy of the g, and ¢, defect
are equal [74]:

Eform(q1;8F = O) - Eform(QZ;SF = O)
92 — q1 '

e(q1/q2) = (2)

Here E¢m 1s calculated according to Eq. (1). We note, that
£(q1/q») are independent of the growth conditions and can
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be observed in cathodoluminescence measurements, where
a defect in the stable charge state fully relaxes to its ground
structure after the transition.

A few technical aspects of the calculations require a
comments. Before starting the self-consistent field calcu-
lations, slightly asymmetric structures around the defects
are introduced. Thanks to such a symmetry breaking, all
possible hole configurations in terms of their positions and
spins are considered and, as a result, the energetically low-
est solution is chosen (see Sec. S5 within the Supplemental
Material [72]).

The gain in the formation energy of the complexes
is evaluated as the difference in the formation energy
between isolated constituents of the complex and the
complex itself for a given Fermi level:

Egain = ZEform (constituent) — Egymm(complex).  (3)

The positive gain energy values indicate an energetic pref-
erence for the defect complex to be formed. In this work for
three-constituent complexes, Eg,i, can be represented as a
gain energy with respect to the three individual defects or
the Egqin of one point defect attached to a defect pair. For
four-constituent complexes Eg,in is formation energy gain
of one point defect attached to the triangles.

III. RESULTS

A. Experimental results

Each measurement is started in “imaging” mode [66] in
order to visualize the appearance of the obtained cross-
section area. Although the cross section turned out to be
rather rough, as seen in Fig. 2(a) (ZnO) and Fig. 2(b)
(ZnO:N), it resembled that obtained in SEM microscopy
(see Ref. [47]), and the columns of growth are easily dis-
tinguished. In the next step, in the “spectroscopy” mode,
the PES spectra of the Zn2p, Zn3d, Ols and Cls core lev-
els and the valence band (VB) are measured at selected
points, as shown in Figs. 2(a) and 2(d) (red letters). The
Nls signal is found to be below the detection limit as a
result of both a low doping concentration and a small sam-
pling area. XPS survey spectra showed only peaks coming
from zinc oxide, while carbon contamination is very low
at the measured points.

It is found that the FWHM value of the Zn3d level is
the same (1.67 eV) for all the measured columns from the
cross section of ZnO [Fig. 2(b)] and ZnO:N [Fig. 2(e)]
films. In the case of ZnO, the energy position of the Zn3d
is the same within the experimental resolution [Fig. 2(b)],
while a 400-meV shift of this peak is observed for ZnO:N
between different grains [Fig. 2(e)]. Such a shift can be
understood in terms of a change in the Madelung energy
and is related to the change of the Fermi level position
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FIG. 2. SPEM images of the films’ cross sections measured from the Zn3d for (a) annealed ZnO and (d) ZnO:N films. The colors
are chosen to emphasize the details of the cleavage morphology, with orange being high and blue being low signal intensity. (b),(e)
PES spectra of ZnO (b) and ZnO:N (e) in the valence band and Zn3d region; (c),(f) PES spectra of ZnO (c) and ZnO:N (f) in the
valence-band region.
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in the material [76]. As a result, the valence-band edge is
located higher, which favors hybridization of the valence
band with shallow acceptor levels.

However, the most substantial difference in the photoe-
mission response is observed in the valence-band region.
The valence-band spectrum of zinc oxide derives from
the hybridized O2p and Zn4s orbitals and consists of two
peaks, one with a maximum at about 1.75 eV and the sec-
ond one at about 4.5 eV below the valence-band edge.
The considerable intensity change of the former PES max-
imum can be easily noticed, while the intensity of the
second maximum remains untouched [Figs. 2(c) and 2(f)].
It is worth noting that similar changes occur in the PES
spectra of both ZnO as well as ZnO:N sample, however,
in the latter case they are accompanied by the valence-
band shift towards the Fermi level. In semiconductors the
valence-band maximum (VBM) and binding energy (BE)
of shallow core levels probe the Fermi-level position in the
band gap, so the last observation suggests some acceptor
states in the growth columns showing the lower “1.75-eV
band” intensity. It should be stressed that although the PES
spectra are measured at different points along the film cross
section, only two shapes of the valence band, as presented
in Figs. 2(c) and 2(f), are found for every film.

A comparison of the PES valence band spectra reveals
that while the spectra with higher “1.75-eV band intensity”
are the same for ZnO and ZnO:N, the PES spectra with
lower “1.75-eV band intensity” are different in both films.
In the case of ZnO:N films the “1.75-eV” band is even
lower and shifted to lower BE, which points at a different
origin of the valence-band intensity lowering.

Differences in the shape of the ZnO valence-band spec-
tra are already reported in the literature. Such an effect
has been shown for single-crystal ZnO when Zn-polar
and O-polar surfaces were investigated and photoemission
signal has been collected perpendicularly to the crystal
surface, i.e., for a take-of angle of 90° [77—79]. In such
a case, photoemission intensity from the lowest binding
energy states, sometimes called subpeak, has been found
to be significantly more intensive for the Zn-polar face
compared to the O-polar face, for m plane is situated
between them, while the intensity of the higher binding
energy states is the same for all three polarities [77]. This
effect was reported for a range of single ZnO crystals
grown by the hydrothermal, pressurized-melt and chem-
ical vapor transport techniques as well as for thin ZnO
films obtained by pulsed laser deposition [77,78]. More-
over, it disappears for measurements performed for lower
take-off angles and photon excitation energy lower than
600 eV, which rather excludes the surface-related character
of the subpeak and accounts for its bulk-related origin. The
latter conclusion is also supported by the measurements
showing that the subpeak effect appears in the valence-
band spectra regardless of the surface preparation and
chemical-treatment conditions [78,79]. The band-bending

origin was also excluded as a similar effect was observed
for samples with carrier concentration ranging from 104
till 10%° /cm?, [77-79]. Based on the above considerations,
the surface-related effect was excluded, however, the exact
origin of this peak has not been discovered. Interestingly,
the subpeak effect was also reported for photoemission
spectra taken for low-dimensional ZnO structures, which
do not have any Zn-polar or O-polar faces [80—83]. The
spatially resolved valence-band photoemission spectra of
ZnO nanorods were measured by SPEM at various posi-
tions, near the center and sidewall regions of the nanorods
[80,81]. The intensity of the subpeak was found higher
near the edge of the nanorod, which was tentatively inter-
preted as caused by the 2p dangling bonds of O ions, how-
ever, without any further confirmation. A similar effect was
reported by Ansari et al. who showed the XPS valence-
band spectra for pure and modified ZnO powder [82]. The
latter one reveals lower intensity of the valence-band peak
close to the valence-band edge, which has been attributed
to the band-gap narrowing and oxygen vacancies that were
indirectly observed in the shape of the 1s(O) core level.
Schmeifer et al. [83] have found the lower intensity of the
low binding energy part of the XPS valence-band spectrum
for amorphous ZnO.

All the experimental results mentioned above indicate
that the lowering of the density of states near to the
valence-band edge is a bulk-related effect, which it should
be rather attributed to defects, defect complexes and,
maybe, structural differences in the ZnO lattice, which, in
the case of single crystals, may be closely related to dif-
ferent surface polarity. The only DFT calculations trying
to address the problem of valence-band shape modifica-
tion of ZnO with native defects were performed by Wang
et al. [84]. They assigned the valence-band differences to
impurity states that appear near to the valence-band edge
because of oxygen vacancies.

In the next paragraph we carefully analyze the various
defects and defect complexes that may exist in ZnO and
show that they can contribute to changing the shape of the
valence band. We calculate the formation energy of vari-
ous defect complexes that are expected to appear in ZnO:N
grown by ALD under O-rich conditions and postgrowth
annealed. Then, we calculate the total density of states in
order to explain the differences in the shape of the valence
band observed in the SPEM experiment.

B. DFT results

The application of Uz, = 10 eV, Up = 7 eV, and Uy =
7 eV [54,61,88,89] terms reproduces both the experimen-
tal lattice parameters of wurtzite (w) ZnO (a = 3.223 A
and ¢ = 5.24 A), as well as the experimentally correct
E, = 3.37 ¢V and the energy of the core d(Zn) band, cen-
tered about 8 eV below the VBM [90,91]. It is reflected in
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FIG. 3. Formation energies of investigated defects as a func-
tion of the Fermi energy for ZnO grown in O-rich condition.

the density of states (DOS) results shown within the Sup-
plemental Material [72] (Fig. S5) that agree well with the
measured PES spectra [Figs. 2(b) and 2(c)].

The results of calculations of defect formation ener-
gies and the thermodynamic charge transition levels are
presented in Fig. 3 and Table I. In Fig. 3 the slope of
each line corresponds to a stable charge state, while the
points represent the £(q;/q2). If the calculated (q;/q>2)
lies in the forbidden gap we perceive it as a stable state,
in contrast to the transition levels that are resonant and

located in the VBM or the CBM. In particular, we note
that the +/— level of H; is calculated to be resonant
with the conduction band, which suggests that the shallow
donor level is observed, in agreement with the previous
calculations [86].

In Table I, we compare the calculated e(gq;/q2) lev-
els with the corresponding results of other DFT studies.
We note that the current GGA+U results, in particular
for Vz, and nitrogen impurity, agree with e(q,/¢») val-
ues obtained by HFs when Janh-Teller perturbation is
taken into account [15,55,86]. For example, we find that
formation energy of neutral Vz, is 3.5 eV and four ther-
modynamic charge transition levels are predicted to be
within the band gap, +2/4+ =0.22,4/0 = 0.82,0/— =
1.15, and —/ — 2 = 1.75 eV (Fig. 3). All values are cal-
culated with respect to the VBM and are in agreement
with the values obtained in other works by HF approaches
[52,55]. When Vy, is formed in the wurtzite structure,
it results in the four dangling Zn—O bonds. These four
sp3(0) orbitals of O neighbors combine into a singlet and
a quasitriplet (#,) that is higher in energy. The two holes at
the defect states induce a Janh-Teller effect, which drives
a splitting of spin-down-quasitriplet state into an occu-
pied singlet and an empty doublet that is located at about
2.4 eV above the VBM (Fig. S6 within the Supplemental
Material [72], we plot the DOS for spin-up and spin-down
states of vacancy as positive and negative values), reflect-
ing deeplike character of vacancy acceptor states. When
the Vz, is passivated by HT, they form the stable complex
as V,, +H" — Vz,H; with about 2.0 eV of the formation
energy gain. In this case H; is located at one of the four V7,
dangling sp3(0) bonds lowering vacancy symmetry from
C3, to C,. Moreover, in undoped ZnO, the Vz,-H complex

TABLE I.  Calculated thermodynamic charge transition level of defects, in eV. In this work and Refs. [42,62] the GGA + U, +U,
method is used and in all other references HF approaches were performed.

e(q1/q2)  Vza VznH No VznNo VznNoH VznNoH-No
+2/+ 0.22 here 0.2 here
+2/+ 0.23 [55], 0.25 0.2[15],0.22

[56], 0.83 [62] [55], 0.87 [62]
+/0 0.82 here 0.65 here - 0.12 here 0.64 here
+/0 0.81[56], 0.89 0.65 [55], 0.7

[55],0.85 [62] [15], 0.89 [62]
0/- 1.15 here 0.95 here 1.49 here 0.17 here 0.9 here 0.225 here
0/- 0.69 [52], 0.96 1.1[62],1.26 1.320], 1.46 0.16 [33], 0.77 [35]

[62], 1.39 [55] [55], 1.32 [15] [85], 1.47 [86] 0.28 [35]
0/- 1.4 [56], 1.15, 1.8 [27], 2.04 0.2[27,37] 0.92 [42]

1.5[53] [55],2.1[87]
-/-2 1.75 here, 1.25 1.25 here 1.2 here

[62], 1.96 [56]
-/-2 1.2 [35] 1.15[35],

1.5 [42]

-2/-3 2.6 here
-2/-3 3.3 [35]
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is the dominant deep acceptor due to relatively low Efom
(Fig. 3) and thus, calculations suggest that acceptor states
observed in Figs. 2(a)-2(c) might be of »n - Vz,H; origin.

In agreement with the HF calculations [74,85,86], the
current study has shown that nitrogen substituting for oxy-
gen forms a deep acceptor state as 0/- is 1.49 eV (Fig. 3).
The single hole at the threefold-degenerate state induces
a strong Jahn-Teller distortion and a splitting quasitriplet
state into occupied doublet and empty singlet, which is
located about 2.5 eV above the VBM in agreement with
the HF results [85,86] (Fig. S6 within the Supplemental
Material [72]).

The energy level of the N can be affected by its local
surrounding, here we investigate Vz,No, VzaNoH, and
the VzaNoH;-No complexes. Equilibrium configurations
of complexes are shown in Figs. 4 and Fig. S8 within the
Supplemental Material [72].

Vzn and Ngo form the stable complex, for exam-
ple, at 0.82-1.15 eV Fermi energy region as Vz, +
No — [VzaNo] (see Fig. 3). They also can cre-
ate V5 +No — [VzaNol™, V,, +No — [VzaNo]~, and
V7, +Ng — [V2aNo]™? complexes. For Vz,Ng pair its
formation energy gain is predicted to be 1.9 eV, with
respect to the isolated V7, and Ng (comparable value,
1.7 eV, was obtained in Ref. [35]). This implies the sta-
bility of such complexes at typical growth or annealing
temperatures.

Acceptor clustering stems from the formation of quasi-
molecular bonds between dopants, which was suggested to
be a universal phenomenon in semiconductors [92]. From
this point of view, the Vz,No pair is created by the for-
mation of quasimolecular bonds between Vz, and Ng. The
spin-density isosurfaces of V'z,, No, and the V7, Ng pair are
shown in Fig. 5. Three holes in Vz,Ng states are located

FIG. 4. Calculated atomic configurations and the electron den-
sity isolines for (a) Vz,No and (b)Vz,NoH. One can see the large
distortion of the crystal structure by the formation of defects. The
rainbow-type color coding refers to pink as regions of minimum
charge density, which increases gradually as violet, blue, green,
and finally to red as the region of maximum charge density.
Contours go 0.0009 to 0.5 electron/Bohr’.

(b)

FIG. 5. (a)Ac) The isosurfaces of spin-density distributions
for the empty orbitals in the defect states corresponding to
0.004 electron/Bohr®. (a) Vzn, (b) No, (¢) VzaNo complex
is shown in the (x,y) plane. Blue and red color correspond
to the different spin orientations. (d) Simple scheme explains
the formation of Vz,No complex by creation of molecularlike
bonding-antibonding states.

on two sp>(0) and one sp*(N) dangling bonds, neither the
shape nor the spin structure is the sum of those of two iso-
lated defects. In particular, in the former case spin densities
are more delocalized, since they comprise long-range tails
engaging p orbitals of distant O ions which reflects the
hybridization of the defect states with the VBM. The VBM
is mostly built from p-like anion orbitals. The total spin of
Vzn and Ng is 1 and 1/2, respectively, while 1/2 spin is
assumed in the case of the complex (see the Supplemen-
tal Material [72]). The spin-density results are supported
by the density of states calculations presented in Figs. 6
and S6 within the Supplemental Material [72]. One can see
that the Vz,No levels are built from p(O) and p(N) orbitals

25 3
AR
§ oA - '

: |
° 25 | -
&€ gy (V)

FIG. 6. Total density of states and the contributions of p(O)
and p(N) orbitals Vz,Ng in ZnO.
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and complex states are hybridized with the valence bands.
According to the pseudomolecular bond model there is a
formation of 7 and o combinations with p-like (p,, and
p-) orbitals of the Vz, and Ng [Fig. 5(d)]. The bonding
combinations are lower in energy than the levels of iso-
lated defects (Fig. S6 within the Supplemental Material
[72]), and in the case under study they are degenerate with
the continuum of the valence band of ZnO (see Figs. 6
and S6 within the Supplemental Material [72]). The com-
plex states including one hole degenerate with the VBM
bands. The antibonding states of pairs (denoted by stars)
are higher in energy. The o splitting is stronger than the
7 splitting because of the stronger overlap of orbitals in
the xy orientation, and thus a stronger coupling therein.
Although the presented mechanism and diagram are very
simplified, they can be universal and help in predicting
similar complexes in semiconductors. It will be shown
below that the similar scheme is realized in the case of
four-constituent complexes. According to GGA+U;+U,
calculations the Vz,Ng containing three holes acts as a
shallow acceptor, with the level 0/— = 0.17 eV above the
VBM (Table I). Also, we find that +/0 = 0.12 eV, this
defect level is located near the VBM and there can be the
strong hybridization of the defect’s p states with the VBM
states that mostly are built from p(O) electrons. The Vz,Ng
pair can be associated with the acceptor levels observed in
the presented photoemission experiments.

When H passivates the Vz,Ng pair, it is located on
the sp3 No-dangling bond (Figs. 4 and Fig. S9a within
the Supplemental Material [72]) due to the fact that the
(NH)o complexes are much more stable than H; [93].
H; accommodation within the complex not only lowers
the formation energy (Fig. 3), but also stabilizes the high
spin state with the total spin of 1 (see the Supplemental
Material [72]).

In agreement with previous reports [35,42] we obtain
that an acceptor level 0/— = 0.9 eV of the Vz,NgH com-
plex is higher than that of Vz,No (Table I). In spite of it, we
note, that introduction of these complexes might provide
the first step towards p-type doping before annealing. By
optimizing the growth and annealing conditions, the acti-
vation of large concentrations of Vz,Ng acceptors may be
possible. For example, Egym of VzyNoH complex is about
1.2 eV lower than the sum of the formation energies of the
[VzaNo]~ complex and the H" interstitial separately. This
shows that passivation by H results in a three-constituent-
complex stabilization and making it easier to form. Also,
it has been confirmed that the Vz;NoH, complex is also
stable [37].

Moreover, we find that the shallow acceptor states might
be due to larger defect clusters passivated by hydrogen,
for example, four-constituent-complex Vz,NoH;-Ng ori-
gin (see Table I and the Supplemental Material [72]). The
acceptor level of such a complex is found to be 0.22 eV
above the VBM. According to Fig. 3 [Vz,NoH;] + No —

[VzaNoH;No] and [Vz,NoH;]™ + No — [VzaNoH;No]™
are possible charge states of the four-constituent com-
plex. Complex forms with Eg,i, = 0.6 €V. Complex levels
are strongly bonded with the host valence bands (Figs.
S7—S9 within the Supplemental Material [72]). Three holes
in the complex states are located on sp3(0) and sp3(N)
dangling bonds, and neither the four-constituent complex
spin-density distribution nor the structure is the sum of two
isolated constituents (see Fig. S9 within the Supplemental
Material [72]).

The comparison of the calculated DOSs with the pho-
toelectron spectra shows a strong qualitative agreement
between the theory and experimental results. The normal-
ized DOS results of undoped and defected ZnO presented
with a large spline (Fig. 7) can explain the observed dif-
ferences in the valence-band spectra accompanied with the
shift of states near the VBM [Fig. 2(f)]. The bonding and
not fully occupied defect complex states hybridize with the
VBM continuum, that is observed in SPEM experiments as
a shift of the VBM. We also note that like for photoelectron
spectra, DFT calculated d(Zn) core levels are not shifted
for defects in undoped ZnO, but there is a shift of the d(Zn)
level, of about 0.2—0.3 eV, between pristine ZnO and ZnO
with nitrogen complexes. We explain this by hybridization
between p(O) — p(N) — d(Zn) core states.

Finally, we summarize the efficiency of formation of
complexes via the perspective of an experimental growth
process. According to Fig. 3, the E¢yy, of complexes are
large on the scale of the formation energy of its con-
stituents, and hence their concentrations are small [94,95].
In spite of this, when complexes occur under nonequilib-
rium conditions, their concentration can be significantly
different from what Fig. 3 implies. For example, if the iso-
lated constituents are formed in the first phase, the complex
formation can happen via diffusion of the defects [37,96]

0.5 T T T T T

valence bands
1 L | "

—6 —4 -2 0
£-E g, (€V)

0.0

FIG. 7. The normalized total density of states of ZnO and
the VzyNo in ZnO. The results are qualitatively correlated with
experiment (Fig. 2), which suggests that the Vz,No is respon-
sible for the p-type areas in the crystal. The defect V'z,No and
VzaNoHNg empty states at about 0.2 eV above VBM is seen in
the inset, Fermi levels are depicted (see within the Supplemental
Material [72] for details). The DOSs of complexes correspond to
the sum of spin-up and -down states.

044021-8



VALENCE-BAND ELECTRONIC STRUCTURE...

PHYS. REV. APPLIED 18, 044021 (2022)

and/or strong bond between constituents (in relatively high
concentrations of them). Thus, from this perspective, we
suppose that Eg,;, values provide a better measure of
whether the complexes do form or not. For instance, if
a diffusing zinc vacancy comes across a nitrogen, they
will bind together as long as there is sufficient attraction,
which should be the case as there is a tendency to favor
acceptor-acceptor clusters. According to Ref. [37], Vz
can diffuse easily within ZnO:N under the normal growth
conditions (approximately 150°C) with the energy bar-
rier for Vz, migration around Ng about 1.1 eV. In the
case of Vz, diffusing around (NH)o the energy barrier
is much lower [37]. We find that the formation energy
gains of the Vz,NoH complex are 3.3, 1.7, and 1.2 eV
with respect to the three individual defects, to the (NH)o
and zinc vacancy separately, and to the Vz,No pair and
H interstitial separately, respectively (Fig. 3). The form-
ing of Vz,NoH groups that takes place with relatively low
formation energies might provide the first step towards
p-type doping before annealing that is performed at tem-
peratures 7, much higher than the growth temperature. We
can approximately estimate the required 7, at which the H
removal from the Vz,NoH; complex starts as [97]

f——— @
kBll’l(T \))

where E; is the thermal dissociation energy given by the
sum of Eg,;y and the migration energy, E,,. kg is the Boltz-
mann constant, v ~ 1.6 x 10'3 s7! is the frequency of
atomic vibrations, T is the characterization time for com-
plex dissociation, here we consider it as the time of the
annealing. Egin = 1.2 €V and E,, = 1.25 eV [98] (the
migration barrier interstitial hydrogen in N-doped ZnO),
the E; is estimated as 2.45 eV. Thus, the Vz,NoH complex
can start to dissociate to the V7,No and H interstitial at
temperatures approximately 520 °C for T & 240 s that is in
reasonable agreement with experimental temperatures and
time of annealing (see Sec. Il A). We note, that estimated
E; of the Vz,NoH complex to (NH)g and Vz, is larger by
approximately equal to 0.45 eV.

The defect formation energy of the four constituent
complex is very high, approximately equal to 7.6 eV. But
this complex may be created from the bonding between
the previously formed Vz,NoH complex and No impu-
rity. However, Egym of this complex will be lower under
Zn-rich conditions. The good effectiveness of ZnO doping
requires high defect concentrations, as the acceptor states
are formed from the superposition of levels of various local
configurations. Here, the different origin for shallow accep-
tor states can take place as they come from Vz,H;, V7z,No
pairs or three-, four-constituent complexes, etc.

Generally, when the sample is p-type, the H" hydrogen
and so called “generic” donors (e.g., oxygen vacancies,
Vo) may compensate the holes generated by the acceptors.

But the investigated samples are converted to p-type after
annealing, and we note that hydrogen in ZnO is mobile
with the low diffusion barrier of approximately 0.5-0.7 eV,
so hydrogen is expected to be removed during the anneal-
ing. Indeed, we find out that after annealing at 800 °C, the
H concentration is low, about 1-2 x 10'"® cm™3, and it is
introduced into ZnO in the form of NH, and, possibly, also
CH, groups. On other hand, H decorates isolated defects
and promotes formation of complexes. Additionally, we
consider O-rich growth conditions as they facilitate the
maximum reduction of oxygen vacancies. It should be
remembered that, contrary to hydrogen, the presence of
such donors as Vo is detrimental for p-type doping as it
leads to the occupation of the antibonding acceptor states
by electrons, which gives rise to the weakening of the com-
plex bonding [92]. It is also worth noting that, in spite of
our extensive investigations on p-type conductivity per-
formed in the last 10 years, we have never observed the
macroscopic p-type conductivity in samples that are grown
under Zn-rich conditions.

Finally, the creation of such complexes as Vz,Ng is sen-
sitive to the local atomic structure and perturbations. The
introduction of even slightly asymmetric structures around
the complexes can result in large changes in their sym-
metry structure, the total energies and electronic and spin
configurations (see the Supplemental Material [72] and
Refs. [15,54]). We suggest that the energetically lowest
mechanism for complexes’ formation may be driven by
microstrain processes or occur under the surface proximity.

IV. SUMMARY AND CONCLUSIONS

In summary, we show the first photoelectron spectra
taken at the atomically clean cross section of ZnO/Si and
ZnO:N/Si films cleaved under UHV conditions. The lateral
SPEM imaging with a resolution of 130 nm allows inves-
tigation of the electronic structure of a single grain. Two
types of micrograins are found both in ZnO and ZnO:N
films based on the shape of the valence band.

DFT calculations show that n - V7, and Vz,No com-
plexes, easily formed in ZnO and ZnO:N grown under
O-rich conditions and further stabilized by hydrogen, pro-
vide shallow acceptor states and influence the DOS in the
valence-band region in a manner similar to that observed
in the SPEM experiment. Nitrogen, when doped, will-
ingly joins such complexes and facilitates their creation.
The results presented here point at a dual role of nitro-
gen as a dopant in ZnO, which can both passivate shallow
donors and facilitate creation of » - Vz, complexes pro-
viding shallow acceptor levels. Hydrogen lowers the for-
mation energy of the Vz,No complex, but the appearing
VznNoH complex is found to be a deep acceptor.

Taking into account the conditions of the ALD process
performed and based on the DFT calculations, the scenario
for achieving the p-type conductivity in the investigated
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samples is as follows. The ALD process is carried out
under oxygen-rich conditions, which lowers the energy of
zinc vacancy formation and increases its concentration.
Nitrogen is introduced into the layer as the -NH group,
which is a consequence of the surface chemical double-
exchange reaction between diethylzinc and ammonia water
in the ALD process. As a result of zinc vacancy diffusion,
the V7,NoH complex is formed, which is a deep acceptor.
The annealing process is necessary to remove hydrogen
from the complex. The created Vz,No complex is a shal-
low acceptor, so annealing activates the hole conductivity
at room temperature.

Probably the most important finding of this paper is the
confirmation of the acceptor and donor domains in ZnO
layers, as indicated by the previous CL studies, showing
the clustering of donor and acceptor luminescence in dif-
ferent crystallites. Two shapes of the valence band found at
the ZnO and ZnO:N films cross section, based on the per-
formed DFT calculations, can be assigned to p- and n-type
domains present inside the films. DFT calculations show
that the presence of Vz,NoH and Vz,Ng complexes modi-
fies DOS in the valence-band region, so two shapes of the
valence band can be assigned to grouping of acceptors in
separate domains.

The reason for donor and acceptor domains is not
entirely clear and requires further research. Some indica-
tions are provided by earlier photoemission studies carried
out on Zn- and O-polar surfaces of single ZnO crys-
tals and the SPEM measurements of ZnO nanostructures,
where similar modifications of the valence-band shape are
recorded. Based on this, it might be supposed that the
formation of acceptor complexes is associated with the
distortion of the crystal lattice, so it can be assumed that
microstrain plays a role here. The presented DFT calcula-
tions confirm that the creation of defect complexes is very
sensitive to the local structure and atomic perturbations.

The separation of donors and acceptors is of great rele-
vance for future applications. On the one hand, this means
that it is possible to obtain a homogeneous ZnO acceptor
conductivity without the accompanying donors at least on
the nanometer scale. On the other hand, the connection of
these areas with crystallites and growth columns indicates
that eventual devices should rather be constructed in a ver-
tical architecture so that the transport of current carriers
takes place along the growth columns.
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