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Stabilization of ZnO polar plane with charged surface nanodefects
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6 Based on in situ scanning probe microscopy/spectroscopy, this study investigates the stabilization of Zn-
7 terminated ZnO polar plane using surface defects. O-terminated surface defects on a nanometer scale, which
8 have two morphologies, i.e., hexagonal cavities and small pits, are observed at the submonolayer depth on the
9 (0001)-Zn surface by applying medium-energy Ar* bombardment (2.5 keV) at a high temperature (850 °C).
10 Experimental results indicate that the local electronic structure of O-terminated surface defects exhibits upward
11 band bending with respect to the Zn-terminated surface, which is consistent with the observations made using
12 Kevin probe microscopy, in which the ZnO polar surface has a locally reversed electrostatic field. Moreover,
13 pair-distribution analysis indicates that the O-terminated surface defects with diameters below 0.9 nm are
14 charged with one electron per pit, thus helping to compensate for the internal polarization.
15 DOI: XXXX PACS number(s): 68.35.B—, 68.37.Ef, 68.47.Gh, 73.20.At
16
17 I. INTRODUCTION zation of ZnO polar surfaces. Surface defects created by 57

18 Wurtzite-type zinc oxide (ZnO) has been thoroughly in-
19 vestigated owing to its remarkable properties, including a
20 direct wide band gap, large exciton binding energy, excellent
21 transparent conductivity, and catalytic effectiveness.! The
22 polar surfaces of ZnO crystal are highly promising templates
23 for use in catalysis and gas sensors owing to the excellent
24 surface/interface properties. Thus, understanding the struc-
25 tural and electronic properties of the ZnO polar surface/
26 interface is important to elucidating and operating ZnO-
27 based devices.

28  In a simple ionic model,>? alternately stacked Zn and O
29 ionic layers along the ¢ axis induce a macroscopic dipole
30 field inside the ZnO crystal. Perfectly cleaved polar surfaces,

31 (0001)-Zn and (0001)-O surfaces, are not naturally stable
32 since the internal dipole field causes divergence of the elec-
33 trostatic energy. Previous investigations have demonstrated
34 that the adsorption of oppositely oriented dipole molecules*
35 or metallic surface states can cancel out the electrostatic en-
36 ergy divergence owing to the screening effect of free
37 charges.>® However, the proposed metallic states have not
38 been identified experimentally. Modifying surface stoichiom-
39 etry by reconstruction is an alternative means of compensat-
40 ing for the internal dipole field. Previous scanning tunneling
41 microscopy (STM) and atomic force microscopy (AFM)
42 studies have demonstrated the formation of high density of
43 triangular “magic” islands, which stabilize the (0001)-Zn
44 surface.”® Theoretical calculations reveal the correlation be-
45 tween the magic islands and stabilization of ZnO polar
46 surfaces.”'? However, experimental evidence suggests that,
47 rather than the magic islands, the lattice relaxation of the

48 upper layers stabilizes the (0001)-O surface.!! Structural de-
49 fects, which adjust the surface stoichiometry effectively, are
50 considered crucial to stabilize ZnO polar surfaces. Although
51 the surface/interface defects and surface reconstructions play
52 a significant role in determining the properties of ZnO-based
53 devices,!>"!> their involvement in stabilizing the ZnO polar
54 surfaces is poorly understood experimentally.

55  Based on Ar*-ion bombardment and annealing treatment,
56 this study investigates how surface defects affect the stabili-
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middle-energy Ar* bombardment are O-terminated hexago- 58
nal cavities and pits at submonolayer depths on the Zn- 59
terminated triangular islands. The structure, local density of 60
states (LDOS), and surface potential of the surface defects on 61
the (0001)-Zn surface are explored in situ by STM, scanning 62
tunneling spectroscopy (STS), and Kelvin probe microscopy 63
(KPM). According to the pair-distribution statistics of defect 64
pits at a sublayer depth, O-terminated surface defects with 65
negative charge can lower the electrostatic energy of 66
(0001)-Zn polar surface. 67

II. EXPERIMENT 68

Experiments were performed in an ultrahigh-vacuum 69
(UHV) system (JSPM-4500 A/S; JEOL Ltd.), which con- 70
sisted of a sample preparation chamber and a STM/AFM 71
observation chamber. The (0001)-Zn single crystal was pur- 72
chased from Techno Chemic, Inc. A clean and atomically flat 73
(0001)-Zn surface was obtained by sputtering the Zn- 74
polished side of ZnO crystal through use of an Ar*-ion beam 75
at 1 keV with an ion current of 0.5-0.6 uA for 20 min, 76
followed by annealing at 650 °C in UHV for 20 min using 77
four or five sputter-annealing cycles. Surface defects were 78
then produced in a controlled manner by bombarding the 79
atomically flat (0001)-Zn surface again using an Ar*-ion 80
beam at 2.5 keV and 850 °C in 3 X 107° torr. Next, the sur- 81
face crystallinity and cleanliness of the (0001)-Zn surface 82
were examined in situ using reflection high-energy electron 83
diffraction (RHEED) and x-ray photoelectron spectroscopy 84
(XPS), respectively. By using UHV STM/AFM, both the 85
clean (0001)-Zn surface and the modified surface morphol- 86
ogy produced by subsequent ion bombardment were probed. 87
All STS spectra were obtained using a lock-in amplifier to 88
eliminate noise from the conductivity values (dI/dV) and the 89
difficulty of differential, mathematical analysis. In the KPM 90
mode, a tunable dc bias and a modulated ac voltage were 91
applied to the sample surface and the Ptlr;-coated AFM tip, 92
respectively.' During scanning, the electrostatic force be- 93
tween the sample surface and the AFM tip was minimized by 94
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FIG. 1. (Color online) Surface morphology of (0001)-Zn surface
treated by (a) initial cleaning and (b) 2.5 keV Ar*-ion bombardment
at 850 °C. Inset in (a) shows the RHEED image of (0001)-Zn sur-
face when the e-beam is incident in the direction of [110].(c)
Zoom-in STM image (15 nmX12 nm) of (0001)-Zn surface
treated by 2.5 keV Ar*-ion bombardment at 850 °C. (d) Height
profile along scanned line in (c).

95 tuning the sample bias. This sample bias represents the sur-
96 face potential of each pixel on the KPM image.

97 III. RESULTS AND DISCUSSION

98  Surface morphology of the initially clean (0001)-Zn sur-
99 face includes many characteristic triangular islands, as
100 shown in Fig. 1(a). The triangular islands consist of a Zn-O
101 double layer approximately 2.6 A in height. Edge sizes of
102 the triangular islands on the initially clean (0001)-Zn surface
103 range from 6 to 15 nm, which correlates with the dimensions
104 of triangular islands in previous studies.®’ The RHEED
105 study revealed that the clean (0001)-Zn surface was a (I
106 X 1) structure without surface reconstruction [Fig. 1(a), in-
107 set]. In the following, the clean (0001)-Zn surface was fur-
108 ther treated by 2.5 keV Ar* bombardment at 850 °C; in ad-
109 dition, hexagonal cavities with nanometer sizes appeared on
110 the triangular islands [indicated by arrows in Fig. 1(b)].
111 Moreover, the ion-bombarded surface is rougher than the
112 clean ZnO surface, revealing that such treatment can effec-
113 tively produce a large number of surface defects.

114 To show the surface defects more clearly, Fig. 1(c) zooms
115 in on the marked frame in Fig. 1(b). The large surface de-
116 fects, including the hexagonal cavities, typically have a di-
117 ameter of 4-5 nm. Interestingly, the corresponding height
118 profile [Fig. 1(d)] reveals that the typical depth of the hex-
119 agonal cavities (Dy=1.1+0.2 A) is significantly less than
120 the height of one Zn-O double layer (2.6 A). Several
121 smaller, irregular pits with a depth similar to that of the hex-
122 agonal cavities and diameters of 0.6—1.2 nm were distributed
123 on the surface [Fig. 1(c), black dotted circles]. Moreover, the
124 electrostatic nature of the hexagonal cavities was clarified by
125 applying STS to determine their local electronic properties
126 on the Zn-terminated surface.
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FIG. 2. (Color online) (a) STS spectra of hexagonal cavities and
Zn-terminated surface. Data were obtained using a lock-in amplifier
and a modulated voltage of 0.3 V. (b) Surface charge distribution in
O-terminated cavity and Zn-terminated surface. (c) STM image for
a single O-terminated hexagonal cavity inside Zn-terminated trian-
gular island. (d) Schematic sketch for the top view of atomic model
of ().
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Figure 2(a) reveals that the behavior of surface conduc-
tivity inside the hexagonal cavity depends on the sample bias
that is proportional to LDOS ranging from the valence-band
maximum (VBM) to the conduction-band minimum (CBM).
The average dI/dV spectra were obtained from various po-
sitions of Zn-terminated surface and the defect surface (in-
side the hexagonal cavities). The dI/dV spectra of both sur-
faces reveal typical semiconducting behavior with a band
gap of about 3.1 eV. The VBM and CBM on the surface
defects exhibit upward bending of about 0.5 eV and 0.3 eV,
respectively, relative to the VBM and CBM on the Zn-
terminated surface, revealing the local inhomogeneity of the
electrostatic field. In the dI/dV spectra of the hexagonal
cavities [Fig. 2(a), inset], several intergap states can be ob- 140
served from 0.8 to 1.8 V, possibly originating from the vari- 141
ous vacancies of ZnO showing donorlike behaviors with the 142
energy level below the CBM.!” The surface impurity induced 143
intergap states can be ruled out due to the XPS spectra with 144
no impurity related peaks (not shown here). Thus, according 145
to the depth analysis [Fig. 1(d)], the small pits can be con- 146
sidered Zn vacancies with O-terminated surfaces having hex- 147
agonal shapes and small pits, which were formed by desorp- 148
tion of surface Zn atoms under Ar* bombardment. The 149
physical distance between Zn and O planes (0.69 A) differs 150
from that measured with STM (1.1+0.2 A), probably due 151
to the electronic effects. Inhomogeneity of the electrostatic 152
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FIG. 3. (Color online) (a) Schematic energy diagram of KPM.
(b) AFM image of (0001)-Zn surface treated by 2.5 keV Ar* bom-
bardment. (c) KPM image corresponding to the AFM image. (d)
Surface potential (Vg) height profile of scanned line in (c). The
arrows in (c) and (d) indicate the position of hexagonal cavity.

153 field can be attributed to the O-terminated surface regions
154 with charges that oppose the charges of the Zn-terminated
155 surface region, as schematically displayed in Fig. 2(b).

156  During the Ar* bombardment and annealing, Zn and O
157 atoms on the (0001)-Zn surface are highly mobile and be-
158 come rearranged in a manner that compensates for the diver-
159 gence of electrostatic energy. Previous studies®’ found the
160 characteristic triangular islands with O-terminated step edges
161 on the (0001)-Zn surface, explaining why the net electro-
162 static field at the step edges cancels out the internal dipole
163 field. In this study, a unique morphological feature in the
164 form of a hexagonal cavity was found on the characteristic
165 triangular island [Fig. 2(c)]. Figure 2(d) illustrates the rela-
166 tionship between the lattice geometries of the O-terminated
167 hexagonal cavity and the Zn-terminated triangular island. As
168 is estimated, the surface stoichiometry of O/Zn is approxi-
169 mately 0.71, which closely corresponds to that required
170 (0.75) to ensure the stability of the ZnO polar surfaces.®”!!
171 Therefore, modification of the stoichiometry for the stability
172 of polar surface can be related to the redistribution of the
173 surface charge on the (0001)-Zn surface through the forma-
174 tion of O-terminated defects. To confirm this claim, KPM,
175 which is sensitive to electrostatic properties,'®!° was applied
176 to determine the surface potential.

177 The surface potential represents the difference between
178 the work function of the sample surface and that of the
179 metal-coated AFM tip (®,,). According to Fig. 3(a), the sur-
180 face potential of the Zn-terminated surface (V%“) and the
181 O-terminated surface region (V(S)) can be estimated using
182 Vzn:q)m_XZnO+A(PZn_AEf and ngq)m_XZnO_A‘PO_AEf’
183 where x,0 is the electron affinity of ZnO; AE; is the energy
184 difference between the bulk conduction band and the Fermi
185 level, and Agy, (Agy) denotes the band bending caused by
186 the surface charges on the Zn-terminated surface (associated
187 with the hexagonal cavities and pits). Therefore, the differ-
188 ence between VS and VZ" (AVkpy,) equals Ay, +Agq, sug-
189 gesting that the difference between the surface potentials de-
190 pends on the distribution and sign of the surface charge.

191 Figure 3(b) shows the KPM image and the corresponding
192 AFM image of the hexagonal cavities on the Zn-terminated
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FIG. 4. (Color online) (a) STM image (35 nm X 17.5 nm) of
small pits on the (0001)-Zn surface treated by 2.5 keV Ar* bom-
bardment. (b) Zoomed-in image (13 nmX8.7 nm) from the
marked frame of (a). Where r denotes the separation between the
reference pit and the neighboring pits. (c) Statistical distribution
N(r) of the pair distance r. (d) Pair-correlation function, g(r). (e)
Interaction energy W(r) between the small pits. Fitted curve (dashed
line) for interaction energy is obtained from the screened Coulomb
potential V(r).

triangular islands. Although the AFM herein is not suffi-
ciently sensitive to probe the small pits, the observed depths
of hexagonal cavities closely correspond to the results of the
STM study. The O-terminated (hexagonal cavities) and the
Zn-terminated (triangular islands) surfaces are regions of
relatively low (dark) and high (bright) surface potential, re-
spectively. According to the surface potential profile of the
line scan across the Zn-terminated surface and the hexagonal
cavities, Vg is approximately 80 =30 mV below Vg“, which
is consistent with KPM observations in related ZnO
surfaces.'®!° This observation suggests that, as expected, the
O-terminated surface defect has a negative surface charge
with respect to the Zn-terminated surface. Restated, the sur-
face defects, including the hexagonal cavities and pits, result
in a locally reversed electrostatic field to cancel out the in-
ternal dipole field, subsequently reducing the electrostatic
energy. To quantify the charge of the surface defects, the
pair-distribution statistics, which are involved in the interac-
tion between the charged surface defects, are characterized
as follows.

Figure 4(a) shows that the small pits with diameters of
0.6-1.2 nm at the sublayered depth are distributed on the
(0001)-Zn polar surface. In a many-body system of the
O-terminated pits, the equilibrium distribution of the pits de-
pends on how neighboring pits affect each pit. Finding the
clustering of pits is nearly impossible, revealing that the
short-ranged repulsive Coulomb interaction occurs on the
distribution of pits. To verify the repulsive interaction, the
statistical distribution N(r) of all possible pair distances r
between the pits, which was counted from all the pit posi-
tions in the STM image [as indicated by the symbol A in
Fig. 4(b)], are used [Fig. 4(c)]. In is noted that the pits are
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225 selected from their diameters below 0.9 nm, which matches
226 the size of a single Zn vacancy (V) as the equal charge of
227 each pit in the statistics of pair distribution. By comparing
228 with the random distribution N'(r) of pair distances r in the
229 absence of pit-pit interactions, the pair—correlation function
230 g(r) can be obtained from g(r)— , as shown in Fig.
231 4(d).2° In a two-dimensional system the ideal N'(r) should
232 be regarded as 27rdr{p) [as denoted by the dashed line in
233 Fig. 4(c)], where dr and (p) denote the statistical interval and
234 the average density of the pits, respectively. However, the
235 counts of a larger r would be confined by the finite scan size
236 of STM images. Thus, N’(r) must be corrected using the
237 geometric factor P(r)=r{1- dwl:| [as denoted by the
238 solid line in Fig. 4(c)], where a 1is the scan size of square-
239 shaped STM images.?' According to the statistical approach
240 of the mean force potential, i.e., written as W(r)=
241 —kT In[g(r)],? the interaction energy W(r) between the pits
242 on the surface at room temperature (7=300 K) can be de-
243 termined [Fig. 4(e)]. The decay of W(r) between 1 and 2 nm
244 refers to a situation in which the effective range of the repul-
245 sive interaction can be determined by about 1.8 nm as W(r)
246 reduces to zero. Additionally, from the STM images [for ex-
247 ample, Fig. 4(b)], the average separation between the pits
248 and their neighboring pits can be estimated as about 2.5 nm.
249 While the effective range of the interaction is smaller than
250 the average separation, the correlation effects can be ne-
251 glected, facilitating a description of the many-body system as
252 a screened Coulomb potential surrounding each pit with an
253 equal charge ¢.2*?* Therefore, the screened Coulomb poten-
254 tial V(r)=—= el exp( Rs “) can be applied to fit W(r), where
255 Rg and e represent the screening length and the dielectric
256 constant of ZnO (8.5), respectively.”>2> Theory of electro-
257 statics indicates that the screening length Rq depends only on
258 the concentration of charge carriers (n) and £.2* Notably,
259 solving the screened Poisson equation in a system of free
260 charge carriers at room temperature (7=300 K) allows us to
261 estimate the value of Ry at ~1.0 nm according to the solu-
2megeh’

262 tion of Rsz\/ , ,
e2(mz)*Q2mkT) " F_ 5(n)
263 Fermi- Dirac integral as a function of the reduced Fermi en-

where F_j,(7) is the

264 ergy n= k_T , depending on the concentration of charge car-
265 riers of ZnO (herein, n~6 X 10'° cm™).222420 To determine
266 the fitting of W(r) with V(r), all possibilities of ¢ that are
267 related to the charge of Vg :—le or —2e must be
268 considered,'”?” as shown in Fig. 4(e). The best fitting [Fig.
269 4(e), dashed line] indicates that the repulsive interaction on
270 each pit with g of about le is screened by the neighboring
271 charge carriers at Rg of 1.0 nm. This finding implies that
272 each pit (<0.9 nm) can be regarded as a single V, with the
273 charge state of —1e, which can involve the configuration of
274 the dangling bonds within V,,,.>” However, the charge of the
275 larger pits (their diameters >0.9 nm), which consist of sev-
276 eral Vy,, should be larger than le owing to the increase in

326
327
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dangling bonds within the configuration of the pits. For dan- 277
gling bonds on the O-terminated defects that do not exhibit a 278
reconstruction, their negative charge should be enhanced 279
with increasing the size of the surface defects. 280

Moreover, a weak attraction (=0.01 eV) exists at r 281
=2 nm. The energy of the attractive interaction may be 282
caused by the many-body effects when the concentration of 283
charged pits is high (>10% cm™3).2%%> Because the range of 284
interaction dominates the distribution of charged pits, Rg can 285
be considered a physical limit for the concentration of the 286
charged pits on the (0001)-Zn surface.”? In the simulation 287
based on the many-body effects for Rg=1.0 nm,> the attrac- 288
tive interaction between the pits also occurs at ¥~2 nm, and 289
the concentration of charged pits is determined to be ap- 290
proximately 1.5X 10?° ¢cm™ which is close to the concentra- 291
tion of the pits (3.2X 10 cm™) in the STM images. The 292
concentration of the pits is derived from the surface density 293
(8.3 10'> cm™) per the layer spacing (c/2). According to 294
the approximate charge of each pit (le), the pits-induced 295
surface polarization can be determined as about 1.33 296
X 1072 C/m?, which correlates well with the theoretical 297
value of spontaneous polarization of ZnO (5.2 298
X 1072 C/m?).28 Therefore, in combination with the increas- 299
ing charge of the larger surface defects, the formation of 300
surface defects should produce a sufficient negative charge to 301
compensate for the internal polarization of ZnO to stabilize 302
the surface energy. Although the statistical analysis in clas- 303
sical electrostatics cannot describe the system of charged sur- 304
face defects accurately, this approach can provide an intui- 305
tive and comprehensive means of quantifying the 306
redistribution of surface charge. 307

IV. CONCLUSION 308

This study investigates the origin of surface defects on 309
stabilization of polar surface. Ar* bombardment at a moder- 310
ate kinetic energy effectively produced the surface defects of 311
hexagonal cavities and small pits on the (0001)-Zn polar 312
surface, both with a submonolayer depth. According to STS 313
and KPM investigations, surface defects with negative 314
charges on the (0001)-Zn polar surface exhibit local reversals 315
of the electrostatic field. Additionally, the O-terminated sur- 316
face pits with negative charges, undergoing electrostatic in- 317
teractions, modify the surface stoichiometry in a manner of 318
the redistribution of surface charge for reducing of the elec- 319
trostatic energy of the polar surface. 320
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