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The mobility of indium on the Zn-polar (0001) surface of single crystal ZnO wafers was investi-

gated using real-time x-ray photoelectron spectroscopy. A sudden transition in the wettability of

the ZnO(0001) surface was observed at �520 �C, with indium migrating from the (000�1) underside

of the wafer, around the non-polar (1�100) and (11�20) sidewalls, to form a uniform self-organized

(�20 Å) adlayer. The In adlayer was oxidized, in agreement with the first principles calculations of

Northrup and Neugebauer that In2O3 precipitation can only be avoided under a combination of In-

rich and Zn-rich conditions. These findings suggest that unintentional In adlayers may form during

the epitaxial growth of ZnO on indium-bonded substrates. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4906868]

Indium with its low melting point (156.6 �C) and high

boiling point (2072 �C) has one of the highest liquid temper-

ature ranges of any metal. It is able to wet and bond sapphire,

quartz, glass, and other ceramic substrates. As such, it is an

important material in the physical vapor deposition of semi-

conductor films, where it is used as a solder to bond sub-

strates to in-situ heater blocks, with the surface tension of

liquid indium holding the substrate in thermal contact during

high temperature growth. Despite its low melting point, it is

safe to use in vacuum systems due to its low vapor pressure,

which also limits its incorporation during the growth of most

materials.1

However, indium has been shown to act as a surfactant

in the growth of GaN (and AlN, AlGaN) via molecular beam

epitaxy2,3 and metalorganic chemical vapor deposition.4–7 In

these materials, the formation of an In adlayer increases the

surface diffusion of N adatoms, promoting enhanced step-

flow growth and improved structural quality.7 Neugebauer

et al.8 investigated the kinetics of adlayer enhanced lateral

diffusion (AELD) from first principles and showed that the

key factors were (i) a thin surface metallic film, and (ii) ada-

toms that prefer sub-surface rather than on-surface adsorp-

tion sites. They also suggested that a similar AELD

mechanism may be possible in oxide semiconductors, such

as ZnO.8

ZnO is an earth-abundant alternative to GaN for opto-

electronic applications in the ultraviolet spectrum, with an

almost identical direct band gap (3.36 eV at 300 K), the same

wurtzite crystal structure with a lattice mismatch of only

1.89%, and similar thermal expansion coefficients. Unlike

GaN, bulk single crystal growth is readily available for ZnO

and this has led to the use of single crystal ZnO wafers as lat-

tice matched substrates for GaN heteroepitaxy and ZnO

homoepitaxial growth.9–12 Further calculations by Northrup

and Neugebauer13 have indicated that indium may form a

stable adlayer on the Zn-polar (0001) surface of ZnO under

In-rich and Zn-rich conditions and possibly operate as a sur-

factant for ZnO growth, although this has yet to be verified

experimentally.

In this study, we use a combination of real-time x-ray

photoelectron spectroscopy (XPS), 4 K photoluminescence

(PL) spectroscopy, and atomic force microscopy (AFM) to

investigate the mobility of indium on the Zn-polar (0001)

surface of ZnO under typical homoepitaxial and heteroepi-

taxial growth conditions.

The material used in this study was hydrothermally-grown

bulk single crystal ZnO from Tokyo Denpa Co. Ltd. (Japan),

processed in the form of þc-axis orientated, double-sided-

polished (10� 10� 0.5 mm3) wafers with low Li and other

group I impurity concentrations (<0.01 ppm).14,15 Low-

resistivity (0.2 X cm) wafers (with typical carrier concentra-

tions of 2� 1017 cm�3 and mobilities of 180 cm2 V�1 s�1)

were chosen to ensure good electrical contact with the XPS

spectrometer. This prevents sample charging during XPS ac-

quisition and enables the zero of the binding energy (BE)

scale to be directly referenced to the Fermi level of each

wafer.

Figure 1(a) shows a typical 3 lm2 AFM image of the Zn-

polar (0001) face of the wafers used in this study. This shows

some evidence of the characteristic triangular shaped recon-

structions, first reported by Dulub et al.16 A number of previ-

ous studies have shown that ZnO surfaces are usually

characterized by a persistent OH termination, that provides a

source of donor-like surface states.17–19 These cause the near-

surface conduction and valence bands to bend downwards,

forming a potential well that fills with conduction band elec-

trons, creating a surface accumulation layer.20,21 The presence

of the surface OH termination and downward band bending

on the Zn-polar (0001) face of the wafers used here was con-

firmed from O 1s core level and valence band XPS spectra,

acquired using Al Ka radiation (hv¼ 1486.6 eV) and a Kratos

XSAM800 spectrometer at Auckland University.

Figure 1(b) shows the O 1s spectra in which the high BE

shoulder at�532.5 eV, associated with the presence of surface

OH groups, is clearly visible.18,19 The surface band bending

(Vbb) was extracted from the valence band (VB) spectra [Fig.

1(c)] using the method of Chambers et al.22,23 The energetic

separation f (EV�EF) between the VB maximum (EV) and

0003-6951/2015/106(5)/051606/5/$30.00 VC 2015 AIP Publishing LLC106, 051606-1
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the Fermi level (EF) in the near-surface region was extracted

from a linear fit of the low BE edge and a line fitted to the

instrument background. The surface band bending Vbb was

then calculated using Vbb¼Eg� f� n, where Eg is the band

gap of ZnO (3.36 eV at 300 K) and n¼ (kT/q)ln(NC/n) is the

energy difference between EF and the conduction band mini-

mum (EC) in the bulk of the wafer (n is the bulk carrier con-

centration and NC is the conduction band effective density of

states¼ 2.94� 1018cm�3 for ZnO). Negative (positive) values

of Vbb indicate downwards (upwards) surface band bending,

respectively, with Vbb¼ 0 for flat band conditions. The value

of f (3.80 eV) extracted from Fig. 1(c) yields a Vbb of

�0.53 V, which is consistent with the strong downward band

bending on Zn-polar (0001) surfaces reported elsewhere.19,20

To investigate the mobility of indium on the surface of

ZnO, a similar þc-axis wafer was mounted, via a molybde-

num sample holder, to the in-situ graphite/boron nitride

heater of a fast acquisition real-time XPS system at

Aberystwyth University.24,25 The wafer was orientated with

the Zn-polar (0001) face upwards and the reverse O-polar

(000�1) face bonded to the sample holder, using a small circle

of high purity indium. The In circle was completely con-

tained within the boundaries of the bottom O-polar face of

the wafer. The wafer and sample holder were then thor-

oughly cleaned in ultrasonically agitated acetone, rinsed in

methanol and iso-propyl alcohol, and dried with N2 gas.

After loading into the UHV acquisition chamber (base pres-

sure 5� 10�10 mbar), the wafer was in-situ cleaned using an

oxygen microwave plasma that removed the remaining car-

bon contamination, without significantly affecting the sur-

face hydroxyl coverage.

After plasma cleaning, the ZnO wafer was briefly

heated to 130 �C to remove the plasma-adsorbed oxygen

from the surface and to reset the as-loaded surface band

bending. Real-time XPS measurements were then carried

out using Mg Ka (hv¼ 1253.6 eV) radiation and a Spec

Phoibos 100 hemispherical electron analyzer, coupled to a

768 channel electron-counting array, that captured com-

plete snapshot Zn 2p3/2 and O 1s core level spectra, at a fre-

quency of 1 Hz, as the wafer was heated from room

temperature (RT) to 600 �C, at a rate of �20 �C/min. Each

snapshot spectrum was fitted using a Gaussian function that

was used to extract the peak area intensity and BE position

for each core level.

The evolution of the Zn 2p3/2 emission with time and

temperature during the heating cycle is shown in Fig. 2. The

intensity of the Zn 2p3/2 signal was unchanged up to 500 �C,

confirming the stability of the ZnO(0001) surface up to this

temperature, after which the Zn 2p3/2 signal was rapidly atte-

nuated, indicating the sudden formation of a surface adlayer.

Figure 2 also shows a shift in the BE position of the Zn 2p3/2

emission towards lower energies, indicating an upwards

movement of the near-surface bands (i.e., a positive increase

in Vbb). The attenuation of the Zn 2p3/2 signal is quantified in

Figs. 3(a) and 3(b) in the form of the fitted Zn 2p3/2 peak

area intensity versus time and temperature. This shows a

rapid attenuation between 500�600 �C indicating a signifi-

cant change in the nature of the ZnO surface between these

temperatures.

Survey spectra taken before (A) and after the heating

cycle (B) from the centre of the Zn-polar (0001) surface of

the wafer are shown in Fig. 3(c). Spectrum A is characteristic

of a carbon-free ZnO surface with all detectable peaks asso-

ciated with Zn and O atoms. The dominant Zn 2p, O 1s, and

Zn LMM Auger emission peaks are still visible in spectrum

B but are significantly reduced in intensity, with the

FIG. 1. (a) 3 lm2 AFM image of the Zn-polar (0001) face of an as-received

hydrothermal bulk ZnO wafer before in-situ heating, (b) and (c) O 1s core

level XPS spectra (including bulk O and surface OH components) and va-

lence band XPS spectra (including the extracted value of f) using Al Ka

(hv¼ 1486.6 eV) radiation, and (d) the resulting surface band bending sche-

matic diagram.

FIG. 2. Upper-pane shows a projection view of the evolution of the Zn 2p3/2

core level emission, acquired in real-time using Mg Ka (hv¼ 1253.6 eV)

radiation, from the Zn-polar (0001) face of a hydrothermal ZnO wafer dur-

ing in-situ heating from RT to 600 �C. The heating and subsequent cooling

cycle is shown in the lower-pane.

051606-2 Heinhold et al. Appl. Phys. Lett. 106, 051606 (2015)
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dominant emission now from the In 3d core level. This indi-

cates that the Zn 2p3/2 signal attenuation was due to a sudden

change in the wettability of the ZnO surface towards indium,

which has migrated from the O-polar (000�1) underside of the

wafer, up the non-polar m-plane (1�100) and a-plane (11�20)

sidewalls, to cover the entire Zn-polar (0001) top surface.

AFM images of the In adlayer, shown in Fig. 3(e), indicate

that the adlayer was smooth and homogeneous across the

entire ZnO(0001) surface, with the only noticeable features

being an irregular distribution of nanopores. The sudden for-

mation of the In adlayer via surface migration, rather than

bulk diffusion, was also confirmed via subsequent XPS depth

profiling (using Al Ka radiation and the Kratos XSAM800

spectrometer at Auckland University with an Ar ion gun

operated at 5 keV to gently etch the surface). A 95% reduc-

tion of the initially dominant surface In 3d signal was

observed during �7 min of gentle Ar ion etching, with the

recovered spectra once again characteristic of single crystal

ZnO.

The thickness of the In adlayer was estimated from the

attenuation of the real-time Zn 2p3/2 signal in Fig. 3(a), using

a Lambert-Beer adsorption law approximation, i.e., A/Ao

¼�exp (�d/l), where A/Ao is the relative peak area inten-

sity, d the adlayer thickness, and l the photoelectron inelastic

mean free path. For the Mg Ka (hv¼ 1253.6 eV) radiation

used in the real-time XPS, the kinetic energy of the photo-

electrons from the Zn 2p3/2 core level is �230 eV, for which

l� 7.6 Å using the TPP-2M formula.26 The relative peak

area of the Zn 2p3/2 signal in region B of Fig. 3(a) is 0.07

which corresponds to an In adlayer thickness of �20 Å.

The inset of Fig. 3(b) shows that the O 1s signal was

unchanged during the formation of the In adlayer, suggesting

that some reduction of the ZnO surface has occurred, with a

transfer of oxygen atoms into the In adlayer. Northrup and

Neugebauer13 used first principles calculations to construct a

phase diagram for In adlayers on the ZnO(0001) surface, for

various In and Zn chemical potentials. This indicated that

In2O3 precipitation could only be avoided in a combination

of Zn-rich and In-rich conditions. Previous studies have

reported that the ZnO(0001) surface is unlikely to be Zn-

rich, with surface reconstructions that remove up to 25% of

the surface Zn atoms energetically favored for electrostatic

stability reasons.27,28

The presence of the In adlayer produced a significant

change in the electronic nature of the ZnO(0001) surface.

Figure 3(d) shows a plot of the real-time BE shift of the Zn

2p3/2 peak versus temperature during the heating (red) and

cooling (blue) cycle, revealing a permanent negative BE

shift of 0.5–0.6 eV. Negative shifts in BE are associated with

a corresponding positive shift in Vbb and an upwards move-

ment of the near surface bands. Since the original Vbb for the

as-received ZnO(0001) surface was �0.53 V, it appears that

the formation of the In adlayer has flattened the near-surface

bands (with Vbb� 0), thus removing the surface electron

accumulation layer. The formation of the In adlayer and the

flattening of the near-surface bands were reproducible with

measurements repeated on an additional þc-axis ZnO wafer

producing very similar results.

The effect of the In adlayer on the optoelectronic prop-

erties of the ZnO(0001) surface was investigated using PL

FIG. 3. (a) Attenuation of the Zn 2p3/2 peak area intensity, acquired using real-time XPS, from the Zn-polar (0001) face of a hydrothermal ZnO wafer during

in-situ heating from RT to 600 �C, due to the formation of a uniform indium adlayer, (b) attenuation of the Zn 2p3/2 peak area intensity as a function of temper-

ature, (c) XPS survey spectra acquired at the start (A) and the end (B) of the heating/cooling cycle, (d) binding energy shift in the position of the Zn 2p3/2 peak

versus temperature, and (e) typical 1 lm2 AFM image of the Zn-polar (0001) face after the formation of the In adlayer. All XPS spectra acquired using Mg Ka

(hv¼ 1253.6 eV) radiation.
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spectroscopy, which is sensitive to the structural quality and

chemical impurities in the near-surface region. Near band

edge PL was measured, in an Oxford Instruments’ helium

flow cryostat at 4 K, using a 20 mW HeCd continuous-wave

325 nm laser with a circular spot size of 0.5 mm diameter.

The PL was detected using a Spex 1000M spectrometer with

a focal length of 100 cm and a 1200-line/mm holographic

grating, and a Hamamatsu photomultiplier tube. At the

325 nm excitation wavelength used here, the absorption coef-

ficient of ZnO is greater than 2 00 000 cm�1 corresponding to

an absorption depth of 40–50 nm.29

Figure 4 shows that the main features in the near band

edge PL through the In adlayer (spectra B#1 and B#2)

were remarkably similar (in terms of peak intensity, peak

position, and full width at half maximum) to those from

the bare ZnO(0001) surface (spectrum A), indicating a lack

of adlayer induced strain or near-surface damage. The

main emission peaks have been labeled using the notation

proposed by Meyer et al.30 These include the dominant I8

(3.3598 eV) and I6 (3.3606 eV) recombination from neutral

donor bound excitons associated with Ga and Al impur-

ities, I6
þ (3.3724 eV) the ionized donor bound replica of I6,

and the longitudinal AL (3.3773 eV) and transverse AT

(3.3755 eV) free excitons. The I9 (3.3567 eV) emission

from the bare wafer is due to trace amounts of indium

incorporated during growth.30 This emission is similarly

very small through the In-adlayer, indicating a lack of In

diffusion from the adlayer into the �45 nm sub-surface

region probed by the near band edge PL. The most signifi-

cant changes were the appearance of two broad peaks in

the spectral region from 3.364 to 3.370 eV (labeled as SX in

Fig. 4) that is known to be highly surface sensitive and the

quenching of the AT (3.3755 eV) emission due to longitudi-

nal free excitons. There are a few other minor differences,

in the fine structure, between the PL spectra in Fig. 4; how-

ever, the origins of these features have yet to be assigned

in ZnO.

In summary, a threshold temperature of �520 �C was

found above which there is a dramatic increase in the mo-

bility of indium on the ZnO(0001) surface of single crystal

ZnO wafers, leading to the formation of an unintentional

(�20 Å) In adlayer. This adlayer was oxidized, consistent

with first principles calculations that In2O3 precipitation

can only be avoided in a combination of In-rich and Zn-rich

conditions.13 Most high quality epitaxial ZnO growth

occurs at relatively high temperatures (600–800 �C), well

above the indium mobility transition observed in this work.

Therefore, it is likely that some kind of unintentional In

adlayer will be formed when indium bonded substrates are

used in the epitaxial growth of ZnO. First principles calcu-

lations also predict that high quality ZnO growth is most

likely to occur on the ZnO(0001) surface at high tempera-

tures in Zn-rich conditions,31 in which case these In

adlayers may be stable and act as an unintentional growth

surfactant.13 Furthermore, these self-assembled In adlayers

may be useful in modifying the surface band bending of

ZnO solar cell electrodes.
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Gibson, S.-C. Y. Tsen, D. Smith, D. C. Reynolds, D. C. Look, K. Evans,

C. W. Litton, W. C. Mitchel, and P. Hemenger, Appl. Phys. Lett. 70, 467

(1997).
12A. Kobayashi, Y. Kawaguchi, J. Ohta, H. Fujioka, K. Fujiwara, and A.

Ishii, Appl. Phys. Lett. 88, 181907 (2006).
13J. E. Northrup and J. Neugebauer, Appl. Phys. Lett. 87, 141914 (2005).
14K. Maeda, M. Sato, I. Niikura, and T. Fukuda, Semicond. Sci. Technol.

20, S49 (2005).
15R. Heinhold, H.-S. Kim, F. Schmidt, H. von Wenckstern, M. Grundmann,

R. J. Mendelsberg, R. J. Reeves, S. M. Durbin, and M. W. Allen, Appl.

Phys. Lett. 101, 062105 (2012).
16O. Dulub, B. Meyer, and U. Diebold, Phys. Rev. Lett. 95, 136101 (2005).
17K. Ozawa and K. Mase, Phys. Rev. B 83, 125406 (2011).
18M. W. Allen, D. Y. Zemlyanov, G. I. N. Waterhouse, J. B. Metson, T. D.

Veal, C. F. McConville, and S. M. Durbin, Appl. Phys. Lett. 98, 101906

(2011).

FIG. 4. 4 K near band edge photoluminescence (acquired using the same mea-

surement conditions) from the Zn-polar (0001) face of a hydrothermal ZnO

wafer before (A) and after the formation of an unintentional �20 Å thick In-
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