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Zinc oxide (ZnO) is regarded as a promising material for optoelectronic devices, due to its

electronic properties. Solely, the difficulty in obtaining p-type ZnO impedes further progress. In

this connection, the identification and quantification of impurities is a major demand. For quantitative

information using secondary ion mass spectrometry (SIMS), so-called relative sensitivity factors

(RSF) are mandatory. Such conversion factors did not yet exist for ZnO. In this work, we present

the determined RSF values for ZnO using primary (ion implanted) as well as secondary (bulk

doped) standards. These RSFs have been applied to commercially available ZnO substrates of

different surface termination (a-plane, Zn-face, and O-face) to quantify the contained impurities.

Although these ZnO substrates originate from the same single-crystal, we observe discrepancies in

the impurity concentrations. These results cannot be attributed to surface termination dependent

RSF values for ZnO. VC 2011 American Institute of Physics. [doi:10.1063/1.3660417]

I. INTRODUCTION

Zinc oxide (ZnO) is a semiconductor with a direct band

gap of 3.37 eV.1 Furthermore, ZnO is relatively abundant,

non-toxic, chemically stable, easy to prepare, and inexpen-

sive. Therefore, ZnO is a promising material for optoelec-

tronic applications such as light-emitting diodes (LEDs) and

photovoltaics.2–4 Unfortunately, the difficulty of synthesiz-

ing p-type ZnO impedes the achievement of high quality

ZnO-based optoelectronic devices. The severe difficulty in

obtaining p-type ZnO has been partially attributed to intrin-

sic defects and impurities that act as compensating donors.5

To avoid these effects, it is, therefore, necessary to identify

and quantify the impurities in the material.

Secondary ion mass spectrometry (SIMS) is a powerful

analysis technique to determine the composition of solids

and thin films. All elements and isotopes in the periodic table

can be detected with high sensitivity (ppm to ppb) using this

method. The SIMS measurements only provide qualitative

information, due to the fact that the relative secondary ion

intensities do not directly reflect the relative concentrations

of the elements contained in such materials. For quantifica-

tion, therefore, so-called relative sensitivity factors (RSF)

are required to convert the measured secondary ion inten-

sities into atomic concentrations in the investigated matrix.

The RSF is defined by

qi ¼
Ii

Im

Am

Ai
RSFim; (1)

where i indicates an impurity isotope, m indicates the matrix

isotope chosen for reference, qi is the impurity atom density

(atoms/cm3) in the matrix, I is the secondary ion intensity

(counts/s), and A represents the corresponding isotope abun-

dance. Unfortunately, the RSFs vary for each matrix and

detected element. While there are RSF tables for Si and for

compound semiconductors such as GaAs, InP or GaN, such

a reference did not yet exist for ZnO. In the present work,

the RSFs for a number of technological important elements

have been determined using ion implanted standards with

known fluences (primary standard) and bulk doped samples
with known impurity concentrations (secondary standard).

The determined RSFs have then been applied to com-

mercially available ZnO substrates of different orientation

and surface termination (a-plane, Zn-face, and O-face) to

quantify the contained impurities. These results have been

compared with published impurity concentrations of other

groups (Sec. III B). Although our investigated ZnO sub-

strates originate from the same single-crystal (further infor-

mation in Sec. II), we observed differences in the impurity

concentrations for a few elements depending on the orienta-

tion and the surface terminations. Therefore, we performed

additional implantations (H, N, and K) in ZnO substrates

with different surface termination to test whether the RSFs

depend on the surface termination of ZnO.

II. EXPERIMENTAL TECHNIQUES

The primary standards for RSF determination have been

produced via ion implantation (single implantation profile) of

ZnO single-crystals (O-face) with the elements shown in

Table I. The selected isotopes show no mass interferences

with any zinc oxide related element or compound. For

cobalt and manganese, the RSFs have been determined using

doped zinc oxide thin films. For these samples, the concentra-

tions have been determined using energy dispersive x-ray

spectroscopy (EDX). The maximum concentration for the
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primary and secondary standards is in the range between

1� 1019 and 1� 1021 cm�3. To check the dependence of RSF

values on surface termination (a-plane, Zn-face, and O-face),

hydrogen, nitrogen, and potassium have been implanted

additionally as box-like profile in the respective ZnO single-

crystals. For potassium and the other two elements, the maxi-

mum implantation concentration is about 1� 1019 cm�3 and

1� 1021 cm�3, respectively. All ion implantations have been

performed at room temperature using 7� tilt angle from

normal. The maximum implantation depth for a single

implantation and a box-like implantation profile is typically in

the range of 50-400 nm and 400-700 nm, respectively.

Post-implantation annealing processes have been performed

depending on the implanted isotope and the implantation

fluence.

The SIMS measurements have been performed using a

Cameca MIQ256 instrument, equipped with an oxygen

(6 keV O2
þ primary ion beam energy) as well as a cesium

primary ion source (11 keV Csþ primary ion beam energy).

For both ion beam species, the angle of incidence from nor-

mal is 45�. The primary ion current is adjusted to 40 nA in

each case. The scanned area is typically 250� 250 lm2. To

avoid crater edge effects, only secondary ions in a predefined

area in the middle of the crater are counted (electronic gat-

ing). A quadrupole is used as mass analyzer and a channel-

tron as detector. The mass resolution (m/Dm) of our mass

analyzer system is about 300. The standards have been ana-

lyzed using oxygen primary ions for positive secondary ion

mass spectrometry and cesium primary ions for negative

secondary ion mass spectrometry.

The investigated ZnO substrates (a-plane, Zn-face,

O-face) have been cut out of a 20� 20� 10 mm3 hydrother-

mally grown ZnO single crystal. The two polar ZnO sub-

strates (Zn-face and O-face) originate both from the þc
region of the ZnO single crystal. The a-plane ZnO substrate

was cut out at the plane parallel to the c-axis (m-region). The

dimension of the three ZnO substrates is in each case about

10� 5� 0.5 mm3.

III. RESULTS AND DISCUSSION

A. Relative sensitivity factors for ZnO

The determined RSFs for ZnO are presented in Table II.

Higher RSF values indicate lower secondary ion yields and

consequently higher detection limits. All stated RSFs are ele-
mental RSFs, which means they refer to the sum of all iso-

topes of the impurity element as well as the matrix element

(not specific isotopic RSFs). The matrix element for positive

secondary ions (using O2
þ as primary ions) is Zn. Due to the

fact that Zn is not detectable as a negative ion, because of its

electron affinity value of zero, the matrix element for nega-

tive secondary ions (using Csþ as primary ions) is ZnO. The

uncertainty in the RSF values is in the range of 630%–50%

depending on signal-to-noise ratio and impurity content.

For further elements for which no standards have been

prepared so far, RSF values have been interpolated and

extrapolated using the systematic trends for positive SIMS

RSFs described in detail by Wilson et al.6–8 Figure 1 shows

all calculated, interpolated, and extrapolated positive SIMS

RSFs for ZnO as a function of atomic number. The RSF val-

ues increase across each period or downward within a group

of the periodic table. This is the same behavior which can

be found for the ionization potentials. For the negative

SIMS RSFs, no explicit systematic trends can be found.7

Therefore, no negative SIMS RSFs have been interpolated or

extrapolated.

TABLE I. List of implanted isotopes in ZnO.

Matrix Implanted isotopes

ZnO 1H 7Li 14N 23Na 27Al 31P 35Cl
57Fe 58Ni 69Ga 75As 79Br 115In 127I

TABLE II. Elemental RSFs for 16 elements in ZnO (matrix signal: Zn for

positive secondary ions; ZnO for negative secondary ions).

Elements Ion No. of Measurements Primary ions RSF (atoms/cm3)

H Hþ 1 O2
þ 2.1� 1022

Li Liþ 5 O2
þ 2.2� 1019

N NO� 4 Csþ 3.6� 1023

Na Naþ 3 O2
þ 8.4� 1018

Al Alþ 8 O2
þ 1.0� 1020

P POþ 1 O2
þ 2.9� 1022

PO2
� 4 Csþ 8.6� 1021

Cl Clþ 2 O2
þ 3.3� 1023

Cl� 3 Csþ 1.3� 1021

Mn Mnþ 1 O2
þ 6.6� 1020

Fe Feþ 7 O2
þ 1.2� 1021

Co Coþ 2 O2
þ 1.5� 1021

Ni Niþ 5 O2
þ 4.3� 1021

Ga Gaþ 3 O2
þ 3.1� 1020

As AsOþ 3 O2
þ 2.3� 1022

AsO� 2 Csþ 1.7� 1022

Br Brþ 1 O2
þ 6.7� 1023

Br� 2 Csþ 1.1� 1021

In Inþ 2 O2
þ 1.8� 1021

I I� 2 Csþ 3.6� 1021

FIG. 1. (Color online) Positive SIMS RSFs as function of atomic number

(closed circle—calculated via standard; open circle—inter- or extrapolated

value).
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B. Impurities in hydrothermally grown ZnO

The determined RSFs for ZnO have been used to calculate

the impurity concentrations of hydrothermally grown ZnO

substrates. We investigated polar (Zn-face and O-face) and

nonpolar (a-plane) ZnO crystals which originate from the same

single-crystal. In Figure 2, the impurity concentrations for the

samples with different surface termination are shown. The ma-

jority of impurity concentrations is below 1� 1018 atoms/cm3.

In spite of using a mixture of KOH and LiOH aqueous solution

in the hydrothermal growth process, the detected potassium and

lithium concentrations are relatively moderate (about 1� 1017

to 1� 1018 atoms/cm3). Only for the elements H, C, Si, N, and

Cl did we detect impurity concentrations above 1� 1018 atoms/

cm3. The hydrogen and nitrogen impurity concentrations

slightly exceed the respective detection limit. Further potential

impurities, e.g. Fe, are below the according detection limit.

In Table III, we compare our results with the impurity

concentrations in hydrothermally grown ZnO single crystals

published by other groups.9–12 Only the concentrations for

lithium, potassium, aluminum, and iron have been measured

by all groups. The large discrepancy of the values (Table III)

may be attributed in parts to the use of different units (wt.

ppm and at. ppm). The impurity concentrations from Sekigu-

chi et al.12 as well as our values are given in at. ppm. The

concentrations reported by the other three groups are most

likely given in wt. ppm. If this is the case, these values will

be a bit larger in units of at. ppm according to the mass (e.g.,

� �10 for Li, � �3 for Al). The lowest impurity concentra-

tions have been found by Ehrentraut et al.9 and Ohshima

et al.11 in ZnO substrates originating from the þc region.

Our lowest concentrations are comparable with these results.

Only for iron we have detected lower concentrations (<0.5

at. ppm). On the other hand, the impurity concentrations

reported by Sekiguchi et al.12 are about one order of magni-

tude higher than our measured concentrations.

C. RSF dependence on surface termination

For most of the impurities (Figure 2), the calculated con-

centrations for the different orientations vary only according

to the accuracy of measurement. However, for a few ele-

ments (Na, Si, K, and Ga), we observed discrepancies in

impurity concentration which cannot be explained by the

uncertainty of measurement (30%–50%). The impurity con-

centrations in a-plane ZnO seem to be in each case the low-

est compared with Zn- and O-face ZnO. For sodium and

potassium, the RSF values differ by 1-2 orders of magnitude

for the investigated orientations.

We performed additional SIMS measurements at six dif-

ferent points (see Figure 3) of the a-plane ZnO to check if

there is a gradient in impurity concentration along the sur-

face. Due to the dimension of the a-plane ZnO substrate, a

large area parallel to the c-axis of the ZnO ingot is covered.

Figure 3 illustrates the impurity concentrations, which differ

in our results (Figure 2) or showed strong position depend-

ence referred to the c-axis as reported by Ehrentraut et al.9 It

is immediately obvious that there is no gradient in impurity

concentration observable along the surface.

These facts raise the question if the RSFs may be depend-

ent on the surface termination. To check this issue, therefore,

we chose potassium due to its low impurity level and the dis-

tinct discrepancies in impurity concentration. Potassium was

implanted in polar and nonpolar zinc oxide substrates as a box-

like profile (maximum implantation concentration 1� 1019

atoms/cm3). In addition, we selected the elements H and N to

FIG. 2. (Color online) Impurity concentrations for polar and non-polar ZnO

substrates (Zn-face, O-face, and a-plane) originating from the same single-

crystal.

TABLE III. A comparison of our results with the impurity concentrations

published by other groups. Large discrepancy of the values may be attrib-

uted to the use of different units (wt. ppm and at. ppm). Our results are given

in at. ppm.

Concentration (ppm)

Elements

Ehrentraut

et al. (Ref. 9)

Mass

et al. (Ref. 10)

Ohshima

et al. (Ref. 11)

Sekiguchi

et al. (Ref. 12)

Our

work

Li 0.5–12 1–10 0.5–12 30–180 13

K <0.3 <2 0.04–0.2 10–150 0.1–4

Al 0.1–8 1–10 0.1–2 <30 4–10

Fe 0.5–11 1–10 0.5–11 4–9 <0.5

FIG. 3. Concentration of Li, Na, Al, Si, and K in a-plane ZnO depending on

the point of measurement.

094906-3 Laufer et al. J. Appl. Phys. 110, 094906 (2011)

Downloaded 21 Feb 2012 to 134.176.64.241. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



determine the effect of surface termination on RSF value, due

to the fact that the observed impurity concentrations for hydro-

gen and nitrogen lie slightly above their respective detection

limit. In this case, a variation in impurity concentration regard-

ing the surface termination may be concealed. Hydrogen and

nitrogen have been implanted in polar zinc oxide substrates as

box-like profiles. The maximum implantation concentration is

1� 1021 atoms/cm3 due to the relatively high impurity level for

these two elements.

For these three additional elements, we initially deter-

mined the RSFs for the respective surface terminations of

the as-implanted ZnO substrates. We observed evidence in

the depth profiles only for the potassium implantations that

the crystal structure might be slightly damaged by the im-

plantation process. Figure 4(a) shows the depth profile of the

K-implanted a-plane ZnO sample (as-implanted) representa-

tive for all orientations. Although a box-like implantation

profile has been implanted, an increase in all secondary ion

signals (K, Zn, and O) with increasing depth can be

observed. This variation in secondary ion intensities indi-

cates a modification of the ZnO matrix caused by the ion

implantation. The highest modification emerges near the sur-

face as expected for ion implantion.13 To exclude any influ-

ences on RSF value due to the slight implantation damages,

the implanted samples have been annealed at 700 �C for 60 s

under nitrogen atmosphere. In Figure 4(b), the depth profile

of the annealed K-implanted a-plane ZnO sample is pre-

sented. In contrast to the as-implanted sample (Figure 4(a)),

the potassium and the matrix signals are constant in the pla-

teau region of the implantation profile. All calculated RSFs

for the three additional elements, the different orientations,

and the treatment are listed and compared in Table IV. The

uncertainty of all RSFs stated in Table IV is about 30%.

Although serious differences are observable between the

depth profiles for the as-implanted and the annealed

K-implanted ZnO samples (Figure 4), the determined RSF

values are identical (Table IV). For nitrogen, the RSFs for

the different orientations are identical among each other

and between the untreated and annealed samples as well.

Unfortunately, it was not possible to investigate the hydro-

gen implanted samples after the annealing step due to a

complete outward diffusion of hydrogen. But for the as-

implanted samples (Zn- and O-face), the RSF values vary

only according to the accuracy of measurement. Therefore,

the secondary ion yields are not dependent on the surface

termination.

Consequently, the differences in the detected impurity

concentrations may originate from a crystal orientation de-

pendent impurity incorporation during a fabrication step.

Such a dependence of impurity incorporation also has been

observed by Ehrentraut et al.9 and Ohshima et al.11 Several

sources are imaginable. First, impurities in the aqueous solu-

tion of the hydrothermal growth process may be incorporated

differently according to the surface termination of the ZnO

crystal. Second, different impurity concentrations for the re-

spective surface orientations of the seed crystal could be the

source for the discrepancies in the impurity concentrations.

Third, the different impurity incorporations may take place

in a post-growth annealing process. Further investigation is

needed to clarify the origin.

IV. CONCLUSION

The determined RSFs allow the quantification of impur-

ities in ZnO. Furthermore, we show that the RSFs are inde-

pendent of crystal orientation. Hence, now it is possible to

quantify (depth-resolved) elements which are considered as

acceptors (e.g., nitrogen) and elements which tend to act as

compensating donors (e.g., interstitial alkali metals) in ZnO.

This knowledge will be mandatory to control the synthesis

of p-type ZnO concerning the impurity perspective.14 To

verify the origin of the differing impurity concentration

depending on the orientation and surface termination, further

investigation is needed.
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FIG. 4. (Color online) A comparison between the depth profiles of the

as-implanted (a) and the annealed (b) a-plane ZnO:K substrates.

TABLE IV. A comparison of RSF values for different surface terminations

for as-implanted and annealed ZnO substrates. The uncertainty in RSF

values is about 30%.

RSF (cm�3)
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K 2.8� 1018 2.6� 1018 2.5� 1018 2.1� 1018 2.4� 1018 2.2� 1018

H 2.2� 1022 2.9� 1022 – – – –
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