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In the last decade, atom probe tomography has become a powerful tool to investigate semiconductor

and insulator nanomaterials in microelectronics, spintronics, and optoelectronics. In this paper, we

report an investigation of zinc oxide nanostructures using atom probe tomography. We observed that

the chemical composition of zinc oxide is strongly dependent on the analysis parameters used for

atom probe experiments. It was observed that at high laser pulse energies, the electric field at the

specimen surface is strongly dependent on the crystallographic directions. This dependence leads to

an inhomogeneous field evaporation of the surface atoms, resulting in unreliable measurements. We

show that the laser pulse energy has to be well tuned to obtain reliable quantitative chemical

composition measurements of undoped and doped ZnO nanomaterials. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4936167]

I. INTRODUCTION

In the last decade, zinc oxide (ZnO) has received a con-

siderable attention due to its potential applications in optoe-

lectronic, photonic, and electric devices. Wide and direct

band gap (3.437 eV at 2 K) with large exciton binding energy

(60 meV)1,2 make ZnO a suitable candidate for fabrication of

light emitting diodes at visible and UV range.3–5 Moreover,

ZnO can be easily synthesized in various nano-scale forms

with low cost growth methods. However, the intrinsically n-

type conductivity of ZnO has become a major obstacle in

fabrication of p-type ZnO, and the origin of this behaviour

has been a hot topic of many studies.6,7 Phosphorous, nitro-

gen, arsenic, and antimony have been studied as possible

acceptors.2 Among all, nitrogen has been considered to be

the best acceptor for p-type doping of ZnO as its similar

ionic radius to the one of oxygen ion makes it replace oxy-

gen sites more efficiently.6 Several studies on nitrogen doped

ZnO have also shown a successful fabrication of p-type

ZnO.3,8–10 Beside, ZnO doped with rare earth elements has

attracted much attention in fabrication of light emitting

diodes, since they provide good luminescent centers due to

their narrow and intense emission lines originated from 4f

intrashell transitions.11 Many investigations have been per-

formed on Eu and Tb doped ZnO since they are involved in

the emission of red and green light, respectively.12,13

However, finding a reliable method for synthesis of undoped

and doped ZnO with a controlled dopant concentration is the

main challenge in the development of ZnO based devices as

the quality of the synthesized ZnO, concentration of the

defects, and distribution of the dopants strongly affect its op-

tical properties. Conventional techniques such as transmis-

sion electron microscopy (TEM), Photoluminescence (PL),

Energy dispersive X-Ray spectroscopy (EDX), and second-

ary ion mass spectroscopy (SIMS) are commonly used in

order to confirm the incorporation of the dopants in ZnO.

However, these techniques are limited to the detection of

only certain elements or up to certain concentrations which

is often higher than the concentration of interest. Moreover,

these techniques are often not applicable for variety of

morphologies.

Laser assisted atom probe tomography (LA-APT) has

appeared as a unique technique which is able to provide

direct information about the chemical composition of ele-

ments together with a 3D map of position of each atom

from a specimen at atomic scale. In the past, this technique

was limited only to metallic material. Since 2006, thanks to

the introduction of laser assisted atom probe,14 it has

become possible to perform APT analyses on semiconduc-

tors and insulating materials. In LA-APT, a laser pulse

replaces the voltage pulse allowing for a controlled field

evaporation of the atoms from the surface. The application

of LA-APT technique was then significantly increased in

order to investigate metallic, semiconductor and oxide

nanomaterials such as magnetic multilayers,15 transistors,16

Si nanowires,17 silicon-rich silica/silica multilayers,18 and

doped thin film semiconductors.19

Nevertheless, the physical phenomena behind laser-

semiconductor interaction in LA-APT are not well under-

stood as they are strongly influenced by the absorption

properties of the semiconductor such as its band gap. Two

main theories have been used to explain the field evaporationa)Electronic mail: rodrigue.larde@univ-rouen.fr
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mechanism in semiconductors: photo-ionization which

involves the creation of the ions on the surface of the speci-

men, and then the evaporation of these ions.20 This theory is

applicable for materials with large band gap where the life-

time of the ions is long enough for the evaporation. Another

theory is field evaporation through thermal mechanism.

Once the specimen absorbs the laser energy, a localized heat

occurs on the tip which assists in field evaporation by trans-

ferring energy to the surface atoms, and assisting them to

overcome the potential barrier for ionization.20 Recently, dif-

ficulties in quantitative APT measurements have been

reported on semiconductors and oxides materials.21,22 The

laser parameters (wavelength, laser pulse energy, and contin-

uous voltage) need to be properly adjusted in order to obtain

the accurate chemical composition measurements.

We have observed in atom probe tomography analysis

of ZnO that a small change in laser pulse energy (LPE) can

strongly affect the overall composition of elements as well

as the distribution of the atoms. The dependence of the com-

position on laser energy has been previously observed for

LiFePO4,21 MgO,22 CeO2,23 and GaN.24–26

To our knowledge, only few reports have been published

on APT of ZnO where none has considered the optimum ex-

perimental condition for the experiment.24,27,28

The main purpose of this paper is to investigate the reli-

ability of the APT measurements on ZnO material as a func-

tion of analysis parameters (laser wavelength and laser pulse

energy) in order to achieve a proper condition for a reliable

measurement. Having a good understanding of a proper con-

dition for APT analysis, we address a quantitative study on

incorporation of dopants for rare-earth doped ZnO thin films

and nitrogen-doped ZnO nanowires.

II. EXPERIMENTAL DETAILS

In order to perform APT, the specimen should be pre-

pared in the shape of a sharp needle with a tip radius of

50–100 nm. The basic operating principle of APT involves

cooling the specimen down to �80 K in high vacuum. DC

voltage in the range of 3–10 kV is applied that creates very

high field strength at the tip. By applying additional high

voltage or laser pulses, the atoms from the surface of the tip

are then field evaporated and fly towards a position sensitive

detector. The identity and composition of the atoms are then

retrieved based on the mass spectra derived from the “time

of flight” of each atom.

In APT of metallic materials, the laser light is absorbed

by the free electrons, while in semiconductors, the electrons

are bonded to the atoms. A laser wavelength corresponding

to higher energy than the band gap energy can unbind these

electrons and create free negative carriers in the conduction

band and positive holes in the valence band. Thus, in case of

ZnO, UV light (k¼ 343 nm, Ek¼ 3.62 eV) theoretically

offers a better absorption. However, absorption can also be

possible using wavelength corresponding to a lower energy

than that of the band gap energy such as green light

(k¼ 515 nm, Ek¼ 2.41 eV) by increasing the continuous

voltage. In this case, the higher surface electric field yields a

bandgap narrowing which increases the absorption of the

semiconductor.29

In our study, we have thus investigated the influence of

the laser wavelength on the APT measurements. Two laser

modes were used: The UV mode with a wavelength

k¼ 343 nm and the green mode with a wavelength

k¼ 515 nm. For each mode, a systematic series of LPE was

chosen to perform APT experiments. LPE was chosen

between 0.5 nJ/pulse and 10 nJ/pulse for the UV mode and

between 5 and 50nJ/pulse for the green mode. The spot size

for UV and green mode is in the range of 20–40 lm and

15–30 lm, respectively. The APT experiments were also

done on different undoped and doped ZnO nanomaterials

(monocrystalline ZnO nanowires and polycrystalline ZnO

thin films) in order to investigate the influence of the crystal-

linity. As the laser energy needed for evaporation is inver-

sely related to the electric field, the lowest laser energy

corresponds to the maximum field at the surface of the tip.

The undoped ZnO thin film was deposited by RF mag-

netron sputtering. Deposition was performed on a (100) sili-

con substrate heated at 100 �C. The total pressure and RF

energy to target were fixed at 1.5 Pa and 1.91 W.cm�2,

respectively. Post-annealing treatments were carried out for

1 h under continuous nitrogen flow at a temperature of

500 �C. The doping of the thin films was performed by intro-

ducing calibrated europium oxide pellets on the surface of

the ZnO target.

Undoped ZnO nanowires were grown on (0001) sap-

phire substrate in a horizontal MOCVD (Metal Organic

Chemical Vapor Deposition) reactor working at low pressure

(50 Torr). Diethylzinc (DEZn) and nitrous oxide (N2O) were

used as zinc and oxygen sources, and carrier gas was helium.

The growth of the nanowires was carried out at 800 �C for 30

min. Nitrogen doped nanowires were obtained using the

same process, and adding 15 cc/min of ammonia flow (NH3)

in the gas phase.

APT specimens of ZnO thin films were prepared using

the lift-out method explained by Thompson et al.30 In case of

nanowires, APT specimen preparation is the main challenge

particularly for the nanowires that are hardly visible under the

optical microscope. In our work, the specimens were mainly

prepared in several steps shown in Fig. 1. A single ZnO nano-

wire was mounted on top of a tungsten support tip under an

optical microscope. The contact between the ZnO nanowire

and the support tip was reinforced by a local Pt deposition

using electron beam induced deposition (EBID).

For nanowires with a diameter larger than 100 nm, a

small tip radius was obtained by annular milling at 30 kV

and 1 pA using Zeiss N-Vision40 FIB-SEM focused ion

beam.

All ZnO samples have been analysed by laser assisted

wide-angle tomographic atom probe (LAWATAP, CAMECA)

using femto-second laser pulses (350 fs) operating at a repeti-

tion frequency of 100 kHz. APT experiments were carried out

at the fixed detection rate U¼ 2 � 10�3 atoms/pulse with a

working temperature of T¼ 40 K or T¼ 80 K. It is worth men-

tioning that during all the experiments, the applied continuous

voltage (Vdc) was increased/decreased when the laser pulse

energy was decreased/increased in order to maintain the
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detection rate constant. Therefore, any laser energy variation

is accompanied by a corresponding DC voltage variation.

In order to make a reliable comparison of the influence of

different experimental conditions, dataset corresponding to

different experimental parameters contains the same amount

of collected atoms (200 000 atoms for each experiment).

Field ion microscopy (FIM), selected area electron dif-

fraction (SAED), and HRTEM were also used to obtain in-

formation about the crystalline structure of the ZnO

nanowires. To perform FIM, a mixture of Ne and He gas was

used as the imaging gas at the pressure of 10�6 bar and the

temperature of 80 K. Imaging was carried out using UV LPE

of 0.1 nJ and a Vdc of 8 kV.

III. RESULTS AND DISCUSSION

A. Mass spectra

APT experiments were performed on undoped ZnO thin

films and nanowires at different LPE in green and UV modes.

Fig. 2 shows the effect of the LPE and laser wavelength on

the mass spectra obtained for ZnO nanowire and thin film.

Figure 2(a) shows the mass spectrum obtained by APT

on undoped ZnO nanowires with a LPE of 1nJ/pulse in UV

mode. All the mass over charge ratio peaks can be identified

to Zn, O, or molecular ions of both. The peak at 32 amu cor-

responds to an overlap of oxygen (16O2
þ) and zinc (64Zn2þ).

The number of Zn and O ions in this peak can be obtained

considering the natural isotopic abundance of Zn between 33

and 35 amu. There is also an uncertainty ascribing the peak

at 16 amu that can be attributed to 16Oþ, 16O2
2þ, or a mixture

of both. The real nature of this peak is still under debate and

has been identified as 16O2
2þ by several authors31–33 or

16Oþ.34 This problem can be solved by considering which

assignment can provide an expected stoichiometry.31

For both nanowires and thin films specimens at lower

laser pulse energies (Figs. 2(b) and 2(c)), the intensity of cer-

tain peaks such as Znþ at �64 amu decreases. This loss in

Znþ intensity is simultaneous with the increase in the Zn2þ

amount, indicating the presence of a stronger electric field at

the surface of the tip causing the post-ionization of the Zn

atoms.35 No significant difference has been observed

between nanowires (Fig. 2(b)) and thin films (Fig. 2(c)).

Moreover, at higher LPE, peaks corresponding to Zn3O2
2þ

are revealed at around 112 amu (Figs 2(a) and 2(d)). These

molecular ions commonly appear at higher LPE, because the

field is not strong enough to avoid molecular evaporation.

Furthermore, at lower LPE, the peak at 16 amu correspond-

ing to oxygen becomes more important. Figs. 2(e) and 2(f)

show the mass spectra obtained in green mode at low and

higher LPE with the values of 10 nJ/pulse and 50 nJ/pulse,

respectively. The same behavior, previously seen for UV

mode, can be observed. For instance, increasing the LPE

gives rise to an increase in the intensity of the peak at

32 amu. However, in green mode, this increase of the inten-

sity appears less important as compared to the one of UV

mode.

Comparing the mass spectra obtained in green and UV

modes shows that the intensity of the peaks for the green

FIG. 1. APT specimen preparation of

nanowires, (a) general view of ZnO

nanowires, (b) mounting a nanowire

(dispersed on a lam) on top of a W-tip

under the optical microscope,(c) SEM

image of the nanowire mounted on a

W-tip, and (d) reinforcing the nano-

wire to the W-tip by EBID.
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mode exhibits the same behavior as the one obtained for

smaller LPE using UV mode. However, the mass resolution

(m/Dm) at full-width-half-maximum (FWHM) of the peaks

does not vary significantly for different conditions. Table I

shows the mass resolution of the peak at 32 amu correspond-

ing to the mass spectra shown in Fig. 2. As it is presented in

Table I, no significant difference can be observed in mass re-

solution of the peak 32 amu using green or UV laser modes.

The slightly lower resolution in green mode can be from the

result of the deeper interaction with materials and the slower

quenching using longer wavelength. It is worth to mention

that in our experiment, APT of ZnO thin film with green

laser at any laser energy shows a clear mass spectra which

was not the case shown previously by Chen et al.27

As mentioned before, a higher electric field leads to post

ionization of ions creating more doubly charged ions.35

Therefore, the Zn2þ/Znþ ratio has been chosen as a reliable

parameter to indirectly quantify the electric field strength

and allowing us to compare APT experiments.24 Such ratio

is extracted from mass spectra (Fig. 2) by comparing inten-

sities of Zn2þ and Znþ ions, respectively, in the 32–35 amu

and 64–70 amu mass range values. Fig. 3 shows the evolu-

tion of the Zn2þ/Znþ ratio using UV and green modes at dif-

ferent LPE. For UV laser pulses, the Zn2þ/Znþ ratio is

ranged from �2.5 to �4.5 and decreases monotonously with

the increase in the LPE. This clearly indicates that the

FIG. 2. Mass spectra for the relative

number of atoms obtained by atom

probe analysis of pure ZnO thin film

(TF) and nanowire (NW) at different

LPE using green and UV modes.

Figure presents the mass spectra of

ZnO nanowire using UV laser at (a) 1

nJ, (b) 0.5 nJ, ZnO thin film at (c) 0.5

nJ and (d) 10 nJ using UV laser, and

ZnO thin film at (e) 10 nJ and (f) 50 nJ

using green laser acquired at 80 K. The

peak at 32 consists of both oxygen and

zinc atoms, and the peak at 16 amu

consists of pure O2
þ or pure Oþ or a

mixture of both.

TABLE I. The FWHM mass resolution of the peak at 32 amu corresponding

to the mass spectra shown in Fig. 2.

Sample (a) (b) (c) (d) (e) (f)

ZnO NW NW TF TF TF TF

Mode UV UV UV UV Green Green

LPE (nJ/pulse) 1 0.5 0.5 10 10 50

m/Dm (FWHM) 400 533 457 640 457 400
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increase in LPE leads to a decrease of the surface electric

field at a constant detection rate. In this case, the decrease of

the electric field is consistent with the observed decrease of

the DC voltage.

In green mode, the Zn2þ/Znþ ratio decreases slightly

and it is ranged from �4 to �5. Green LPE provides a higher

Zn2þ/Znþ ratio than UV for the same LPE value, indicating

the presence of a higher electric field on the surface of the

tip. Considering a lower absorption of ZnO in green mode, a

higher DC voltage is necessary in order to achieve the same

detection rate as under UV illumination. This translates into

a higher DC field and to an increase in Zn2þ/Znþ ratio. In

the present case, the difference in voltage is measured

DVdc¼5.89 kV. It can be noted that the further increase or

decrease of LPE is not possible in UV and Green modes.

Indeed, for both modes, if the LPE is too low, the con-

tinuous voltage becomes higher than the atom evaporation

voltage resulting in an ungoverned field evaporation of

atoms and a loss of chemical identification of the ions. If the

LPE is too high, some laser ablation phenomena can be

observed. From these results, we can conclude that using

green mode cannot provide APT analysis at low electric field

whereas the UV mode appears to be more versatile.

B. Chemical composition measurements

The atomic concentration of the elements can also be

obtained simply by assigning each peak of the mass spectra

to the corresponding ion and counting the number of atoms

of each element associated to the peak.

Figure 4 shows the evolution of Zn and O concentrations

as a function of Zn2þ /Znþ ratio. The oxygen peak at 16 amu

has been considered as O2
2þ. These measurements have been

obtained for three cases: (a) ZnO thin film in UV mode, (b)

ZnO thin film in green mode, and (c) ZnO nanowires in UV

mode. The Zn2þ/Znþ ratio has been tuned by changing the

laser pulse energy (Fig. 3). We evidenced a continuous increase

(decrease) of oxygen concentration (zinc concentration) with

the increase of Zn2þ/Znþ ratio from XO¼ 33% (XZn¼ 67%) to

XO¼ 56% (XZn¼ 44%). Correct stoichiometric measurements

can be achieved with a ratio of Zn2þ/Znþ� 3.8.

This condition can only be obtained in UV mode. As

mentioned previously, we cannot achieve this condition in

green mode due to the continuous evaporation of atoms at

very low green laser pulse energies. Moreover, in the same

condition of UV LPE and mass to charge ratio, we observe

the same behaviour on thin films and nanowires, indicating

that sample morphology does not play a role in evaporation.

Using the green mode provides the same trend as UV mode

at first, followed by a stabilized value for zinc and oxygen

atomic concentrations that is due to the stabilization of elec-

tric field mentioned previously (Fig. 3).

As it is clear in the figure, using UV mode and at Zn2þ/

Znþ ratio ranges from �0.2 to �3.8, the oxygen concentra-

tion is lower than the zinc concentration that can indicate a

loss of oxygen atoms in the APT experiment. In green

mode, for Zn2þ/Znþ ratio ranges from �4 to �5, we

observe the opposite behaviour that suggests a loss of zinc

atoms. Our results indicate that in APT experiments of

ZnO, the measured concentration is strongly dependent on

the analysis parameters (laser wavelength, laser pulse

energy, and continuous voltage).

Atomic concentrations of zinc and oxygen have been

also calculated under the consideration of peak at 16 amu

containing dominantly Oþ ions. In this case, the correspond-

ing Zn2þ/Znþ value, at which the expected stoichiometry is

measured, reduces only to 1%–5% lower than the one

obtained previously. These results suggest that at this range

of the field strength, assigning the peak at 16 amu to either

Oþ or O2
2þ amu does not modify the overall behavior of the

measured fractions and yields only minor changes in meas-

ured composition. Therefore, in this work, the compositional

information is carried out considering the peak at 16 amu

contains only O2
2þ ions.

The loss of oxygen by the increase of LPE has been also

evidenced in the literature. Santhanagopalan et al.21 have

FIG. 3. The influence of LPE on Zn2þ/Znþ ratio using UV and green modes.

For the same LPE of 5 nJ, green mode provides higher ratio.

FIG. 4. The comparison of Zn (in red) and O (in blue) composition obtained

by atom probe analysis for ZnO pure thin film (TF) using UV mode (solid

triangle) and green mode (open square) and ZnO pure nanowires (open

circle) at different LPE, as a function of charge state ratio representing the

strength of the field on the tip.
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shown this effect on LiFePO4 samples. They mentioned that

an accurate measurement of oxygen content in green mode is

possible but such condition does not provide reliable mea-

surement of Li composition. The chemical compositions

appeared to be more accurate in UV mode despite of some

oxygen deficiency.

The dependence of chemical composition on LPE has

also been previously observed for MgO,22 CeO2,23 GaN,26

and terbium doped ZnO thin film.24 In all cases, the concen-

trations of the metallic element decreased while the concen-

tration of non-metallic element increased by increasing the

surface electric field (decreasing the LPE). In the case of

MgO,22 this behavior was addressed to the formation of

holes localized on the oxygen corners of MgO lattice due to

the laser irradiation. These holes were found to be responsi-

ble for the formation of oxygen and magnesium neutrals.

The neutral species that are not field ionized would go unde-

tected, and therefore, result in a loss of these elements. Since

the field ionization potential of Mg is relatively less than O,

it is less likely for desorbed neutral oxygen atoms to be field

ionized at lower field. For GaN,26 the field evaporation of c-

axis GaN nanowire is found to be influenced by the forma-

tion of N2 dimers. At high laser energies, sublimation of N2

leads to the highly Ga-rich measurements.

In case of zinc oxide, one possible reason can be the dif-

ference in field ionization potentials of zinc (�9.39 eV (Ref.

36)) and oxygen (�13.61 eV (Ref. 22)). At high laser pulse

energies, the surface electric field is strong enough to ionize

only zinc atoms and not oxygen atoms leading to the oxygen

deficiency. This is in agreement with the recent work of Xia

et al.,38 which show by first-principles calculation approach

that Zn atoms are first evaporated. It is suggested that the Zn

evaporation leads to an O enrichment. O atoms can then dif-

fuse on the surface tip and thermal desorbed by the high laser

energy resulting in neutral O atoms not detected by APT. At

lower laser pulse energies, we suggest that the surface elec-

tric field is strong enough to ionize oxygen atoms (and/or ox-

ygen molecules) that can lead to the increase in field

evaporation efficiency of oxygen. Moreover, very high field

(very low LPE) can cause continuous ionization and evapo-

ration of zinc atoms between and after pulses that could not

be detected leading to a Zn deficiency. This behavior is not

observed in the Xia’s theoretical work, because it is related

to the detection method of ions in APT experiments.

C. APT analysis of doped ZnO materials

The results obtained previously for undoped ZnO have

evidenced how variation of laser pulse energy and wave-

length can significantly deviate the composition of elements

from the stoichiometric value. Therefore, APT experiments

on doped ZnO with an improper LPE can result in a bias on

the concentration of the zinc, oxygen, and consequently, the

dopant. Therefore, we found it crucial to investigate the

influence of LPE on dopant concentration of doped ZnO

materials. Two different ZnO doped nanostructures were

chosen: europium doped ZnO thin films and nitrogen doped

ZnO nanowires.

Figure 5 presents Eu and N dopant concentration as a

function of Zn2þ/Znþ ratio, where all measurements were

carried out at constant evaporation rate using UV mode.

We can observe that Eu concentration decreases with

the increase in surface electric field (decrease in LPE) as it

was previously observed for Zn. However, the concentration

of N increases by increasing the field (decreasing the LPE)

as seen previously for oxygen.

The N-rich measurement at high field has been observed

previously.25 However, in most of the systems such as GaN,

MgO, ZnO, and CeO, the lower field yields a cation-rich

measurement and higher field results in anion-rich measure-

ments. We have realized that the similar behavior of these

elements can be associated with their similarity in their elec-

tronegativity value and their ability of losing electrons. For

most of lanthanides, the electronegativity is of the order

�1.2 which is close to the electronegativity of Zn (1.65)

while the electronegativity of O and N are 3.44 and 3.04,

respectively.37 The same conclusion can be made for the sys-

tems discussed previously, as Ga, Mg, and Ce show similar

electronegativity values of 1.81, 1.31, and 1.12, respec-

tively,37 exhibiting the same concentration trend as a func-

tion of surface electric field. It is worth mentioning that

regardless of the morphology of the tip and the APT condi-

tion for these two samples, the stoichiometric value for Zn/O

FIG. 5. Atomic composition of two doped samples: (a) Eu doped ZnO thin

film and (b) nitrogen doped ZnO nanowire.
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was obtained at almost the same value of Zn2þ/Znþ which

indicates the importance of laser pulse energy and the result-

ing surface electric field.

These results can bring confusion about the accurate

concentration of the ZnO elements and dopants due to the

strong dependence of concentration on the APT parameters.

Nevertheless, we have observed that strong deviation of con-

centration occurs only at high laser energies where the sur-

face electric field and field evaporation are not uniform, as it

will be shown in the following. Hence, we suggest that the

condition that provides Zn and O concentration close to the

stoichiometric ratio of Zn/O can be assigned to the correct

measurements and dopant concentration referring to this

condition could be considered as the most appropriate value.

For Eu and N doped ZnO, the stoichiometric ratio of Zn/O

value is achieved at the Zn2þ/Znþ ratio of 3.26 and 3.12

resulting in the Eu and N atomic concentration of about 6%

and 0.8%, respectively. EDX measurements were performed

on the Eu-doped ZnO thin film showing a measured Eu con-

centration (5.5% 6 1%) very close to the concentration

measured by APT. For N-doped ZnO nanowires, EDX is not

suitable, and SIMS measurements are very difficult on a sin-

gle nano-object but we can reasonably think that the N con-

centration value obtained by APT is close to the reality.

The presence of a non-uniform distribution of the sur-

face electric field and ungoverned evaporation is confirmed

by plotting the charge state hitmap of Zn at different LPE

shown in Fig. 6(a). Such hitmap is used as an indicator of the

distribution of electric field at the surface of the tip. The rela-

tive LPE and Vdc are presented in Table II. Since the peak at

32 amu contains both oxygen and zinc ions, for a more pre-

cise comparison, the peaks related to the maximum zinc

isotope at 32 and 64 amu are excluded and not shown in the

hitmaps. Following the hitmaps at different LPE, it is clear

that the increase of LPE from 0.5 nJ to 5 nJ strongly affects

the distribution of Znþ. At lower LPE, the distribution of

Znþ is homogenous whereas at higher LPE the distribution

becomes more and more inhomogeneous with a lower detec-

tion of Znþ in a zone forming a clear hexagonal shape.

Nevertheless, the distribution of Zn2þ is not affected by the

LPE. Fig. 6(b) shows the Zn and O atomic fractions meas-

ured at different LPE of 0.5, 1, 2, 3, 4, and 5 nJ. The same

evolution of Zn and O concentration as a function of charge

state ratio can be observed as it was seen previously. The

stoichiometric value is obtained for a Zn2þ/Znþ ratio of 3.2

(LPE¼ 1nJ), where both Znþ and Zn2þ ions are homogene-

ously distributed.

This result shows that increasing the LPE (decreasing

the Vdc at constant detection rate) leads to an inhomogeneous

distribution of the surface electric field. However, in order to

investigate the origin of the particular field distribution at

high LPE, a quantitative study has been carried out for the

APT analysis at 5 nJ. Fig. 7(a) shows the distribution of Znþ

ions collected at LPE of 5 nJ, exhibiting a detection loss of

Znþ ions in a hexagonal region. This particular distribution

FIG. 6. APT of nitrogen doped ZnO

single nanowire using UV laser. (a)

Hitmap of the detected *Znþ and

*Zn2þ at the condition described in

Table II where increasing the laser

pulse energy results in a non-uniform

detection of the elements. The star

indicates that the Zn atoms corre-

sponding to the major isotopic peak

are excluded, (b) atomic fraction of

zinc and oxygen obtained at each LPE

as a function of charge state ratio. The

stoichiometric ratio for Zn/O was

obtained at the LPE of 1 nJ referring to

the charge-state-ratio of about 3.2.

TABLE II. APT conditions attributed to Fig. 6 present the laser pulse

energy, the corresponding Vdc, and the Zn2þ/Znþ ratio.

(i) (ii) (iii) (iv)

LPE (nJ/pulse) 1 2 3 5

Vdc (kV) 6.75 6.18 5.8 5.27

Zn2þ/Znþ 3.2 2.65 2.2 1.65
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of Znþ ions reflects the presence of a non-uniform distribu-

tion of the surface electrical field at this LPE. Fig. 7(b)

shows the field ion microscopy image of the same specimen

exhibiting a crystallographic pole at the place where a hexa-

gon is observed in APT reconstructed volume. Hence, it

brings the interest to investigate the local concentration of

the elements in and out of the hexagonal region. Fig. 7(c)

presents composition profile of Zn and O measured in the

box indicated in Fig. 7(a). It was observed that the field is

strongly increased in the hexagonal zone and where out

of this zone, the field appeared at a very low value of

Zn2þ/Znþ. Hence, this strong difference in surface electric

field results in the Zn/O ratio of about 70/30 at the low sur-

face electric field region, evolving to almost 50/50 in the

core region. Inside the hexagon region, the electric field is

the highest and the measured Zn2þ/Znþ is close to the one

observed for LPE¼ 1 nJ. Inhomogeneity in the electric field

at the surface leads then to a bias in the global composition

measurements. However, this inhomogeneity of the surface

electric field was not clearly observed on the ZnO thin films.

In order to well understand these phenomena on ZnO nano-

wires, further investigations in HRTEM and SAED diffrac-

tion were performed on a single nanowire of the same

sample (shown in Fig. 8). Fig. 8 shows that nanowire is well

single crystallized in the wurtzite structure with a growth

axis (0002).

The FIM image (Fig. 7(b)) confirms the orientation of

the nanowires during the APT analysis. It can be noted that

the observed pole corresponds to the highest electric field

region of the entire FIM image. We can then conclude that

the hexagonal area (the highest electric field region observed

in APT) is correlated to the (0002) crystallographic direction

of ZnO. These results may suggest that the distribution of

the electric field at the tip surface is dependent on the

FIG. 7. (a) Distribution of Znþ ions at

LPE¼ 5 nJ, (b) field ion microscopy

image of the same nanowire presenting

the existence of a crystallographic pole

at the place where the highest field is

seen (c) concentration profile for a 3D

selected zone shown in (a). For clarity

reason, only few error bars are shown.

FIG. 8. (a) HTREM and (b) diffraction pattern in zone axis [01-10] of nitro-

gen doped ZnO nanowire, indicating the preferential growth along c-axis.
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crystallographic direction. Moreover, this dependence

becomes accentuated at higher LPE.

Finally, a series of N-doped ZnO nanowires was ana-

lyzed by APT using the suggested optimal condition of evap-

oration (LPE¼ 1nj, Zn2þ/Znþ � 3.2). Figure 9 presents the

obtained 3D reconstruction.

Statistical data treatments were performed from these

data sets and show that for all analyzed samples, N atoms are

distributed following a Poisson law which indicates that the

distribution of N atoms is homogeneous in all the analyzed

volume. Moreover, the N atomic concentration was meas-

ured around 0.8% for each sample. It shows that Zn2þ /Znþ

metric allows to perform reproducible experiments and

should allow to follow the evolution of dopant concentration

in a study of a series of nanowires grown at different dopant

content.

IV. CONCLUSION

In this paper, we have investigated doped/undoped ZnO

nanomaterials using APT. We have shown that the measured

concentrations of oxygen and zinc are strongly dependent on

the analysis parameters (laser wavelength, laser pulse

energy, and continuous voltage). For both green and UV

modes (k¼ 515 nm and k¼ 343 nm), at fixed evaporation

flux, the variation of the LPE leads to the variation of the

surface electric field expressed by the Zn2þ/Znþ ratio. This

parameter which is accurately measurable in APT experi-

ment was chosen as the pertinent parameter to correlate the

variation of the LPE and Vdc to the variation of the surface

electric field. We have suggested that APT analyses are the

most quantitative as possible for a range of surface electric

field corresponding to a Zn2þ/Znþ ratio around 3.5 in both

UV and green mode. In green mode, the field evaporation of

ZnO materials is possible. Nevertheless, the Vdc has to be

strongly increased (as compared to the UV mode) leading to

a high surface electric field.

It was observed that increasing the laser pulse energy

creates a lower field on the tip and leads to zinc-rich meas-

urements, whereas higher laser pulse energy results in

oxygen rich-measurements. The reason behind this behav-

iour is yet ambiguous. However, Xia et al. work allows a

better understanding. We can assume that at high LPE Zn

atoms are first evaporated whereas O atoms diffuse and

desorb, due to the thermal effect of the laser illumination

leading to the formation of neutral oxygen which cannot be

detected. It results in the high oxygen deficiency observed

for Zn2þ/Znþ ratio less than 3. By increasing the field

(decreasing LPE), more oxygen atoms are ionized leading to

a higher concentration of oxygen. Moreover, at higher field,

the zinc atoms can evaporate between or after pulses causing

lower detection of zinc atoms. Note that this behaviour at

very high field (Zn2þ/Znþ ratio more than 4) is not described

in the work of Xia et al.38

The same variations in concentration have been also

observed for Eu and N-doped ZnO nanomaterials.

Concentration of Eu dopants was decreased by the increase

in the field as it was seen previously for Zn. Nitrogen dop-

ants, on the other hand, showed the same behaviour as oxy-

gen where, by increasing the field, the concentration of the

nitrogen increased. We have also observed, in N-doped ZnO

nanowires, that the crystallographic orientation plays an im-

portant role on field evaporation of Znþ ion at high LPE

resulting in the deviation from stoichiometric condition.

Indeed, for high LPE, inhomogeneous surface distribution of

the electric field is observed. This phenomenon can be attrib-

uted to the faceting of the surface of the single crystal consti-

tuting the tip. In the low electric field region, a strong O

deficiency was observed whereas in the high electric field

region (0002 direction) the Zn/O ratio is close to 1.

This behaviour concerning the field distribution at the tip

surface was not clearly observed in ZnO thin films due the

nano-sized grains constituting the film (polycrystallinity).

In the light of the above observations, we can assume

that the most appropriate condition to analyzed ZnO materi-

als by atom probe tomography is defined for Zn2þ/Znþ ratio

around 3.5. Indeed in this range Zn2þ/Znþ ratio, the field dis-

tribution is homogenous on the surface tip, and the Zn/O ra-

tio is close to 1. It seems reasonable to postulate that this

FIG. 9. 3D reconstruction of single N-

doped ZnO nanowire obtained by

APT. Oxygen, zinc, and nitrogen

atoms are represented in green, red,

and blue, respectively.
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optimal condition is also appropriate to measure the dopant

concentration. Note that for Eu-doped ZnO thin film, EDX

measurements show a Eu concentration (5.5% 6 1%) very

close to the APT value (6%). It seems to confirm our postu-

late. Unfortunately, in our knowledge, for N-doped ZnO

nanowires, no experimental technique is able to measure pre-

cisely the N content in such single nano-object.

Nevertheless, it shows that Zn2þ/Znþ metric allows to

perform reproducible experiments and should allow to fol-

low the evolution of dopant concentration in a study of a se-

ries of nanowires grown at different dopant content.

The experimental results reported here show that,

although there are challenges on APT of ZnO materials,

proper field evaporation can be carried out by adjusting the

operating parameters in order to obtain an optimum surface

electric field, which can be accessed via the Zn2þ/Znþ ratio.

We suggest that such fundamental studies can be also

applied for other semiconducting materials where the elec-

tronegativity of the cations and anions are close to the one

on Zn and O, respectively. This fundamental study can help

the atom probe and materials science community to perform

a more reliable measurement and to harvest all the advan-

tages that atom probe tomography technique can offer.

ACKNOWLEDGMENTS

The authors thank the French National Agency for the

financial support (Project No. MADFIZ ANR-11-NANO-

0013) and through the program “Investissements d’avenir”

(ANR-10-LABEX-09-01), LABEX EMC3. François

Vurpillot is warmly acknowledged for the fruitful discussion.

1D. C. Look, Mater. Sci. Eng. B 80, 383 (2001).
2€U. €Ozg€ur, Y. I. Alivov, C. Liu, A. Teke, M. A. Reshchikov, S. Do�gan, V.
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