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50 keV H+ ion beam irradiation of Al doped ZnO thin films:
Studies of radiation stability for device applications
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Thin films of Al doped ZnO (Al:ZnO) were deposited on two substrates (Si and glass) at room tem-
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perature and 300°C using DC magnetron sputtering. These films were bombarded with 50 keV H
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beam at several fluences. The pristine and ion beam irradiated films were analysed by X‐ray dif-

fraction, Raman spectroscopy, scanning electron microscopy, and UV‐Vis spectroscopy. The X‐
ray diffraction analysis, Hall measurements, Raman and UV‐Vis spectroscopy confirm that
the structural and transport properties of Al:ZnO films do not change substantially with beam
irradiation at chosen fluences. However, in comparison to film deposited at room temperature,
the Al:ZnO thin film deposited at 300°C shows increased transmittance (from 70% to approximately 90%) with ion beam irradiation at highest fluence. The studies of surface morphology
by scanning electron microscopy reveal that the ion irradiation yields smoothening of the films,
which also increases with ion fluences. The films deposited at elevated temperature are smoother
than those deposited at room temperature. In the paper, we discuss the interaction of 50 keV H+
ions with Al:ZnO films in terms of radiation stability in devices.
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I N T RO D U CT I O N

structural changes in the materials can be introduced by the time‐
dependent bombardment of various ion beams tuned properly in

The ZnO is a wide band gap II – VI group semiconductor, which is com-

the energy, mass, flux, etc.13 The dynamic annealing of defects during

monly used in fabricating solar cells, flat panel displays, transparent

beam irradiation/exposure also plays major role in yielding the final

high power electronics, light emitting diodes, gas sensors, and in sev-

state of the materials as far as such modifications are concerned.14,15

eral others power‐operated new technology‐based devices/compo-

The ion beam modifications in the materials, if they are substantial,

nents because of its excellent material properties viz low resistivity,

may change the response of the devices fabricated with these mate-

high transmittance, and high exciton binding energy (60 meV) with

rials, and hence, the failure of the control system integrated with

good chemical and thermal stability.1-5 The electron transport proper-

these. The success of the space programmes, which involve huge

ties in semiconductors can be tuned by doping.6 The literature studies

budget, human resources, and large time scales, depends on the radi-

show that Al has been a promising group‐III dopant for ZnO to explore

ation stability of the electronic devices used in the shuttles for a pre-

7,8

The ZnO thin film grown on a substrate

cise control.16 The light ions such as hydrogen and helium are

shows signature of inherent defects due to various reasons. These

abundant in the space radiation (mainly Van Allen belts, plasma filling),

defects can be annealed by depositing the films at elevated tempera-

and their exposure to a control device may degrade its perfor-

ture. The substrate temperature helps in reducing the stress due to

mance.17 Also, the cold ionospheric ions (H+, H2+, O+, and O2+) dom-

lattice mismatch and also allows the adatoms to diffuse uniformly on

inate the plasma escape from Mars. Adding the total outflow of

the surface. Further, influence of surface temperature on carrier con-

hydrogen and oxygen respectively, the H/O ratio18 may vary from

centration, crystalinity, optical transmission, band gap, etc has also

0.6 to 1.3. Therefore, it is quite important exercise to study the radi-

been reported.9-12

ation stability of the electronic device fabricating materials against the

its applications further.

The ion beams erode the materials surface, allow surface atoms

exposure of light ions (such as H and He) in appropriate energy range.

to migrate because of energy deposited by losses, and create point/

To further justify the choice of projectile ions in the present experi-

columnar defects in the bulk. Therefore, the morphological and

ment, the irradiation of heavy or heavy inert ions (such as Ar, Kr,

Surf Interface Anal. 2017;1–8.
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and Xe) leads to the deposition of relatively higher nuclear energy in

base pressure of approximately 9.0 × 10−6 mbar with the targets

the materials without introducing any external chemical effect. The

placed inside it. Then the argon gas was injected in the sputtering

elastic collisions via nuclear energy losses produce point defects in

chamber

the materials tailoring their properties for a specific application which

3.0 × 10−3 mbar. The sputtering was done at 400 W with 20 rpm

is entirely a different research interest. The typical energy of the elec-

of the substrate. The films were deposited by keeping the substrate

trons and the protons in plasma filling space is ~50 to 100 keV with a

at room temperature and also at 300°C. For sputtering, a commer-

flux of approximately 1012 cm−2 s−1. Therefore, we irradiated 50 keV

cially available target of ZnO (3 inches in diameter and 2 mm in

H+ ion beam on Al:ZnO thin films at various fluence and studied the

thickness) with 2% Al was used. The thicknesses of the films were

morphological changes and transport properties of the samples.

measured by Filmetrics F‐10 thin film analyzer. For all samples, the

Finally, we discussed the experimental results based on the under-

measured film thickness was 150 ± 5 nm. These films were irradi-

standing of ion‐matter interactions.

ated with 50 keV H+ ion beam at 3 different fluences viz

to

maintain

a

working

pressure

of

approximately

1 × 1012, 1 × 1013, and 1 × 1014 ions/cm2 using the low‐energy
ion beam facility19 at Inter University Accelerator Centre (IUAC),

2
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EXPERIMENTAL

New Delhi, India. During irradiation, the beam current on the samples was approximately 0.5 μA. The beam energy was chosen to

The DC magnetron sputtering technique was used to deposit Al:ZnO

meet real situation in the space environment. The ion range and

thin films on 2 substrates: Si (n‐type, Sb doped with the resistivity

straggling were deduced from Stopping of Ions in Matter (SRIM)

value of 0.008 Ω cm) and glass. Before film deposition, the substrate

2008 software.20 For the density of 5.67 g/cm3, the stopping

surfaces were properly cleaned. The Si surfaces were etched in a

range of 50 keV H+ ions in ZnO is 350.9 nm. The longitudinal and

mixture of acids (HF: CH3COOH: HNO3:: 2: 3: 6) followed by ultra-

lateral straggling are 95.5 and 100.6 nm, respectively. The electronic

sonic cleaning with deionized water and iso‐propanol. The glass sur-

energy loss (15.23 eV/Å) dominates over the nuclear energy loss

faces were washed in a soap solution and then dried by blowing the

(0.0624 eV/Å). The X‐ray diffraction (XRD) analysis, Raman spectros-

N2 gas. The sputtering chamber was thoroughly cleaned to achieve a

copy, UV‐Vis spectroscopy, scanning electron microscopy (SEM), and

FIGURE 1 X‐ray diffraction of the ion‐irradiated (at various fluences) Al doped ZnO films; A, prepared at room temperature (RT); B, prepared at
surface temperature of 300°C (ST)

FIGURE 2 Zoom images of X‐ray diffraction (002) peak of the ion‐irradiated (at various fluences) Al doped ZnO films; A, prepared at room
temperature (RT); B, prepared at surface temperature of 300°C (ST)
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Hall measurements of ion beam irradiated films were performed to

measurements, RT and ST abbreviations have been used for the

study surface morphology and structural, electrical, and optical prop-

films deposited at room temperature and at elevated surface tem-

erties. The silicon, which is quite suitable substrate for the transport

perature of 300°C, respectively.

measurements on ZnO films because of its conductivity, is opaque
to UV‐Vis photons making the optical measurements difficult in
transmission mode. Therefore, the films deposited on the glass sub-

3

RESULT AND DISCUSSION

|

strate were used for the optical measurements. In figures showing
The XRD patterns of 50 keV H+ ion beam irradiated Al doped ZnO

TABLE 1

Analysis of X‐ray diffraction (002) peak of Al doped pristine
and ion‐irradiated ZnO films

2

Fluence (ions/cm )
Al‐ZnO
(pristine)

FWHM
(degree)
0.7

Lattice
Parameter
(A0)

c/a

a = 3.257
c = 5.240

1.60

a = 3.246
c = 5.234

1.61

1 × 1013(RT)

0.7

a = 3.274
c = 5.252

1.60

0.7

a = 3.258
c = 5.244

1.60

12

ation at highest fluence yielded improved crystalinity of the films.
films deposited at room temperature and 300°C is shown in
Figure 2A,B, respectively. The analysis of (002) peak at various temperature conditions is summarized in Table 1. It can be noticed that

0.8

a = 3.265
c = 5.249

1.60

1 × 1013(ST)

0.7

a = 3.263
c = 5.252

1.60

1 × 1014(ST)

0.7

a = 3.254
c = 5.249

1.61

FWHM of the peak and lattice parameters remain almost unchanged
indicating no major changes in the crystal structure of ZnO upon irra-

Note: RT stands for films, which are prepared at room temperature, and ST
stands for films, which are prepared at elevated surface temperature of
300°C.

fluences

file. All films are c‐axis oriented with prominent (002) peak due to

The normalized (002) peak of the pristine and ion‐irradiated Al:ZnO

1 × 10 (ST)

FIGURE 3

ZnO structure, which is also confirmed from JCPDS #790208 data
self‐ordering effect21 to minimize the surface free energy. The irradi-

0.7

1 × 10 (RT)

temperature (ST) are shown in Figure 1A,B, respectively. The patterns suggest that the films have wurtzite hexagonal polycrystalline

1 × 1012(RT)

14

thin films deposited at room temperature (RT) and 300°C surface

diating it with 50 keV H+ ion beam at different fluences. To get further

information
22,23

plots

on

structural

modifications,

Williamson‐Hall

of all samples have been drawn and are shown in Figures 3

and 4, respectively. The method takes care of individual contribution
of XRD peaks in determining average crystallite size and lattice
strain. The slope and intercept of the plot between βcosθ and 4sinθ

Williamson‐Hall plots of Al doped ZnO films prepared at room temperature (RT) and irradiated with 50 keV H+ ion beam with different

4
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TABLE 2

Analysis of Williamson‐Hall plots of Al doped pristine and
ion‐irradiated ZnO films
Fluence (ions/cm2)
Al‐ZnO
(pristine)

Crystallite
Size (nm)

Strain

9.04 ± 2.5

0.0015 ± 0.003

1 × 1012(RT)

12.19 ± 3.8

0.0033 ± 0.003

1 × 1013(RT)

15.77 ± 6.3

0.0045 ± 0.003

1 × 1014(RT)

32.24 ± 18.8

0.0071 ± 0.003

12

1 × 10 (ST)

14.86 ± 5.0

0.0062 ± 0.002

1 × 1013(ST)

6.74 ± 2.5

−0.0018 ± 0.007

1 × 1014(ST)

12.79 ± 5.8

0.0019 ± 0.005

RT stands for films, which are prepared at room temperature, and ST stands
for films, which are prepared at elevated surface temperature of 300°C.

at elevated temperature of 300°C. With increasing fluence, the crystallite size decreases for intermediate fluence and increases again at
highest fluence. The strain also decreases. At intermediate fluence,
the signature of compressive strain is noticed. At highest fluence,
the films deposited at elevated temperature show relatively lower
strain and crystallite size. The c/a ratio remains almost unchanged
further confirming no major structural modifications. Depending
upon initial microstructure of the thin films, the ion beam irradiation
can lead to grain growth via Ostwald ripening25 or dissolution of
grains via kinetic/electronic sputtering. The local heating due to electronic energy losses can either yield to merging of the grain boundaries26 or dissolution of bigger grains by various sputtering
processes.27 The ZnO films deposited at room temperature are of
smaller grains, and therefore, ion impact meets several grain boundaries, which are annihilated because of local heating produced due
to ion energy losses. The bigger grains in the films deposited at elevated temperature undergo for the sputtering upon ion irradiation,
and hence, those are dissolved. To complete high fluences, the ion
beam is continuously bombarded on target for large time scales.
The local heating of the sample due to beam power again yields
the agglomeration of smaller grains at high fluence.
The Raman spectra of Al doped ZnO thin films are shown in
Figure 5. Most intense peak appeared at 520 cm−1 is because of

FIGURE 4

Williamson‐Hall plots of Al doped ZnO films prepared at
elevated temperature of 300°C and irradiated with 50 keV H+ ion
beam with different fluences

(where β is FWHM of the XRD peaks) provide lattice strain and crystallite size of the film, respectively.24 The analysis of Williamson‐Hall
plots is summarized in Table 2. For films deposited at room temperature, the crystallite size and strain are found to be increased with
the ion fluence. However, the variation of these parameters with
ion fluence shows a very peculiar behaviour for the films deposited

FIGURE 5

Raman spectra of the pristine and the ion‐irradiated (at
various fluences) Al doped ZnO films prepared at room temperature
(RT) and at surface temperature of 300°C (ST)
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Si substrate. The peak observed at 437 cm−1 is the characteristic of

structural disorder like oxygen vacancies, Zn interstitials, and the

wurtzite hexagonal structure of ZnO and corresponds to non‐polar

combinations of both. The other peaks observed at 275 and

E2 (high) mode, which involves mainly vibration of oxygen atoms

302 cm−1 correspond to B1 (low) silent mode of wurtzite ZnO and

perpendicular to c‐axis. Other non‐polar E2 (low) mode arising due

second‐order E2 (high) to E1 (low) mode, respectively. With increas-

to the vibration of Zn atoms appears at 99 cm−1, which is not shown

ing ion fluence, both types of films do not show evolution of any

in the figure. The polar E1 and A1 oxygen‐dominated phonons have

other peak in the spectra confirming no major structural changes in

LO and TO components (A1 [TO] at 380 cm−1, A1 [LO] at 574 cm−1,

Al:ZnO. However, E2 (high) mode in films deposited at room temper-

E1 [TO] at 407 cm−1, E1 [LO] at 583 cm−1).28 Both E1 and A1 (TO)

ature changes from a shoulder like feature to a more symmetric

modes are probably suppressed because of thin film nature of the

peak, which could be attributed to better film quality as also con-

−1

materials. The peak observed at 570 to 580 cm

represents

firmed from XRD results.

FIGURE 6 Scanning electron microscopy micrographs of the pristine and the ion‐irradiated (at various fluences) Al doped ZnO films prepared at
room temperature (RT) and at surface temperature of 300°C (ST)

6
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The surface morphology of the pristine and 50 keV H+ ion beam
irradiated Al doped ZnO as probed by SEM is shown in Figure 6. It
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irradiation at chosen fluences does not affect the film quality much
in terms of defects.

can be clearly seen that 2 types of films undergo surface smoothening

The relation between absorption coefficient (A) and band gap (Eg)

upon ion irradiation. The smoothing increases with the ion fluence, and

of the material with the incident photon energy hν is (Ahν)2 = B(hν‐Eg),

films deposited at elevated temperature of 300°C are relatively

where B is constant.31 The direct band gap of semiconductor can be

+

smoother with irradiation at constant fluence. The lightest H ions

determined by drawing the tangent on the linear part of the graph

upon impinging on Al:ZnO surface will certainly be backscattered.

between (Ahν)2 and photon energy (hν) (Tauc plots; as shown in

Therefore, the sputtering yield would be quite low compared to back-

Figure 8A,B, respectively). The intercept by the tangent on X‐axis pro-

scattering yield resulting in the surface smoothening29,30 (rather than

vides the band gap. The band gap of the films deposited at room tem-

coarsening). The local surface heating due to the electronic energy

perature and at 300°C was found to be 3.2 and 3.3 eV, respectively.

losses (elastic collisions are negligible as seen by SRIM calculations)

No significant change in the band gap of 2 types of films has been

by the ion beam also helps in diffusion of atoms on the surface causing

observed with the ion irradiation even at higher fluences. The trans-

further smoothening.

port properties of Al doped ZnO films deduced from Hall measure-

Al:ZnO thin films deposited only on glass substrate and irradiated

ments are shown in Table 3. All films deposited at 2 temperature

at different fluences were used to study the optical properties.

conditions and irradiated with 50 KeV H+ ion beam at 3 different

Figure 7A,B shows the optical transmittance (in the wavelength range

fluences show resistivity in the range of mΩ‐cm and a carrier concen-

of 300‐900 nm) of ion‐irradiated Al:ZnO thin films deposited at room

tration value of approximately 1021/cm3. The enhanced mobility in the

temperature and at 300°C. The films deposited at room temperature

films deposited at elevated temperature is attributed to better quality

and irradiated with ion beam at different fluence show approximately

of the films arising due to thermal annealing of the defects during

65% transmittance in the visible range. An enhanced transmittance

deposition.

value of approximately 90% is noticed for the ion beam–irradiated

As seen from SRIM calculations, the nuclear energy loss for

Al:ZnO thin films deposited at 300°C substrate temperature. With

50 KeV H+ ion beam irradiation on Al:ZnO is negligible. Therefore,

these results, we conclude that the deposition at elevated temperature

we expect absence of the elastic collisions (which are responsible

yields better quality of Al:ZnO films and 50 KeV H+ ion beam

for point defects) in the material. The electronic energy loss for this

FIGURE 7 Transmission spectra of the ion‐irradiated (at various fluences) Al doped ZnO films; A, prepared at room temperature (RT); B, prepared
at surface temperature of 300°C (ST)

FIGURE 8

Tauc plots of the ion‐irradiated (at various fluences) Al doped ZnO films; A, prepared at room temperature (RT); B, prepared at surface
temperature of 300°C (ST)
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TABLE 3

Hall measurements of Al doped pristine and ion‐irradiated

ZnO films

proton radiation is an interesting fact to realize its applications in opto‐
electronic devices for space programmes.

Carrier
Conc
(cm−3)

Resistivity
(Ohm cm)

Al‐ZnO

1.814E + 21

3.143E‐03

1 × 1012(RT)

1.816E + 21

1.601E‐03

1 × 1013(RT)

1.183E + 21

4.579E‐03

1 × 10 (RT)

1.166E + 21

3.138E‐03

1 × 1012(ST)

9.732E + 20

1.776E‐03

1 × 1013(ST)

1.105E + 21

1.372E‐03

1 × 1014(ST)

8.450E + 20

1.658E‐03

Fluence
(ions/cm2)

14

and a bit larger band gap (3.3 eV). The stability of Al:ZnO films against

RT stands for films, which are prepared at room temperature, and ST stands
for films, which are prepared at elevated surface temperature of 300°C.
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RE FE RE NC ES
projectile‐target combination is not substantial to generate thermal
spikes in the materials to yield columnar defects.32 Doping of Al in
ZnO helps in dissipating the local heat produced by the ion beams
and further minimize the possibility of temperature spike upon ion
impact. However, the local temperature rise in the material during
ion irradiation is sufficient to promote grain growth and the diffusion
of surface atoms, and this could be the reason for changes only in
the crystallite size and surface smoothening of samples upon ion
beam bombardment. The crystal structure and optical and transport
properties of films remain almost unaffected upon 50 keV H+ beam
irradiation at chosen fluences because of absence of point defects.
Furthermore, it is deduced from SRIM calculations that only 0.03%
of the total energy loss by 50 keV H+ ions in Al:ZnO is responsible
for vacancies production. A large fraction of the energy loss (approximately 98%) causes ionization/excitations. Without producing substantial point defects (vacancies/interstitials) and lattice distortion,
we cannot expect any structural change and subsequent band gap
engineering via origin of optically active defect levels in the target.
Therefore, we can conclude that Al:ZnO shows radiation stability
against present ion beam irradiation conditions.

4
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C O N CL U S I O N

The Al:ZnO thin films deposited on 2 substrates (Si and glass) placed at
2 temperature conditions (RT and 300°C) were irradiated with 50 keV
H+ ion beam. The ion beam irradiation was done at 3 different fluences
viz 1 × 1012, 1 × 1013, and 1 × 1014 ions/cm2. The analysis of XRD patterns confirmed the wurtzite hexagonal polycrystalline nature of the
films, and no substantial changes in the crystal structure of Al:ZnO
were noticed upon ion irradiation. However, with increasing ion
fluences, the crystallinity of the films improved and crystallite size also
changed as confirmed by Williamson‐Hall plots. Raman measurements
also showed radiation stability of the films. The SEM micrographs
revealed that ion irradiation yielded surface smoothening of the films.
The transport properties (such as carrier concentration, and resistivity)
and optical properties (such as transmittance and band gap) of the films
remained unaffected with the ion irradiation. The films deposited at
elevated temperature showed better quality (crystallinity and
smoother surface), higher optical transmittance (approximately 90%),
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