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Low temperature radioluminescence and thermoluminescence spectra of ZnO track numerous

changes produced by copper ion implantation into the surface layer. A significant, but unexpected,

feature is that the bulk crystal becomes modified by the stress generated in the surface layer. This is

reflected by the energy of intrinsic band gap emission. There are also differences in the spectra and

peak temperatures of the thermoluminescence components, consistent with such a structural

relaxation. The copper implant layer is both absorbing and reflective, so this introduces major

distortions on the radioluminescence component from the bulk region, since the bulk luminescence

signals are transmitted through, or reflected from, the implant layer. The temperature dependence

of the spectra includes anomalies that are typical of changes driven by phase transitions of

nanoparticle inclusions. Overall, the features of bulk relaxation, spectral distortion, and detection

of nanoparticle inclusions are rarely considered for ion implanted luminescence studies, but the

data suggest they are almost inevitable in a wide range of implanted materials. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4929826]

I. INTRODUCTION

Zinc oxide is a wide band-gap direct transition semicon-

ductor (�3.37 eV) with the potential to be used in extremely

diverse types of devices. The trial, and proposed, uses of

ZnO range from applications producing near-UV and visible

light emission, to phosphors, piezoelectric devices and trans-

ducers, varistors, and transparent conducting films.1–6 ZnO

also exhibits large optical nonlinearities that can be exploited

in optical devices. Many of the device applications are there-

fore being explored with ion implantation routes to modify

and control the near surface properties. There are numerous

articles concerned with changes controlled by ion implanta-

tion in ZnO with ions ranging from H, N, Si, Ar, Ti, Mn, Ga,

Cu, As, In, Er, Tb, Au, etc.7,8 At least 20 of these studies

have used luminescence to monitor the property changes.

Luminescence is valuable as it is remarkably sensitive,

and so responds not only to the impurities and defects cre-

ated by implantation but also to thermal treatments that mod-

ify intrinsic defect sites, and their association with the

implants. In addition to the normal luminescence technique,

recently the confocal micro-photoluminescence has been

widely applied to detect the ion beam modified lattice

changes.9–11 Indeed, the use of luminescence analysis for

implanted materials is widespread, both for semiconductors

and insulators. One assumes that the emission spectra offer

an accurate indication of the changes induced in the surface

implanted layer. Additionally, there is the tacit assumption

that the underlying material is not significantly modified.

The data presented here challenge both assumptions.

The first feature, of distorted spectra, is not unexpected as

in the case of implants that produce optical absorption (such

as copper implants). The luminescence generated includes

signals from the implant layer and the underlying material,

but both are strongly modified by the absorption within the

implanted zone. The distortions in signal are particularly evi-

dent if the excitation penetrates to a greater depth than the

implant. Whilst this is invariably true to some extent, the pres-

ent results obtained by radioluminescence (RL) are guaran-

teed to stimulate both the implant and the underlying bulk

substrate. RL is therefore particularly valuable as a method of

emphasising that spectral distortions occur. It is not just a

problem of RL but equally present in cathodoluminescence

and optically excited luminescence studies. However, with the

shallower excitation depths, it is difficult to demonstrate, and

so the recorded spectra are invariably assumed to be the true

signals. Therefore, spectral distortions of the luminescence

analysis caused by optical absorption are widespread, but

unfortunately often overlooked.

The second feature, of changes in the thick substrate

beneath the implanted region, is certainly evident in the data

presented here for ZnO and considered in earlier Cu and Tb

implant studies of ZnO.12–14 There is, therefore, the potential

that similar bulk changes from surface implants may be a

more general feature, but they have rarely been discussed or

sought, but clearly should be.

Whilst luminescence data are recognised as being valua-

ble in identification of impurities that modify the emission

spectra (e.g., rare earth impurities have unique line emission

signals), the power of the technique to respond to the pres-

ence of nanoparticle inclusions, or phase transitions of either

the host or the inclusions, is generally ignored. Nevertheless,
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in the present data for the ZnO, both features are reported.

The critical measurements that reveal nanoparticle inclusions

of impurities, such as trapped water, or gases of oxygen,

nitrogen, or carbon dioxide, require temperature dependent

spectral data (employed here). If the nanoparticle inclusions

undergo phase transitions, there are changes in both pressure

and electronic interactions, not just at their immediate inter-

faces, but in ways that modify the entire sample. Hence, very

small impurity concentrations, in the form of inclusions, can

influence and, in some cases, dominate the bulk lumines-

cence conditions. In the present article, examples are demon-

strated with ZnO. The technique has been reported and

reviewed,15 with many other materials. Unfortunately, the

literature of such effects is rather limited, primarily because

the method has not been applied due to equipment limita-

tions of most luminescence systems. Indeed, most examples

so far are based on experiments with the same system.16

II. EXPERIMENTAL DETAILS

Nominally pure ZnO samples were used in this work for

the RL measurements, and the samples are from Hefeikejing

Materials Technology Co., Ltd., China. The sample size of

the ZnO is 10� 10� 0.5 mm3 with the direction of h0001i.
One side of the sample has been polished. The implantations

with copper ions were to a fluence of 2� 1016/cm2 and the

energy is 50 keV.

RL signals excited by X-rays were collected by a high

sensitivity luminescence system at the University of St

Andrews. The optics of this spectrometer had been reported

previously,16 but significant improvements in detector effi-

ciency and time resolution are now available. The wave-

length dispersed spectra are corrected for the response of the

overall spectrometer system.

A low temperature stage was operated from 20 to 300 K

and a high temperature stage extended the range to 400 �C
(i.e., 20 to 673 K overall). A heating rate of 15 K/min was

used for high temperatures, but a lower rate of 6 K/min was

required to avoid temperature gradients in the sample at low

temperatures (i.e., the thermal conductivity is poor within

this range).

The RL was excited with an X-ray energy of 15 keV

with radiation dose rates of �1 Gy per minute at low temper-

ature, or �10 Gy per minute at high temperature.

Both RL and low temperature thermoluminescence (TL)

data are reported.

III. RESULTS AND COMMENTS

Radioluminescence data are shown in Fig. 1 in the form

of isometric plots for original and copper implanted samples,

together with implanted specimens that had been annealed at

1000 �C and either slowly or quickly cooled to room temper-

ature. At first sight, there are similarities between the four

data sets in terms of the overall broad band emission patterns

and their temperature dependencies. The lower energy sig-

nals in the 450 to 800 nm range predominately relate to

defects and sites in the ZnO host. However, reference to the

contour maps of Fig. 2 reveals that not only the positions of

the wavelength maxima are not identical, but also there are

FIG. 1. Isometric plots of ZnO radioluminescence spectra below room temperature; (a) is an original sample, pure, (b) is for a copper implanted sample, C, (c)

copper implanted and annealed with slow cooling, and (d) is with fast cooling.
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different mixtures of component peaks. Finally, one sees

there are shifts in the peak temperatures of the RL signals.

The changes are partly expected as the RL signals were col-

lected for emission exiting the crystal from the implant face.

Since the X-rays excite the entire sample, this means the

emission is dominated by RL from the substrate, which is

nearly one thousand times thicker than the input layer.

However, the copper implant introduces strong optical

absorption so the measured total RL is from the bulk, but dis-

torted by the implant absorption. The annealing treatments

not only reduce the absorption from the implant but also

cause changes in the intrinsic defect structures. Hence, there

are yet further differences between the slow and fast cooled

samples.

Figures 1 and 2 show narrow line emission features at

wavelengths less than 400 nm. These peaks correspond to

intrinsic band to band transitions and related exciton states.

The emission reveals more than one component at the lower

temperatures, and Figure 3 presents the observed pattern at

26 K for an unimplanted sample. Deconvolution into three

peaks is possible in terms of Gaussian shaped bands peaked

at 3.12, 3.19, and 3.25 eV. Note that this data set of signals

was obtained in a wavelength dispersed domain with a fixed

bandwidth (dk) (and typically viewed in terms of IðkÞdk ver-

sus k). For analysis, they have been transformed into the

physically more meaningful energy domain (IðEÞdE versus

E). No attempt has been made to perform the transformations

and deconvolution for the longer wavelength emission bands

of the implanted samples, since it is not possible to offer

adequate correction factors to the collected data to offset dis-

tortions by absorption of light in the implant zone.

Figures 1 and 2 offer a broad pattern of changes, but the

differences are better resolved in comparisons of spectra

produced at different temperatures. Examples are shown in

Fig. 4 that contrast signals at 20, 135, and 170 K. Whilst the

absorption/reflection properties of the copper implant layer

FIG. 2. Contour plots of ZnO radioluminescence spectra below room temperature; (a) is an original sample, pure, (b) is copper implanted sample; (c) copper

implanted and annealed with slow cooling, CAS, and (d) with fast cooling, CA.

FIG. 3. Energy plot of the RL emission from ZnO at 26 K.
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are modifying the signal transmitted of the RL from below

the shallow implant layer, it is nevertheless clear that the

heat treatments are making significant changes. For example,

annealing has reactivated signals above �170 K and also

introduced a rapidly changing intensity step near 225 K. The

contour maps include some high density contour features

(i.e., regions of steeply changing intensity) at the same fixed

temperatures that in earlier materials were indicative of

phase transitions of inclusions. These will be discussed later.

The data reveal that in all cases the small peak that is

centered near 725 nm is not at a constant temperature, and it

is normally at slightly higher temperatures than the emission

maxima at shorter wavelengths. This temperature difference

was precisely the same observation for the TL emission

reported earlier.14 It is therefore useful to contrast the TL

signals from the pure and copper doped samples, both before

and after annealing. The data are shown in Fig. 5 in the form

of isometric plots and contour maps.

Annealing has activated additional low temperature glow

peaks and changed the apparent relative intensities of the

green to red signals. Spectral intensity data are clearly sus-

pected if there is absorption of the luminescence as it is trans-

mitted through the implant layer, but since the TL is primarily

from the 99.9% of the crystal that is not implanted, the

changes in peak temperatures are clear evidence that the defect

structures are modified by the stress generated by the copper

implant layer, and also by the rate at which annealed samples

were cooled (i.e., these change the contributions of intrinsic

defects and their association with impurities etcetera). Hence,

evidence that there have been structural variations in the bulk

unimplanted volume is uniquely demonstrated by a compari-

son of the peak temperatures, and the shapes, of the main

green and red TL signals. Examples are shown in Fig. 6 for

the TL in selected wavelength regions.

Numerically, the changes are detailed in Table I, which

lists the wavelengths where peaks are observed in the ther-

moluminescence and their temperatures. The main point to

note is that the peak temperatures shift between the four

samples. This is of particular significance as it is demonstrat-

ing that stress from the implants, as well as heat treatments,

is modifying the bulk material. So, the implant has made a

significant perturbation of the entire host lattice (i.e., to dis-

tances some 1000 times further than the implant). Note that

the variations in wavelength for the green peak are difficult

to quantify as they reflect the problems of absorption that

distort the spectra in the case of the implanted samples.

The copper implant has shifted the peak temperatures by

between 25� and 13�, but after annealing the value for the

red peak is similar to that of the original unimplanted sam-

ple. A second anomalous feature is that the higher tempera-

ture variants tend to be narrower than the low temperature

glow peaks (this is contrary to normal TL behaviour), and it

suggests that there is an unusually rapid decay in lumines-

cence efficiency with increasing temperature towards 170 K.

A final confirmation that the spectra recorded through

the implant layer are being distorted by the layer can be seen

in Fig. 7 in which the RL signal has been recorded with

the implant face at the bottom of the sample (i.e., the RL

light travels directly to the spectrometer). The data of Fig. 7

should be compared with those in Figs. 1(a) and 2(a), as in

each case the primary signal is from unimplanted ZnO. The

two data sets are not identical. In part, this will be because

moving the implant to the underside during recording is not

a perfectly unperturbed situation as the implant layer will act

as a wavelength selective reflective mirror that contributes to

the overall signal. Nevertheless, it is clear that in the green

region the peak wavelength is much closer to that of the orig-

inal unimplanted sample than data collected with the copper

FIG. 4. Comparison of RL spectra for the samples at (a) 30 K, (b) 135 K,

and (c) 170 K.
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implant layer uppermost. Nevertheless, there are differences

in relative intensities of the peaks, and, for example, at 20 K,

the initial signal includes a feature that is displaced towards

the blue end of the spectrum. The contour plot indicates a

number of horizontal dark zones where there are rapid

changes in intensity with temperature. The most dramatic of

these is seen in Fig. 8, which indicates that for the broad

bands there is an intensity notch near �54 K. The anomaly

does not appear in the band to band transitions near 400 nm,

nor it is an artefact of detector saturation since it is not at the

FIG. 5. Comparisons of thermoluminescence for (a) an original sample, pure, (b) copper implanted sample; (c) copper implanted and annealed with slow cool-

ing, and (d) with fast cooling.
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region of greatest intensity. The later discussion will suggest

it is linked to a phase transition of nanoparticle inclusions.

Finally, the intrinsic properties of the lattice structure

are addressed via the short wavelength emission data from

the band to band signals. For an unmodified substrate, these

should be identical in Figs. 1(a) and 7. They are not. The

comparison is made in Fig. 9, which shows that in detail

there are significant spectral shifts between the two data sets

at low temperature, but they tend towards the same values at

the highest temperatures. This will be discussed as unequivo-

cal evidence for a change in the lattice structure of the bulk

of the implanted sample.

IV. DISCUSSION

A. Structural relaxations of substrates

One objective of this study was to confirm the proposi-

tion that high fluence implants in ZnO results in a structural

change of the entire block of the substrate. Earlier ZnO data

had revealed that both Cu and Tb implants displaced the TL

emission patterns from that of the unimplanted material.12–14

This type of change was observed again in the current study,

as shown by Fig. 5. Since the TL is primarily from the non-

implanted volume, then a change in TL peak temperatures is

consistent with a distortion of the original lattice structure.

Additionally, from the present data, the alterations produced

in the luminescence from band to band transitions are also

consistent with a change in the band gap at low temperature.

Such a change is expected if there is a structural relaxation

of the wurtzite lattice driven by the stress field created in the

surface implant region. Since the ZnO is used in piezo-

optics, there is certainly the potential for such a change.

For the unimplanted material, the temperature depend-

ence of the band gap (Fig. 3) is well described by tempera-

ture induced lattice dilatation and electron-lattice interaction

as described by the model of Varshni.17 The data shown in

Fig. 9, for the unimplanted ZnO, fit a Varshni type formula

FIG. 6. TL slice for the samples (a) is pure ZnO, (b) is copper implanted, (c) implanted and annealed with a slow cooling, and (d) for the fast cooling after

annealing.

TABLE I. The TL peak position for the samples.

Sample Label

Peak

positions

(nm)

Peak

temperatures

(K)

Difference

(K)

Unimplanted Pure 575 723 156 163 7

Cu implanted C Broad 724 131 150 19

Anneal and

slow cool

CAS 518 724 163 166 3

Anneal and

fast cool

CA 534 724 163 163 0

095703-6 Wang et al. J. Appl. Phys. 118, 095703 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  138.251.162.198 On: Wed, 08 Jun

2016 14:08:14



over the entire range from 20 to 673 K via the equation of

the form

Eg ¼ E0 � aT2=ðT þ bÞ; (1)

where Eg is the band gap at an absolute temperature T, E0 is

the band gap at zero, a and b are the Varshni thermal coeffi-

cients related with given materials. For the fitting parameter

needed here, it implies the band gap at 0 K is 3.249 eV, the

other two parameters are 9.147� 10�4 eV/K and 256.41 K.

For the implanted ZnO, Figure 9 shows displacement of

the low temperature curve, which would match a structural

relaxation. The perturbed values describe a slightly more

complex temperature pattern, which may imply the creation

of some phase instabilities in the stressed material, and fit-

ting gives a reduced band gap luminescence at 0 K, caused

by the Cu implant, as 3.226 eV.

Since the proposition that a surface implant can modify

the entire crystal is so rarely considered, it is essential to

offer other examples of evidence that support this suggestion

of long range stress effects. There are many examples of

optical waveguides formed by ion implantation, where the

damage from the implant has amorphized a crystalline lattice

in a narrow zone below the guide region and reduced the

refractive index so as to form an optical barrier.18–20

Waveguide lasers based on rare earth ions then have

FIG. 7. Radioluminescnce measured with the implant face downwards.

FIG. 8. Sections taken from the isometric plot of Figure 7. Note the intensity

dip near 54 K for the long wavelength emission.

FIG. 9. Low temperature RL for ZnO

and a ZnO:Cu sample monitored with

the implant face down (a) is a compari-

son over the entire temperature range

and (b) emphasises the differences

observed at low temperature. The fit-

ting energies are 3.226 eV for ZnO:Cu

and 3.248 eV for pure ZnO.
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emission spectra that are altered both in wavelength and

relative transition line efficiency. The examples are clear

and indicate stress effects exist over waveguide of several

micrometers width (e.g., at least 8 lm18) in many

materials.18,19,21–23

Far longer range stress is evidenced in studies of lumi-

nescence from strontium titanate (STO), where the radiolu-

minescence has demonstrated phase changes initiated by the

stress. STO is unusual in that below room temperature, there

are a number of crystalline phase changes and relaxations

that are known to occur. These are extremely sensitive to

impurities, intrinsic defects, and stress. Implantation into a

STO surface generates a strong stress field across the entire

crystal, which then induces the appearance of these metasta-

ble phases. For STO, the changes were very obvious as each

phase has quite different and characteristic emission spectra.

With STO, the various phases were seen only in the heavily

implanted (and therefore stressed) crystals.15,24 Indeed, the

more general possibility of monitoring phase transitions by

noting the discontinuities in emission spectra is well docu-

mented for a large number of insulator and other materials,

as noted in various reviews.15

The waveguide and STO examples support the model

for bulk relaxation of ZnO, driven by stresses related to high

dose surface implantation. Relaxation in ZnO is not unex-

pected as it is already used as an electro-optic material.

B. Heat treatments and changes in intrinsic defects
and structure

The thermoluminescence data for the ZnO experiments

at low temperature have two main peaks at slightly different

temperatures for different emission bands. These are seen in

pure, as well as copper or terbium implanted samples.

Models for the various TL sites therefore do not primarily

require impurity sites but suggest that they are intrinsic sites

that are readily associated with impurities and/or other intrin-

sic defects. In the stress conditions of the copper implants,

there are significant differences in the glow peak tempera-

tures compared with unimplanted samples. Similarly, the

examples of annealing at 1000 �C followed by either slow or

rapid cooling modify many intrinsic defect properties (such

as oxygen vacancy concentrations and their charge states);

additionally, the high temperature can dissolve clusters of

defects (or impurity–intrinsic complexes). Therefore, the

rate of cooling influences the concentrations of associated

defects retained at room temperature. Such processes are evi-

dent in the present TL data. Not only are the TL signals mov-

ing in terms of their peak temperatures but also in terms of

the number of minor features.

The emission spectra of original and unimplanted sam-

ples have peaks near 725 and 575 nm, but after the heat treat-

ment anneals, the shorter wavelength feature moves across

to near 518 to 534 nm, although some minor evidence of

emission near 570 nm also exists (Fig. 5(d)). Overall, this

implies the stress and heat treatments move the stability of

the original charge trapping sites (i.e., the peak temperatures

move) but the thermal treatments modify the recombination

sites (i.e., the “green” emission wavelengths are altered).

Overall, this implies a lively interplay of defect sites,

and therefore no specific model will be offered. Note that

earlier models for ZnO luminescence emission25–34 were

quite speculative and in hindsight the suggestion that the

green signals resulted from copper impurities seems

unlikely, as the data for Cu and Tb implants are very similar.

C. Role of the implanted layer on spectral distortions

Analysis of implanted layers by luminescence is a rou-

tine technique for both semiconductor and insulator materi-

als, and the tacit assumption is that the signals are reliable

and not significantly distorted by absorption within the

implant zone. Pragmatically, they can still offer comparative

information even when spectral distortions occur. For excita-

tions that only penetrate over the same depth scale as the

implant, the contributions from the substrate are less impor-

tant than in the current radioluminescence study. Whilst it is

an extreme situation, it strongly emphasises how absorption

and reflectivity within the implant layer can totally distort

the recorded spectra. An additional consideration is that,

when stress fields are involved, there is the further possibility

or producing polarised emission, and this will influence the

recorded spectra since the diffraction gratings of the spec-

trometer are strongly polarization dependent as a function of

wavelength.

For the copper implanted ZnO, there will be oxygen

loss, or movement away from the implant zone, and excess

metal (Cu and/or Zn) will form a range of depth and concen-

tration dependent nanoparticles. In the case of copper par-

ticles, there is a strong plasmon resonance near 620 nm.

Examples of copper implants suggest the nanoparticle

size is around 2 to 3 nm, but the sizes vary with concentra-

tion and thermal processing.35,36 However, detailed analyses

of silver implants suggest a wide range in sizes will exist,

and around 75% of the implant is in nanoparticles of less

than 3 nm diameter.37

The shape of this absorption band will vary slightly with

particle size. Consequently, the reflectivity from the implant

surface and the internal boundaries will differ. For RL,

where most of the luminescence is generated in the bulk of

the sample, the absorption will dramatically alter the emis-

sion spectrum of light that is transmitted through the implant

layer. For the alternative geometry of implant side away

from the spectrometer, the layer will still not be neutral as

the interface “mirror” is wavelength dependent.

Such distortions are apparent in the current RL data, and

to indicate the pattern they impose on the spectra, Figure 10

shows the transmission and reflectance for a copper ion

implanted glass sample. This has the expected maximum

absorption near the plasmon resonance region around

620 nm, together with reflectivity features across the entire

spectral range being monitored. The variations in different

particle sizes across the implant zone are evident via a sur-

face dependent difference in the reflectivity spectrum. In the

glass example, the peak transmission near 620 nm falls to a

mere 25%, and reflectance values from the rear face are as

high as �8%. Note because the particle sizes vary with

depth, the front and rear face reflectivity values and
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wavelength dependence are different. In luminescence stud-

ies, such features are significant and difficult to correct for.

They also have been overlooked in many literature

examples.

D. The role of nanoparticle inclusions

Many of the impurities that are introduced during the

crystal growth phase become bonded into the materials, not

only as isolated impurity sites but also as nanoparticle inclu-

sions. Their size may be small, a few tens or more of impur-

ities, but their influence on the lattice luminescence will be

far more extensive as the stress fields they generate can influ-

ence optical transitions that occur at more than a 100 nearest

neighbor sites away from the inclusion. Therefore, impurity

concentrations of say, 10 parts per million may influence the

entire sample. The equipment used here has been able to

sense such events for a wide range of materials, and a very

common indicator of nanoparticle inclusions has been appa-

rent when they undergo a low temperature phase transition.

The effects are clear since the phase change provides a dis-

continuity in the pressure conditions. In many examples,

there are wavelength displacements of the spectra, and or

major discontinuities in intensity, as reviewed,15,38 for

MgO39 or for Nd:YAG where both spectral and lattice pa-

rameter changes were reported from CO2 sublimation within

nanoparticles, and ice effects were seen.40 Such features are

quite obvious from spectral changes of the host lattice that

occur when the host undergoes a phase transition.

Particularly repeatable and frequent examples exist for

ice inclusions as there is an ice phase change from hexagonal

to cubic structures at �170 K and a low pressure ice to

vapour change near 225 K. Other dramatic events have been

noted from inclusion of CO2, as at �195 K, the material sub-

limes from solid to gas with a consequent thousand fold

increase in pressure. Many of the common gases from air

(O2, N2, Ar, etc) have caused discontinuities in intensity

when there are gas/liquid or liquid/solid transitions, as seen

with low grade MgO crystals.39 In some cases, abnormalities

in the temperature dependent lattice parameter of the host

have been matched to the impurity phase events.

Luminescence is consequently an extremely powerful

probe of such nanoparticle inclusions, and it is sensible to

consider if there is evidence in the current ZnO data that

might display these trends. Indeed, the data show some rele-

vant abnormalities. The intensity plots of the band edge lu-

minescence include a discontinuity near 170 K (i.e., the

hexagonal/cubic ice transition). There is also an intensity

plateau region (from �50 to 85 K) and slightly erratic steps

in the transition energy (from �70 to �95 K). Overall, this

temperature range covers the transitions of the components

of air. The phase transitions for oxygen occur at 54.6 and

90 K, whereas those for nitrogen are at 63.2 and 77.2 K.

Trapped air in parts per million is clearly a realistic impurity

and one that is difficult to accurately quantify in standard an-

alytical analyses.

Figure 8 is therefore particularly interesting, since here

the intensity dip is nominally at 54.6 K corresponding to the

solid to liquid oxygen phase change. The presence of oxy-

gen nanoparticles is feasible since the copper implants not

only cause surface loss of oxygen but also drive oxygen

deeper into the crystal. If this forms nanoparticles, then

there may be the source of the event seen here at �54.6 K.

More speculative is that the contour maps have “cliff” type

features near 90, 170, and 225 K. The 90 K feature could

match the liquid/gas phase transition of the oxygen nano-

particles. The contour line patterns have features near 170

and 225 K, which similarly may be evidenced for trapped

water ice phase transitions.

One caveat is that phase transition temperatures are

cited in terms of bulk materials, not nanoparticles. If there

are a range of nanoparticle size inclusions, the overall effects

FIG. 10. Examples of the absorption

and reflectivity changes produced by

the formation of copper implanted

nanoparticles. Note the nanoparticle

sizes vary with depth, so the front and

rear face reflectivities differ. The

example here is for Cu in glass.
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may be spread over a temperature range. The inclusions dis-

cussed here are insulators, so size effect on phase transition

temperatures may be modest. By contrast, metallic bonding

causes a very significant temperature range for melting that

is particle size dependent.

For these ZnO data, the proposal is tentative, but impor-

tant since such events do not appear to be generally consid-

ered. By contrast, in other insulator materials where

luminescence spectra have been recorded over a continuous

temperature range, very clear and intense changes have been

noted that match remarkably well to water, CO2, and oxygen

transitions. The luminescence intensity events seen here may

be less dramatic and clear cut than those in say Nd:YAG40 or

MgO,39 but they should be seriously considered. Not least,

as even the possibility of having impurity inclusions that can

be detected by host luminescence is a topic that most experi-

mentalists are unaware of, and consequently will not nor-

mally be considered.

V. CONCLUSIONS

The data presented here for copper implanted ZnO offer

evidence for serious distortions of the emission spectra

because of copper nanoparticles within the implant layer.

This has far wider implications than just for this example as

such problems imply that we have a distorted view of the

true spectra. A second feature that is not often discussed is

that the implanted layer can distort the underlying bulk mate-

rial. In this example, the measurement of the band edge lu-

minescence shows it has occurred.

Thermoluminescence similarly reveals bulk changes

driven by stresses generated in the implant zone.

Finally, there is luminescence evidence for the presence

of intensity changes driven by nanoparticle inclusions of ox-

ygen and, albeit more tentatively, of water inclusions.

The main conclusion is that these types of feature may

be far more general than has previously been suspected, but

using a highly sensitive luminescence spectral analysis, it is

possible to detect each type of event.
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