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The point defects of single ZnO microwires grown by carbothermal reduction were studied by

microphotoluminescence, photoresistance excitation spectra, and resistance as a function of the

temperature. We found the deep level defect density profile along the microwire showing that the

concentration of defects decreases from the base to the tip of the microwires and this effect

correlates with a band gap narrowing. The results show a characteristic deep defect levels inside

the gap at 0.88 eV from the top of the VB. The resistance as a function of the temperature shows

defect levels next to the bottom of the CB at 110 meV and a mean defect concentration of

4� 1018 cm�3. This combination of techniques allows us to study the band gap values and defects

states inside the gap in single ZnO microwires and opens the possibility to be used as a defect

spectroscopy method. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869555]

I. INTRODUCTION

Zinc oxide (ZnO) is a wide band gap semiconductor with

potential applications in optoelectronics, transparent electronics,

spintronic, as well as in biomedicine due to its biocompatibility

character. It is known that intrinsic and extrinsic defects play a

very important role in its properties and that there are many dif-

ficulties to control the dope type and characterize the defects,

which they have still been the obstacles and challenges.

Normally, the n-type behavior in undoped ZnO is

explained by the presence of native donor centers, usually iden-

tified as zinc interstitial, Zni or oxygen vacancies, VO.1–3

Conversely, the formation energy of the Zni is very high in

n-type ZnO, and it was argued that VO is a deep rather a shal-

low donor.4 Furthermore, it has been conjectured that intersti-

tial hydrogen in the donor state, Hþ, could be responsible for

the electron concentration frequently observed in this material.5

The study of the spatial distribution of the defects on the

surfaces, interfaces, and bulk of nano and micro-structures is

an important issue for tailoring the optoelectronic properties

of devices.6 Moreover, it is well known from mechanical

properties of whiskers that the number of defects decreases

with size in these structures.7 The latter correlation is

explained considering that as diameter decreases, the surface

approaches the bulk where defects and impurities can segre-

gate during the growth of the nanostructures, leaving the

bulk with a relatively small concentration of defects.8

One of most used techniques to investigate the defects in

ZnO is the photoluminescence (PL). The typical PL spectra

present usually two emission bands: One at the UV region

located near the absorption edge of the crystal and other broad

band at the visible region. The latter is normally in the green

spectra range and is referred as the green luminescence (GL)

band. Its origin is attributed to diverse native point defects

such as VO,9,10 zinc vacancy (VZn),11,12 oxygen antisite

(OZn),13 and Zni
14 or their complexes.15 Extrinsic point defects

were also proposed such as Cu impurities.16,17 The relative in-

tensity of the two emission bands (IGL/IUV)
also gives worth in-

formation. At the nano-scale where the surface to volume ratio

is large, the ratio of volumes takes place the deep level emis-

sion (GL) to the UV emission (VGL/VUV)
dominates the

IGL/IUV ratio, since the deep level emitting defects are local-

ized on the surface, and the UV emission comes from the

bulk.8Nevertheless, when the density of deep level defects

varies along the sample or the fluence or energy of the laser

(i.e., the density of excitons) used to excite the sample, varies,

it is necessary to take into account the quantum efficiencies to

the production of photons of UV and GL, because its relative

intensity depends on the relative numeric density of excitons

and green-emitting defects.18 Since the minimum spatial reso-

lution in PL is usually limited to about 1 lm, the most of the

published nanowire PL spectra were the integrated response of

many nanowires. The study of single nanowires or microwires

(MWs) opens the possibility to investigate in detail spatial dis-

tribution (in micrometer scale) of the defect concentration,

band gap narrowing/widening or other properties, using opti-

cal techniques combined with other experiments.

In this work, we report the study of defects in single

ZnO microwires combining different experiments. Using

microphotoluminescence (lPL), we scan the variation of the

defect concentration and the band gap value along the

microwire. Measuring the dependence of the photoconduc-

tivity on the wavelength of the light and the resistance as a

function of the temperature, we could study the relation of

these dependences with the point defects. Correlating the

0021-8979/2014/115(13)/133101/5/$30.00 VC 2014 AIP Publishing LLC115, 133101-1

JOURNAL OF APPLIED PHYSICS 115, 133101 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

147.156.224.69 On: Tue, 01 Apr 2014 15:07:53

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by CONICET Digital

https://core.ac.uk/display/158830118?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1063/1.4869555
http://dx.doi.org/10.1063/1.4869555
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4869555&domain=pdf&date_stamp=2014-04-01


information of the lPL with the photoconductivity (PC), we

are able to distinguish deep states (acceptors and traps), since

electrons, retained there, can be promoted to the Conduction

Band (CB) by photoexcitation left aside the possibility of

thermal activation. The procedure has been successfully used

as a defect spectroscopy.

II. EXPERIMENTAL DETAILS

MWs of ZnO were prepared by carbothermal process

consistent in the thermal decomposition of the high melting

point ZnO (1975 �C) into low melting point Zn or Zn subox-

ides (�419 �C) described by the following reactions:

2ZnOðsÞ þ CðsÞ ! 2ZnðgÞ þ CO2ðgÞ; (1)

2ZnðgÞ þ O2ðgÞ ! 2ZnOðsÞ: (2)

For carbothermal evaporation,19 a pressed ZnO/graphite tar-

get (mass ratio of 1:1) was placed on a ceramic holder inside

a quartz tube. When the temperature of a programmable tu-

bular furnace had reached 1150 �C, the quartz tube was

inserted into it. Both outlets of the quartz tube were kept

open to the ambient air and no carrier gas was applied. The

reaction time was 1 h. The wires grow directly on the targets

with diameter from 0.2 to 13 lm and lengths of some milli-

meters (see Fig. 1(a)). A group of microwires were selected

to perform lPL and others to be contacted for transport mea-

surement with two different procedures: Nanolithography

and by cold soldering (manual mechanical contacts). The

Fig. 1(b) shows a microwire contacted using nanolithogra-

phy. For cold soldering, ZnO microwires were separated and

placed on a Si/Si3N4 substrate. Indium was employed in

order to solder Au wires to the microwires (see Fig. 1(c)).

III. RESULTS AND DISCUSSION

lPL was measured in several ZnO microwires at 300 K.

The microwires were excited by the 325 nm line of a HeCd

laser focused to a minimum spot size of 1.5 lm. Figure 2

shows the lPL spectra measured at different positions,

marked from 1 to 4, in a single microwire. The diameter of

the microwire decreases from the base (position 1) to the tip

(see inset of Fig. 2). We observe two main peaks, as men-

tioned above, in the UV and GL bands. The deep level

defects related band (GL band) is broad from around 2.10 to

2.58 eV and peaking at 2.37 eV (see Fig. 2). Its intensity rela-

tive to the UV band (IGL/IUV)
changes along the wire (see

Fig. 3), but its position remains constant within the large

broadening of this band.

As proposed by Shalish et al.8 the IGL/IUV ratio can be

evaluated as

IGL

IUV
¼ HðkGLÞ gGL VGL

HðkUVÞ gUV VUV
; (3)

where gGL and gUV are the processes quantum efficiencies of

GL and UV emissions, respectively. H(k) is a constant that

accounts for the transmission of the optical system at the cor-

responding wavelength k, for our system HðkGLÞ=HðkUVÞ
� 4=3. We assume that VGL=VUV � 0:3 is a constant along

FIG. 2. Microphotoluminescence spectra at different positions in a single

microwire. The inset shows the optical image of the microwire and the

points indicate the position where the PL spectra were measured. One more

spot (pos. 5) was taken in the thinner part of the microwire (not shown in the

picture).

FIG. 1. (a) Photography of microwires

obtained by carbothermal evaporation.

(b) Sample 2 contacted by nanolithog-

raphy technique. (c) Photography of

samples 1(a) and 1(b): Microwires

contacted by cold soldering technique

using In.
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the microwire, since the GL comes from a surface layer of

�30 nm [Ref. 8] and the UV penetration is about 100 nm

[Ref. 18]. The quantum efficiencies can be evaluated by the

following expressions:18

gUV ¼ fr
kUV

kUV þ ð NGL

NGLþNUV
ÞkGL þ ð NNR

NNRþNUV
ÞkNR

; (4)

gGL ¼
ð NGL

NGLþNUV
ÞkGL

kUV þ ð NGL

NGLþNUV
ÞkGL þ ð NNR

NNRþNUV
ÞkNR

; (5)

where NUV,
NNR, and NGL are the number density of photoex-

cited excitons (UV), non-radiative defects (NR), and green

emitting defects (GL), respectively. kUV,
kNR, and kGL are the

rate constants associated with radiative recombination of

excitons at the band edge (UV), nonradiative recombination

of excitons (NR), and transfer of energy from excitons to

green-emitting defects (GL), respectively. The factor fr in

Eq. (4) accounts for the fraction of the UV photons emitted

by excitons that were not reabsorbed, while green emission

experiences no such parasitic reabsorption. Replacing Eqs.

(4) and (5) in (3),

IGL

IUV
¼ K fr

kGL

kUV

NGL

NGL þ NUV
; (6)

where K include the constants of Eq. (3). The NUV is con-

stant since it depends on the energy and fluence of the laser

and on the reflectivity and optical absorbance of the ZnO.18

Then the variation of the IGL/IUV ratio comes mainly from

the variation of the NGL along the microwire. Using Eq. (6),

we fitted the data of IGL/IUV vs. d (see Fig. 3) by proposing a

profile of defect concentration as: NGL(d)¼AþB*exp(d/C),

where A, B, and C are the fitting parameters. It is possible to

obtain an approximate quantitative profile for NGL assuming

the values for fr¼ 0.11, 1/kUV¼ 2 ns, and 1/kGL¼ 2.53 ns

obtained by Simmons et al.18 Since our lPL setup has a con-

tinuous wave photoexcitation is very complex the determina-

tion of the NUV due to carrier-exciton equilibration effects.

Nevertheless, a rough approximation of NUV can be esti-

mated if we note in Fig. 2 that the intensity of the UV emis-

sion grows when the spot goes from pos. 1 to pos. 2, i.e.,

when the NGL decreases from the maximum value. This

means that in pos. 1, it is reaching the condition where

NGL � 0:1NUV
18 and gUV drops while gGL grows. As we shall

see below, from the resistance vs. temperature measure-

ments, we estimate a defect concentration of 4� 1018 cm�3.

Considering the latter estimation, we approximate

NUV � 1020cm�3. In the inset of Fig. 3, it is shown the fitted

NGL profile. The density of deep defects changes one order

of magnitude from the base to the tip of the microwire.

On the other hand, the UV peak of Fig. 2 is sharper than

GL band. It is attributed to the exciton recombination or the

band edge transition that could involve shallow donor levels.

In this case, we observed a red shift of the UV peak as the di-

ameter of the wires increase (see Fig. 4). This behaviour sug-

gests the narrowing of the gap energy. It is reasonable to

think that as well as the density of deep levels increase for

larger diameter, the density of other type of defects will also

increase with a similar exponential profile. We can fit the ex-

perimental data of Fig. 4 using a dependence on the diameter

following an exponential function. From this fit, we found

Eg¼ 3.33(1) eV by extrapolation to zero diameter. This

value is close to the gap value for bulk ZnO.4 We consider

that there is a combined effect of lattice distortion20,21 and

an increased tailing of the absorption edge22 in the micro-

wire, which are causing the red shift of the band gap edge.

An asymmetric lattice distortion can establish a tensile stress

field along the microwire that can also be established by a

gradient in the vacancies concentration. While the change in

the tailing of the absorption edge is due to the variation of

the concentration of shallow defects along the microwire.

Fig. 5 shows the PR spectra at room temperature of a

microwire contacted using nanolithography (sample 2, see

Figure 1(b)). The PR is defined as PR(%)¼ (Ri � Rd)/Rd �
100, where Ri is the resistance under illumination and Rd is

the resistance in dark. The wavelength sweep rate used was

1 nm/s. Before initiating the experiments, we reach the satu-

ration value of the resistance using k¼ 250 nm (4.96 eV) for

2 h. The wavelength sweeps were repeated several times

under the same initial conditions in order to check the repeat-

ability and were confirmed by obtaining the same result. We

distinguish in these spectra two minima: One at 2.65 eV

(469 nm) and other at 2.32 eV (535 nm) due to promoted

photocarriers to deep states or CB. The minimum

1 2 3 4 5 6 7
3.25

3.26

3.27

3.28

3.29

E
g(
eV
)

d(µm)

FIG. 4. UV peak energy vs. the diameter of the microwire. The line repre-

sents the fit of the data using an exponential function (see text).

FIG. 3. Ratio of GL intensity to the intensity of the UV emission as a func-

tion of the diameter of the microwire. The line represents the fit using Eq.

(6). The inset shows the NGL profile obtained from this fitting.
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corresponding to the band gap is overwhelmed by the mini-

mum of 2.65 eV, nevertheless, the derivative of the spectra

has a maximum at around 3.25 eV, see inset in Fig. 5 (right

vertical axis). The same experiment was done for sample 1,

contacted by cold soldering. The spectra obtained in this

sample are noisy, and it is difficult to distinguish any struc-

ture in them. Nevertheless, there is a clear minimum that is

systematically repeated and defined at 3.25 eV that coincides

with the value for the UV peak obtained by lPL on the

thicker zone of the MW. This minimum of the PR spectrum

has its origin in the promoted photocarriers from the

VB/deep levels to the CB/levels near the bottom of CB.

It is worth to point out that the information that give an

excitation spectrum (PR) is complementary to an emission

spectrum (PL). Comparing the results from lPL and PR ex-

citation spectra, we found a coincidence at 2.32 eV within an

error of 0.05 eV. While the minimum observed at 2.65 eV in

PR is not present in the lPL spectra. The origin of this mini-

mum is discussed below.

Fig. 6 shows the variation of the normalized resistance,

R/R300K, with the temperature of sample 2 in the dark. R300K

is the resistance at 300 K. Inspired by the model of Mott and

Davis,23 we propose for the resistivity

qðTÞ�1 ¼ q�1
0 þ q�1

A e��A=KBT þ q�1
B e��B=KBT ; (7)

where the activation energy �A is the energy required to pro-

mote an electron into the conduction band and �B is the

activation energy for nearest neighbor hopping conduction in

the impurity band. The temperature-independent term q�1
0

represents the residual resistance measurable at low enough

temperatures. Fitting of the experimental data gives an acti-

vation energy �A¼ 110 meV and �B¼ 26 meV. The defect

density can be evaluated using �B and it gives

4� 1018 cm�3.24 This value is rather high and it makes sense

since the variation of the resistance in the whole range of

temperature measured is only around fifty times.

In Fig. 7, we propose an energy band schematics that

describes the combined information given by the experi-

ments. The RT measurement in sample 2 shows that there

are levels at 110 meV below the CB. Surface defects could

be the source of this band that contributes to the tailing of

the CB. These levels are tentatively attributed to Znþ2
i in the

literature.14,25 From the UV emission of PL, we infer that the

VB is at 3.25 eV below these levels (UV arrow in Fig. 7).

Also, there are deep levels located at 2.37 eV below these

centers, corresponding to 0.88 eV from the VB (GL arrow in

Fig. 7). These levels correspond to V�2
Zn defects.4,26 Indeed,

the doubly negatively charged state of the zinc vacancy has

the lowest formation energy when the Fermi level is near the

bottom of the CB.11 Moreover, it has been demonstrated that

the zinc vacancy is the dominant acceptor defect in as-grown

n-type ZnO.27 From the PR excitation measurements, we can

deduce that the electrons are promoted from the deep levels

up to about 0.22 eV on the top of the filling states in the CB

(2.65 eV-PR arrow in Fig. 7). On the other hand, PR also

shows that can promote electrons from deep states to the cen-

ters near the bottom of the CB (2.32 eV-PR arrow in Fig. 7),

then by thermalization these electrons go to the upper levels

where they participate in the electronic transport.

IV. CONCLUSIONS

In summary, we experimentally studied and evaluated

the point defects in single ZnO microwires grown by carbo-

thermal reduction. We were able to find the deep level den-

sity profile and the gap narrowing as a function of the

defect concentration along the microwires. The photoresist-

ance spectra show a characteristic deep defect level inside

the gap at 0.88 eV from top of the VB corresponding to

FIG. 5. Photoresistance of the sample 2 as a function of the energy of the

incident light at room temperature. Inset, derivative of the data (right vertical

axis) around the near band gap energy.

FIG. 6. Normalized dark resistance of the sample 2 as a function of the tem-

perature. The line represents the fit of the data using Eq. (7).

FIG. 7. Schematic diagram of the energy levels in ZnO obtained in this

work.
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V�2
Zn . The resistance as a function of the temperature show

defect levels next to the bottom of the CB (110 meV) and a

defect concentration of 4� 1018 cm�3. This combination of

techniques allows us to study the density of defects profile,

gap size, and states of defects inside the gap in single ZnO

microwires.
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