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Texture characterization in thin films from standard powder x-ray diffraction (XRD) rely on the

comparison between observed peak relative intensities with those of powder diffraction standards

of the same compound, trough the so-called texture coefficient (TC). While these methods apply

for polycrystalline materials with isotropic grains, they are less accurate—and even wrong—for

anisotropic materials like ZnO oriented single-crystal nano-rods, which would require the use

of dedicated XRD texture setups. By using simple geometrical considerations, we succeed in

discriminating between texture and morphology contributions to the observed intensity ratios in

powder diffraction patterns. On this basis, we developed a method that provides a quantitative

determination of both texture (polar distribution) and morphology (aspect ratio of nano-rods), using

simple x-ray powder diffraction. The method is illustrated on a typical sample from a series of Zinc

oxide (ZnO) nano-rod arrays grown onto a gold thin film sputtered onto a F:SnO2-coated glass

substrate (FTO) by using cathodic electro-deposition. In order to check the consistency of our

method, we confronted our findings with scanning electron microscope (SEM) images, grazing

incidence diffraction (GID), and XRD pole-figures of the same sample. Nevertheless, the proposed

method is self-consistent and only requires the use of a standard powder diffractometer, nowadays

available in most solid-state laboratories. VC 2011 American Institute of Physics.

[doi:10.1063/1.3669026]

I. INTRODUCTION

Among the wide range of properties of Zinc oxide

(ZnO) in the fields of optoelectronics and sensor devices,

one-dimensional ZnO nanostructures, specifically ZnO nano-

rods (ZNRs),1,2 have great potential applications. Cathodic

electro-deposition3–5 is, after chemical bath deposition,1,6

the most suitable and cheapest method to grow large-scale

devices for commercial applications. On another hand, the

use of one-dimensional nanostructured materials for applica-

tions requires a good control of phase purity, crystalline

morphology, and crystallographic alignment through the

preparation process. The issues of nano-rod morphology and

alignment are crucial in determining the internal quantum

efficiency of dye-sensitized solar cells, as explicitly dis-

cussed in reference.2 X-ray powder diffraction (XRD) is the

appropriate tool to control chemical phase purity, while

direct space scanning electron microscope (SEM) images

and XRD pole figures are usually employed, respectively, to

characterize morphology and texture. However, standard

x-ray powder diffraction is widely used, not only to control

phase purity but also for texture characterization, e.g., Refs.

7–9. In this kind of approach, texture characterization is

achieved by comparing observed peak relative intensities

with those of powder diffraction standards of the same com-

pound, trough the so-called texture coefficient (TC), pro-

posed by C. Barret and T. B. Massalski10 after the work of

G. B. Harris (1952).11 As we shall see in the following, this

method is unable to discriminate between real texture and

morphology contributions. An alternative approach, devel-

oped by M. D. Vaudin et al.,12 consists in correcting the

rocking-curve (RC) from absorption and defocusing in order

to obtain the actual angular distribution for the preferred ori-

entation. However, this method requires the use of a diffrac-

tometer in which one can decouple h and 2h angles and, as

for the TC approach, it does not separate texture from mor-

phology. In the present contribution, we discuss the applic-

ability of the TC method10 for polycrystalline samples

formed of highly anisotropic crystallites (nanorods) with a

given crystallographic orientation along their longer axis.

After noticing, the strong contribution of the crystallites’

shape on the relative Bragg peak intensities, we work out an

adapted method in order to include the grain morphology

into the texture analysis starting with the same idea of

Ref. 10, i.e., comparing the observed diffraction relative

intensities with those of a standard (isotropic) powder sam-

ple of the same compound. For practical reasons, we center

the discussion on a typical sample from a series of ZNRs

arrays grown onto F:SnO2 coated substrates by using ca-

thodic electro-deposition. We also confront our results with

those extracted from direct space SEM images, grazing inci-

dence diffraction (GID), and pole figures, in order to support

the discussion and as a consistency check for the approach.

This method, which just needs the use of a standard powder

diffractometer, can be generalized to all kind of samples

within the class of one-dimensional oriented nanostructures.a)Electronic mail: dariosa@fing.edu.uy.
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II. EXPERIMENTAL

A. Sample fabrication

ZnO nano-rod arrays were grown by the electrochemical

deposition method from a 1 mM zinc acetate aqueous solu-

tion maintained at 70 C. For supporting electrolyte, 0.1 M

sodium acetate was employed to ensure a good electrical

conductivity in the aqueous solution (Milli-Q quality water,

18 M cm). The pH of the solution was initially adjusted to

6.76. The ZnO nano-rod were grown onto a gold thin film

(1500 Å) sputtered onto a F:SnO2-coated glass substrates

(fluorine-doped tin oxide, or FTO), 10 X/h sheet resistance.

The electrodeposition was performed in a conventional

three-electrode electrochemical cell with the substrate as the

cathode, a zinc sheet as the counter electrode and a saturated

calomel electrode (SCE) as the reference one. Electrodeposi-

tion was carried out potentiostatically at �1.0 V vs. SCE.

The electrolyte was saturated with pure molecular oxygen by

bubbling for 45 min prior to start the electrodeposition and

continuously during of the growth process. The electrochem-

ical deposition time was 3600 s. After electrodeposition,

ZnO nano-rods/Au/FTO were thoroughly and carefully

rinsed with DI water to remove un-reacted products from the

surface and dried under a moderate air flux.

B. Structural characterization

Standard h� 2h scans were performed on a Philips

PW1840 diffractometer (30 kV, 40 mA, Cu Ka radiation with

k¼ 1.5406 Å). The diffraction peaks from ZnO and SnO2

have been indexed by reference to the JCPDS powder diffrac-

tion files.13 GID and pole figures were obtained, with the

same radiation source, on a Philips X’Pert multiple-purpose

diffraction (MRD) goniometer.

Due to practical reasons, diffraction intensities in the pres-

ent work are taken as the height of the peaks instead of the, in

principle, more adequate integrated intensities. Indeed, inte-

grated intensity (total diffracted energy) is an intrinsic quantity

of the sample, while peak heights are much more sensitive to

instrumental details. In addition, as we shall see in the Sec. III,

for small grains, peak broadening starts to be important. How-

ever, the determination of the integral intensity of a given peak

needs, in addition to the background subtraction, the subtraction

of the neighboring peaks contribution. In order to be reliable,

these operations need high signal/noise ratios, which in turn

need longer acquisition times for the diffraction pattern. In our

everyday practice, we have realized that the long acquisition

times (>3 h) and, in addition, the considerable time required

for data analysis using integrated intensities does not lead to a

significant improvement of the results, compared with the peak

height strategy from which we obtain similar results in less

than 40 min. It is important to enphasize here that the main

goal of the present contribution is to provide with an easy and

rapid feedback between XRD characterization and cathodic

electro-deposition, and thus, within this context, the choice of

the peak height strategy is considered to be adequate.

Scanning electron microscopy (SEM) pictures were

obtained on a JEOL JSM/5900 LV SEM equipment at an

acceleration voltage of 20 kV.

III. RESULTS AND DISCUSSION

A standard h� 2h XRD scan in Bragg-Brentano (BB)

geometry on a nano-rod array of ZnO grown onto a polycrys-

talline F:SnO2 film is shown in Figure 1(a). Bragg peak posi-

tions are indicated by a full black circle (�) for ZnO and by

an empty square (h) for F:SnO2; Au (200) reflection is indi-

cated by an asterisk (*). ZnO has an hexagonal structure

with crystallographic parameters: a¼ 3.249 Å; c¼ 5.205 Å;

a¼b¼ 90�; c¼ 120�. ZnO peaks show high intensities rela-

tive to the background, denoting a good crystallinity of the

sample. The absence of other peaks denotes the purity of the

grown phase. At a first glance, one notices the high relative

intensity of the (002) reflection at 34.4�, compared with the

one expected from a powder standard. Indeed, for a powder

sample the ratio (I002/I101) is about 0.56, while the observed

specimen shows a ratio of 3.64, i.e., more than 6 times

larger. This would suggest a strong preferential alignment of

the [001] direction along the normal to the sample surface.

In order to obtain a semi-quantitative estimation of the

texture, one usually calculates the TC, defined by10,11

TCðxyzÞ ¼
Ixyz=I0

xyz

1
N

P
Ihkl=I0

hkl

: (1)

In expression (1), Ihkl are the observed peak relative inten-

sities, I0
hkl the relative intensities for the isotropic random ori-

ented powder and N the number of considered Bragg

reflections over which the sum in the denominator is carried

on. By construction, the TC ranges from 1 (no texture) to N

(single oriented crystals). In the case of the (002) peak, tak-

ing up to 16 reflections in Figure 1(a) for the sum, we obtain

TC002¼ 3.1, which is a clear indication for texture.

In Figure 1(b), we show a comparison between a BB

scan (light curve) and a GID scan (dark curve). These scans

have been performed on the Philips X’Pert MRD goniome-

ter, which allows to decouple the motions of the detector

(2h-axis) and the sample (X-axis). With this particular instru-

ment dedicated to texture analysis, the divergence of the pri-

mary beam together with the geometry of the secondary

optics, one obtains a much lower resolution than with the

standard powder diffractometer and an additional angular de-

pendent intensity modulation. A superposition of both scans

around the ZnO (002) reflexion is shown in the enlargement

on the top right corner. Curiously, when examining the GID,

taken with a fixed 4� incidence angle (dark curve in Figure

1(b), the ZnO relative intensities look very similar to the

ones of the BB scan, still dominated by the ZnO (002) peak.

In the case of a clear (002) texture, one would expect a

strong reduction of the (002) peak intensity in the GID. But

the only change we observe is a global reduction in the SnO2

peak intensities, which is to be expected in grazing incidence

for a hidden layer. This puzzling behavior points out the

need of an alternative explanation, beyond texture, for the

observed relative intensities modification in ZnO. As illus-

trated in the SEM pictures of Figure 2, we are dealing with

single crystalline c-axis oriented nano-rods. Thus, we can

guess that grain morphology is playing here an important

role. Diffraction theory14 establishes that the intensity of a

124901-2 Ariosa et al. J. Appl. Phys. 110, 124901 (2011)



given Bragg reflection in a randomly oriented homogeneous

powder depends upon multiple factors; essentially: incoming

beam intensity, unit cell structure factor, multiplicity,

Lorentz-polarization factor, and grain size along the bisect-

ing direction between incident and diffracted beams, i.e., the

surface normal in BB geometry. Among all the preceding

factors, the sole difference between a standard ZnO powder

and ZnO nano-rods is, beyond texture, the anisotropic grain

size of the crystallites which induces intensity and peak

broadening variations depending on the nano-rod tilting

angle w with respect to the surface normal. Indeed, in the

case of nano-rods, we have to consider the effective size l
along the surface normal, determining the number of planes

that contributes to the diffraction in this direction. This effec-

tive size l is the projection of the nano-rod long-axis L on the

surface normal direction bounded, at high inclination angles

(w>w*¼ tan�1(L/d)), by the section diameter d:

l ¼ L max½cos w; r sin w�; r � d

L
: (2)

Since the diffracted intensity scales with the square of this

length, the shape related correction factor for the intensity

reads

fcorr ¼ max½cos2 w; r2 sin2 w�; (3)

where r is the aspect ratio of the nano-rod. In the case of c-

axis oriented nano-rods, the correction factor in Eq. (3) is

maximal for (00l) reflections and minimal for (hk0) ones. For

isotropic grains, i.e., spherical shape, the cylindrical model of

Eq. (2) no longer applies and the correction is trivially 1 for

all peaks. According to Eq. (3), the intensity correction for the

(002) peak is 1, while for the intensity of the (101), which

appears when the c-axis oriented nano-rod is tilted by

w101¼ 61.6�, is 0.227. Thus, even for randomly oriented

FIG. 1. (Color online) (a) Bragg-Brentano XRD spectra of

ZnO nano-rods grown by electrochemical method onto a

polycrystalline F:SnO2 film. Bragg peak positions are indi-

cated by a full black circle (�) for ZnO and by an empty

square (h) for F:SnO2. Au (200) reflection is indicated by

an asterisk (*). (b) Comparison between Bragg-Brentano

(gray curve) and Grazing-incidence (dark curve) XRD

spectra of ZnO nano-rods. The inset shows an enlargement

of the superposition of both scans around the ZnO (002)

reflexion.
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nano-rods, the intensity ratio I002/I101 would be increased

from 0.56 in a powdered sample, to 2.475 in randomly ori-

ented nano-rods. A considerable amount of the observed

anomalous intensity ratio (3.64) can thus be assigned to the

elongated morphology and not only to the texture.

Let us calculate, from the 16 calculated shape-correction

factors in Table I, the corresponding TC for randomly oriented

nano-rods for an aspect ratio r¼ 1:5, according to Eq. (1):

TCð002Þ ¼ 16=
P

fcorr ¼ 2:623. The result is again close the

texture coefficient (TC¼ 3.1) directly estimated from the data in

Figure 1 and far from unity, showing the importance of the mor-

phology contribution to the usual TC and implying the overesti-

mation of the actual texture. In fact, SEM pictures in Figure 2

show a broad angular distribution in contrast with the relatively

high TC (TC(002)¼ 3.1) previously estimated from Eq. (1).

The angular distribution can be directly measured by

means of a pole figure as shown in Figure 3. For a (001) tex-

ture, the (002) Bragg reflection is expected to be centered at

w¼ 0, as observed in Figure 3(a), and the maximum of the

(101) reflection is expected at an inclination angle w¼ 61.6�,
as confirmed in Figure 3(b). Thus, pole figures confirm both,

the (001) preferred orientation, and the weakness of the tex-

ture: the full width at half maximum (FWHM) of the polar

distribution in Figure 3(a) is about 120�. In addition, one

notices the in-plane isotropy of the pole figure,15 indicating

the absence of in-plane preferred orientation.

At this point, it is instructive to apply the same analysis

as above to the underlying F:SnO2, which has a tetragonal

structure with crystallographic parameters: a¼ 4.738 Å;

c¼ 3.188 Å; a¼ b¼ c¼ 90�. The situation for the bottom

F:SnO2 layer is quite different: commercial FTO film sub-

strates are known to be made of isotropic grains and present

FIG. 2. SEM images of ZnO nano-rods of the same sample as in Figure 1: (a) top picture� 15 000 magnification; (b) top picture� 30 000 magnification; (c)

60� side view� 30 000 magnification.

TABLE I. Calculated shape correction factors for randomly oriented nano-

rods with aspect ratio r¼ 1:5. Columns from left to right: Miller indices,

Bragg angles, polar tilt angles, tabulated powder intensity ratios, calculated

shape-correction factors following Eq. (3) and observed correction factors.

ZnO

(hkl)

2h
(�)

w
(�)

Ihkl/I101

[%] (tab.)

f shape
corr

(calc.)

fcorr

(exp.)

(100) 31.777 90 71 0.04 0.067

(002) 34.433 0 56 1.00 1.000

(101) 36.264 61.605 100 0.23 0.154

(102) 47.554 42.767 29 0.54 0.318

(110) 56.611 90 40 0.04 0.064

(103) 62.879 31.659 35 0.72 0.545

(200) 66.396 90 6 0.04 0.000

(112) 67.970 58.027 28 0.28 0.122

(201) 69.108 74.875 14 0.07 0.090

(004) 72.594 0 3 1.00 1.016

(202) 76.985 61.605 5 0.23 0.388

(104) 81.417 24.819 3 0.82 0.401

(203) 89.646 50.962 10 0.40 0.421

(210) 92.824 90 4 0.04 0.000

(211) 95.340 78.452 10 0.04 0.109

(114) 98.658 38.695 5 0.61 0.494
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a slight texture along the (tetragonal) [100] direction. From

the experimental relative peak intensities of the F:SnO2 con-

tribution in Figure 1, according to Eq. (1), we extracted

TC¼ 2.9, estimated from the intensity values of 19 peaks

(column 5 in Table II). This TC value corresponds to the

expected texture but we cannot exclude, a priori, an eventual

shape contribution. In order to check this point, we can eval-

uate the eventual morphology contribution to the TC, assum-

ing a moderate aspect ratio r< 1: 2. According to Eq. (3),

taking the inclination angles in Table II, we found

TC(002)¼ 1.75. This value is only 60% of the measured TC

value but, again, it is not a proof that the intensity variations

are due merely to the polar distribution. The only way to

directly prove the angular distribution is the pole figure or

the Psi-scan. We then performed a pole figure measurement

for (200) and (110) SnO2 reflections (the peaks appearing at

Bragg angles about 37.9� and 26.5� in Figure 1, as shown in

Figure 4. As one can immediately see, the FWHM of the po-

lar distribution of the [200] direction in Figure 4(a) is about

60�, indicating for the bottom F:SnO2 layer a much better

texture than for the ZnO upper layer, even if their relative

TC values seem to indicate the opposite. The maximum for

FIG. 3. (Color online) ZnO pole figures

(002) in (a) and (101) in (b). 3D plot

(left hand panel) and w scan (right hand

panel).

124901-5 Ariosa et al. J. Appl. Phys. 110, 124901 (2011)



(110) in Figure 4(b), occurs at a slightly lower angle than the

expected inclination (w¼ 45�) due to defocusing effects. As

for the top layer, the substrate layer does not show any in-

plane preferred orientation. Lets now evaluate the corre-

sponding TC value for a textured polycrystalline F:SnO2

made of isotropic grains with a polar distribution character-

ized by a FWHM as the one observed, i.e., Dw¼ 60�. For

simplicity, we take a Gaussian distribution of the form

ftext / exp � lnð2Þ 2w
Dw

� �2
 !

: (4)

Following Eq. (1) and taking the correction values calculated

trough Eq. (4) (last column of Table II) we obtain

TC(200)¼ 2.8, almost the same value directly obtained from

the observed intensities. This last result excludes definitively

any morphologic contribution to the TC, confirming the

grain isotropy of commercial F:SnO2 polycrystalline films.

In summary, using the average-like texture coefficient

defined in expression (1) for the characterization of one-

dimensional oriented nanostructures would induce serious

overestimations of the texture.

As stated in the introduction, the standard powder diffrac-

tometer, available in almost any material research lab, is used

to provide a rapid feedback when adjusting the growing pa-

rameters of the new nano-materials. The important question

that arises at this point is: is it possible to obtain both, satisfac-

tory texture and shape information, just from the BB diffrac-

tion spectra? Based on the above discussion, our answer is

positive. To see how it works, it is enough to notice that these

two ingredients (shape and texture) combine as a product to

produce the actual correction in the relative intensities

fcorr ¼ fshapeftext

¼ max½cos2 w; r2 sin2 w� exp � lnð2Þ 2w
Dw

� �2
 !

: (5)

Fitting the ratio Ihkl=I0
hkl for all available reflections in the BB

XRD spectra with expression (5), one can find the two ad-

justable parameters: the aspect ratio r and the FWHM of the

polar distribution. However, the method is based on three ba-

sic assumptions: (i) the direction of the texture coincides

with the long axis of the crystallites, (ii) the polar distribu-

tion has a Gaussian shape, and (iii): ZnO nanorods are

arranged on the surface within a single layer, i.e., nanorods

do not pile up on top of others. The first assumption is rea-

sonable since in most one dimensional oriented nano-

structures, the texture is produced (or enhanced) by a natural

selection mechanism in which the crystallites growing at

lower inclination with respect to the surface normal inhibits

the growing of those growing at larger angles.2 The second

assumption is an approximation that provides a rough quanti-

tative estimate of the angular spread. Finally, the third

assumption is justified by the fact that most of the nanorods/

nanowires samples are being grown on the substrate surface

satisfying the”non-piling-up” condition. In the last column

of Table I, we list the observed global correction factors

(scaled so that fcorr(002)¼ 1) to be fitted by expression (5).

A fit of the correction factors listed in the last column of

Table I is shown in Figure 5. The best fit with Eq. (5) is

obtained for an aspect ratio r¼ 0.47� 1:2 and a FWHM

Dw� 125�. In order to check the consistency of the above

results, a pure-shape correction (Eq. (3)) was used to fit the

data producing an aspect ratio r¼ 0.22� 1:5, which seems

larger than the estimate one can do from the TEM image in

Figure 2. Finally, a pure-texture Gaussian fit (Eq. (4)) yields

an angular distribution with a FWHM of 75�, in clear contra-

diction with the Psi-scan in Figure 3(a). While the aspect ratio

r¼ 1:2 obtained with the combined approach (Eq. (5)) seems

small, compared with 1:4, as one can guess from the SEM pic-

ture in Figure 2, the FWHM is almost the same as the one

obtained from the Psi-scan in Figure 3. Thus, in contrast with

the use of Eq. (1), our procedure is able to give a correct esti-

mate of the texture. The limited efficiency in predicting the as-

pect ratio is presumably due to both, the experimental errors

on the intensity at high inclination angles and to the assumed

Gaussian polar distribution. Nevertheless, the procedure indi-

cates the existence of a shape anisotropy by clearly producing

r< 1. Indeed, the same procedure applied to the isotropic

F:SnO2 bottom layer (see Figure 6) yields r¼ 0.999� 1 and a

FWHM of 74�. This FWHM, as well as the kink at w¼ 45�

are clearly artifacts due to the cylindrical model. Turning back

to the spherical model, we found Dw¼ 59�, which is in excel-

lent agreement with the Psi-scan in Figure 4.

As a last consistency check for the approach, let us ana-

lyze the GID of Figure 1(b) (dark curve) within the present

model. In the GID geometry, the diffraction wave-vector

(aligned along the bisecting line of the incident and detected

beams) is no longer normal to the sample surface. The effec-

tive inclination ~w of a given crystallographic plane with

respect to the diffraction wave-vector direction depends not

TABLE II. Calculated shape and texture correction factors for the F:SnO2

underlying layer. For the grain shape it is assumed an aspect ratio r< 1:2.

Columns from left to right: Miller indices, Bragg angles, polar tilt angles,

tabulated powder intensity ratios, observed intensity ratios, calculated

shape-correction factors and calculated Gaussian texture-correction factors.

F:SnO2

(hkl)

2h
(�)

w
(�)

Ihkl/I110

[%] (tab.)

Ihkl/I200

[%] (exp.)

f shapte
corr

(calc.)

f text
corr

(calc.)

(110) 26.585 45 100 42 0.50 0.21

(101) 33.863 56.065 80 23 0.31 0.09

(200) 37.950 0 25 100 1.00 1.00

(111) 38.967 60.827 6 3 0.24 0.06

(210) 42.635 26.565 2 5 0.80 0.58

(211) 51.763 41.849 65 65 0.55 0.26

(220) 54.754 45 18 7 0.50 0.21

(002) 57.796 90 8 4 0.25 0.00

(310) 61.877 18.435 14 36 0.90 0.77

(112) 64.709 72.314 18 4 0.23 0.02

(301) 65.955 26.354 16 52 0.80 0.59

(202) 71.247 56.065 8 6 0.31 0.09

(321) 78.697 39.712 12 8 0.59 0.30

(400) 81.131 0 4 10 1.00 1.00

(222) 83.683 60.827 8 4 0.24 0.06

(330) 87.223 45 4 3 0.50 0.21

(312) 89.754 46.271 8 9 048 0.19

(411) 90.885 24.124 8 23 0.83 0.64

(420) 93.284 26.565 4 7 0.80 0.58
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only upon its inclination w with respect to the texture direc-

tion, but also on the Bragg angle h, the fixed incident angle

X and on its azimuthal direction /. The correction factor of

Eq. (5) is then generalized as follows:

f GID
corr ¼ exp � lnð2Þ 2w

Dw

� �2
 !

:

ðp

�p

d/
2p
½cos2ð ~wðhÞÞ

þ r2 sin2ð ~wðhÞÞ�; (6)

where the integral on the azimuthal angle u contains the el-

lipsoidal approximation of expression (3) which is easier to

integrate. The expression for the effective inclination ~w is

~wð/Þ ¼ arccosðcosðwÞ cosðaÞ � sinðwÞ sinðaÞ cosð/ÞÞ;
with a ¼ h� X:

(7)

Equation (6) admits an analytical integration and the final

expression is

f GID
corr ¼ exp

�
� lnð2Þ

�
2w
Dw

�2�

	
�

r2 þ ð1� r2Þðcos2ðwÞ cos2ðaÞ þ 1

2
sin2ðwÞ sin2ðaÞÞ

�
:

(8)

FIG. 4. (Color online) F:SnO 2 pole fig-

ures (200) in (a) and (110) in (b). 3D

plot (left hand panel) and w scan (right

hand panel).
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In contrast with Eq. (5), the GID correction factor (8) is

a non-monotonous function of w, which depends on the par-

ticular crystallographic structure of the sample, through the

parameter a. In Figure 7, we illustrate the trend of the GID

correction factor (continuous line) given by Eq. (8), setting

the value of the aspect ratio at r¼ 0.47, as extracted from the

BB analysis, and adjusting manually the FWHM of the gaus-

sian polar distribution to Dw¼ 200�. On the same graph, we

also plot the pure shape correction (r¼ 0.47, Dw¼1) and

the pure texture correction (r¼ 1.0, Dw¼ 200�) for compari-

son. The experimental points are obtained from the ratio of

the observed GID relative intensities and the roughly

rounded powder intensities (from crystallographic tables).

As a consequence, the error bars on the weakest peaks

(<10%) reach unreasonable values, and we therefore remove

them from the graph. The trend in Figure 7 confirms again

the importance of the morphology contribution to the relative

XRD intensities and the correctness of the present approach.

As a summary, for the texture characterization of one-

dimensional oriented nanostructures, we propose the follow-

ing protocol:

(1) With a standard XRD powder diffraction setup, perform

a h� 2h scan (BB geometry) of the sample in the widest

available angular range to obtain as much peaks as

possible.

(2) Make a preliminary comparative inspection of the rela-

tive peak intensities to detect any substantial departure

from the standard powder pattern:
FIG. 5. (Color online) Fit of the observed intensity corrections on ZnO

nano-rods using expression (5).

FIG. 6. (Color online) Comparative fits of the observed intensity corrections

on the SnO2 substrate film using expressions (4 and 5).

FIG. 7. (Color online) Observed GID intensity corrections (diamonds) on

the ZnO nano-rods and comparison with the calculated correction (continu-

ous line) using expression (8). The dashed line corresponds to the pure tex-

ture limit (r¼ 1.0), and the dotted line to the pure shape limit (Dw¼1).

124901-8 Ariosa et al. J. Appl. Phys. 110, 124901 (2011)



• Choose the most enhanced peak in your sample as a

candidate for the texture.
• Optional: If the diffractometer allows decoupling

between 2h and h (or X) axes, perform a GID under

the same conditions to confirm the guessed texture: the

guessed peak should be strongly reduced if intensity

variations are dominated by the polar distribution; if

not, you are dealing with anisotropic oriented

crystallites.

(3) Report on a table, as a function of the inclination angle

whkl, the intensity correction factors, scaled so that for

the guessed texture diffraction planes -say (xyz)- one

obtains fcorr(xyz)¼ 1. Fit f(w) using Eq. (5) to extract the

grain aspect ratio r and the FWHM Dw of the Gaussian

angular distribution.

IV. CONCLUSIONS

We have discussed the applicability of the usual texture

coefficient method proposed by C. Barret and T. B.

Massalski10 in the context of texture characterization of

one-dimensional oriented nanostructures. We found that for

polycrystalline samples formed of a monolayer of highly ani-

sotropic crystallites (nano-rods) with a given crystallographic

orientation along their longer axis there is a strong contribu-

tion, beyond texture, of the crystallites shape on the relative

Bragg peak intensities. This contribution results in a system-

atic overestimation of the sample texture. We then worked

out an adapted method in order to include the grain morphol-

ogy into the texture analysis. Our approach, as the one in Ref.

10, is based on the comparison between the observed relative

diffraction intensities with those of a standard (isotropic)

powder sample of the same compound. However, instead of

using an average-like characteristic quantity such as the TC,

we work with the correction factors as a function of the polar

inclination of the crystallites. Our method allows discriminat-

ing between texture and morphology contributions, providing

two characteristic parameters: the grain aspect ratio and the

FWHM of the angular distribution. The main advantage of

the method is that it only requires the use of a standard pow-

der diffractometer. Any sample can then be characterized

with a single scan, allowing a rapid feedback when trying to

optimize the growing conditions of one-dimensional novel

nanostructures.
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