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Optical properties of un-supported or powdered nanostructures are frequently determined through UV-Vis absorption spectroscopy of their
dispersed solutions in liquid media. Though the peak position of the absorption band of semiconductor nanostructures could be defined well
from such measurements, precise determination of their band gap enéigjés difficult. However, using the Kubelka-Munk treatment on

the diffuse reflectance spectra of such powdered semiconductor nanostructures, it is possible to exfigattla@nbiguously. We discussed

the advantages of using Diffuse Reflectance Spectroscopy (DRS) over UV-Vis absorption spectroscopy in powdered nanostructured materials.
Un-doped and In-doped ZnO nanostructures of needle-like morphology, grown by a low-temperature hydrothermal technique are used for
the optical studies. Possible sources of mistake in estim#&tjngom UV-Vis absorption spectra of dispersed samples are discussed.

Keywords:Diffuse reflectance spectroscopy; nanostructures; zinc oxide.

Frecuentemente las propiedadgsicas de nanoestructuras en forma de polvo o no soportadas son determinadas dispersando el material en
medios Iquidos y efectuando espectroscopia de ab&ordiV-Vis. Aunque la posicin de la banda de absobai para estos semiconductores
nanoestructurados puede estar bien definida, la deterrdinacécisa del valor de la enéagde la banda prohibidai) es dificil. Sin

embargo, usando el formalismo de Kubelka-Munk en los espectros de reflectancia difusa obtenidos de las muestras, es posile conocer
sin ambigiedad. Aqiise discuten las ventajas de usar la espectroscopia de reflectancia difusa (DRS) sobre la espectroscopiardd¥tbsorci

Vis en semiconductores nanoestructurados en forma de polvo. Nanoestructuras de ZnO conimtigolaguja, dopadas y no-dopadas

con indio crecidas por un&c¢nica hidrotrmica a baja temperatura son usadas para los estbigiices. Posibles fuentes de error en la
estimacdn deE, usando los espectros de absoncUV-Vis de muestras dispersadas son discutidas.

Descriptores:Espectroscopia de reflectancia difusa; nanoestructuras; oxido de zinc.

PACS: 78.40.-q; 78.67.Bf; 78.67.-n

1. Introduction side a light-scattering specimen, which is based on the fol-
lowing differential equations:

The energy gapK,) is an important feature of semicon- —di = —(S + K)idx + Sjdz

ductors which determines their applications in optoelectron-

ics [1-4]. The UV-Vis absorption spectroscopy is frequently dj = —(S+ K)jdz + Sidx 1)

used to characterize semiconductors thin films [5]. Due tQ/\lherez' andj are the intensities of light traveling inside the

low scatt_erlng n Spl'd films, itis easy to ex_trac_t thgvalues sample towards its un-illuminated and illuminated surfaces,
from their absorption spectra knowing their thickness. How-

. . : . respectively;dx is the differential segment along the light
ever, in colloidal samples, the scattering effect is enhancede P Y 9 9 g

since more superficial area is exposed to the light beam IBath;S and & are the so called K-M scattering and absorp-
ore sup . pose . 9 " tion coefficients, respectively. These last two quantities have
normal incidence mode, dispersed light is counted as ab-

. : . ) no direct physical meaning on their own, even thought they
sprt_)ed I_|ght and the technique (optical absorption) does ng ppear to represent portions of light scattered and absorbed,
distinguish between the two phenomena. On the other han . : . :

réspectively, per unit vertical length [8]. This model holds

it is common to obtain powdered samples instead of thin films : o
. . . .‘When the particle size is comparable to, or smaller than the
or colloids, and frequently UV-Vis absorption spectroscopy is

carried out dispersing the sample in liquid media like Waterwavelength of the incident light, and the diffuse reflection no

ethanol or methanol. If the particle size of the sample is nO’*Longer allows to separate the contributions of the reflection,
) P P refraction, and diffractioni(e. scattering occurs).

small enough, it precipitates and the absorption spectrum is

. . ) In the limiting case of an infinitely thick sample, thick-
even more difficult to interpret. In order to avoid these com- .
.ness and sample holder have no influence on the value of re-

plications, it is desirable to use DRS, which enables to Obta”?lectance ). In this case, the Kubelka-Munk equation at

E, of un-supported materials [6]. any wavelength becomes:
The theory which makes possible to use DR spectra was 9
proposed by Kubelka and Munk [7]. Originally they pro- K _ (1 - Re) = F(Ry); @)

posed a model to describe the behavior of light traveling in- S 2R
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F (R,) is the so-called remission or Kubelka-Munk func- respect to wavelength, and using the remission function in

tion, whereRo, = Rsampie/Rstandard [9]- Eq. (3) we obtain the expression:
In the parabolic band structure, the band gapand ab- )
sorption coefficienty of a direct band gap semiconductor are [F'(Reo) hv]” = Co (hv — Ey) . 4)

related through the well known equation [10]:
Therefore, obtainind” (R,) from Eqg. (2) and plotting the

ahv = Cy (hv — Ey)?, (3)  [F(Rs)hv]® againstw, the band gag, of a powder sam-
ple can be extracted easily.
whereq is the linear absorption coefficient of the material,
hv is the photon energy and;@s a proportionality constant. 2. Experimental
When the material scatters in perfectly diffuse manner (or
when it is illuminated at 6Dincidence), the K-M absorption Powder zinc oxide samples with different indium (dop-
coefficient K becomes equal toc2(K=2«). In this case, ing) contents were prepared by a low-temperature hy-

considering the K-M scattering coefficiefitas constant with ~ drothermal synthesis and subsequent thermal annealing at
300°C in argon atmosphere for two hours [11]. All the

2000 samples were characterized by UV-Vis absorption spec-
a Zn0QiIn (2.0%) troscopy (Shimadzu, UV-3101PC double beam spectropho-
10004 § g § tometer), diffuse reflectance spectroscopy (DRS) (Varian
1z JUUE g £ Cary 100 UV-Vis Spectrophotometer with DRA-CA-30I
0 E , I =) < L e M Diffuse Reflectance Accessory), powder X-ray diffraction
] ' ' ' ZnO:In (1.0%) (XRD) (Phillips X'Pert diffractometer with Cu K radia-
e tion), and scanning electron microscopy (SEM) (Jeol JSM
S 1000 4 5300). All the optical measurements were carried out at room
LA I JL N temperature. For UV-Vis absorption measurements, the pow-
=S L B " Giin (0.5%) der samples were dispersed in deionized water with a fixed
E 2000 concentration (5mg/4ml).
c
- R JUU 3. Results and discussion
Y|
1 s |Z ZnO (undoped) The XRD patterns of the samples are shown in Fig. 1. The
20007 = g|" diffraction peaks revealed the wurtzite structure of ZnO.
1000 g Apart from zinc oxide, it is possible to recognize a second
o L j phase (indium hydroxide, In(OHl) in the as-grown sample
o0 30 40 50 60 70 80 doped with 2% In, which is dissociated through the anneal-
Bragg angle (26, degrees) ing process (Fig. 1b). As can be seen from the XRD patterns
- of as-grown and annealed samples, the crystallinity of the
b Zn0:In (2.0%) nanostructures decreased on indium doping. The nanostruc-
2000+ tures present a needle-like morphology with 450 nm in diam-
1000 - eter and Jum average length (Fig. 2). From the SEM images
JL “[ . Lo we can see that the surfaces of the ZnO nanostructures after
0 I A e e (1.0%) thermal annealing are not as smooth as un-annealed ones.
2000 The UV-Vis absorption spectra of as-grown and annealed

samples are shown in Fig. 3. All the spectra revealed a char-
acteristic absorption peak of ZnO. However, the peak is not
well resolved for all the samples. In as-grown sample, the
absorption peak is blue-shifted on 0.5% In doping. As the
nominal concentration of In increased further, the absorption
peak shifted towards higher wavelengths. The peaks in the
. - }\—.LJU. absorption spectra do not correspond to the true optical band
£n0 (unciepes) gap of ZnO, which is about 3.37 eV (at room temperature).
It is interesting to note that in as-grown samples, the ab-

1000 +

L

B

—
ZnQ:In (0.5%)
2000 -]

Intensity (a.u.)

1000

2000

(110

1000 1 g = sorbance increases as the photon energy increases, and sub
0 — L ,JL A M sequently at energies higher than the absorption band edge it
20 30 40 50 60 70 80 decreases. The latter behavior is very different from the com-
Bragg angle (20, degrees) mon absorption characteristic of thin films [12]. This behav-
FIGURE 1. Powder X-ray diffraction patterns of nanostructured ior is due to the scattering phenomenon in colloidal samples.
ZnO before (a), and after (b) thermal treatment. Experimentally obtained absorption spectra of the samples
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FIGURE 3. UV-Vis absorption spectra of as-grown (a), and an- &
nealed samples (b). 0 0

ZnO:in (1.0%) ZnOiin (2.0%)

have two components: dispersed light due to scattering
counted as absorbed light by the spectrophotometer, and opti-
cal absorption due to electronic transitions in the samples. On
the other hand, in the spectra of annealed samples (Fig. 3b),
the absorption at lower photon energy side (with respect to 200 300 400 560 600 760 200 360 400 560 600 700 800
the absorption peak) is as high as the absorption peak. Elec- Wavelength (nm) Wavelength (nm)
tronic transitions in semiconductor materials are hardly reFicure 5. Diffuse reflectance spectra of as-grown (a), and an-
sponsible for such features. Instead, it is the result of scatterealed samples (b).

!
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FIGURE 6. Kubelka-Munk transformed reflectance spectra of as-
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grown (a), and annealed samples (b).

samples [14]. If the scattering effect is as high as the optical
absorption process, it screens the absorption peak, making
the assignment t&, uncertain ¢.g. see Fig. 4b, 2.0% in-
dium doped sample).

To avoid the difficulties in obtainings, from UV-Vis
absorption spectroscopy in dispersed samples, diffuse re-
flectance measurements of dry powders can be performed.
Diffuse reflectance spectra of as-grown and annealed samples
are show in Fig. 5.

In as-grown samples, a considerable reduction in re-
flectance starts at about 460 nm and a peak centered at
236 nm appears. Intensity of this peak increases with the in-
crease of nominal indium concentration in the samples. The
origin of the peak may be the presence of indium hydrox-
ide in the samples. The wavelength at which reduction in
reflectance starts in annealed samples is not clear, suggest-
ing the formation of band tail due to incorporation of im-
purity states. Absence of the peak at 236 nm in annealed
samples supports the assumption of its hydroxide origin. The
DR spectra of the samples after Kubelka-Munk treatment are
shown in Fig. 6. The intersection between the linear fit and
the photon energy axis gives the valueAg. So, by this
method the assignment of band gap can be made with cer-
tainty.

Table | presents th&, values obtained from two meth-
ods: UV-Vis absorption spectroscopy and DRS. It can be
noted that if erroneously the band gap energy is related di-

ing from the nanostructures with rough surfaces after thermd€ctly to the absorption peaks which appear in as-collected

annealing.
A common way of extracting band gap from absorptioncrepancies as high as 139 meV. Although fhecalculated

spectra is to get the first derivative of absorbance with respedfom derivative spectra are close to their exact values, for the

spectra at the lower energy sides [13]. Thgis associated

UV-Vis spectra, it can lead to overestimate its value, with dis-

the absorption peak is not well resolved. Errors in estimated

to the maximum in the spectrurne. where the absorbance band gap values can lead false conclusions.

has a maximum increase with respect to photon energy. In Our results obtained from nanostructured ZnO samples

Fig. 4, such derivative spectra of the samples are presentedndicate that, though the DRS technique is not as sensitive as
The first derivative method is convenient when the abihe UV-Vis absorption technique to a small change in optical

sorption peak dominates the spectrum (see Figs. 3a and gproperties of materials, it can extract the band gap values of

un-doped ZnO), feature that is observed easily in colloidaPowder semiconductors without any ambiguity.

TABLE |. E, values for the nanostructured ZnO samples obtained from UV-Vis absorption spectroscopy and DRS.

Nominal In concentration in the sample (%)

abs. peak position (e\fy, (eV), from derivative abs. spectra E, (eV), from DRS

Un-annealed samples
0.0
0.5
1.0
2.0

Annealed samples
0.0
0.5
1.0
2.0

3.32(5)
3.36(2)
3.28(9)
3.27(2)

3.27(9)
3.31(0)
3.25(9)
3.20(4)

3.23(7) 3.22(1)
3.28(0) 3.22(3)
3.22(3) 3.23(9)
3.20(8) 3.23(7)
3.21(2) 3.24(4)
3.26(1) 3.24(2)
3.19(5) 3.24(7)
3.12(8) 3.24(5)
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4. Conclusions nique does not require a powder sample to be dispersed in
any liquid medium, so the material is not contaminated or

DRS is a more convenient technique to characterize unconsumed.

supported nanomaterials than UV-Vis absorption spec-

troscopy, since it takes advantage of the enhanced scatteriggcknowledgements
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