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ABSTRACT

Zinc oxide (ZnO) thin films were deposited using atomic layer deposition. The electrical and optical properties were characterized

using Hall measurements, spectroscopic ellipsometry and UV-visible spectrophotometry. The electronic concentration and the mobil-

ity were found to be critically dependent on the deposition temperature, exhibiting increased resistivity and reduced electronic

mobility at low temperature. The corresponding optical properties were measured as a function of photon energy ranging from 1.5 to

5.0 eV. The simulated extinction coefficients allowed the determination of optical band gaps, i.e., ranging from 3.36 to 3.41 eV. The

electronic carrier concentration appears to be related to the reduction in the corresponding band gap in ZnO thin films.
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1. Introduction

inc oxide (ZnO) has been gaining extensive attention

as a key-element material in transparent optoelec-

tronics in addition to increasing the diversity of spintronic

and electronic devices. The representative applications of

ZnO-based materials incorporate transparent conducting

electrodes and transparent channel materials; examples of

the former include Al-doped ZnO (AZO) and Ga-doped ZnO

(GZO); examples of the latter include In-Zn-Ga-O, Hf-Zn-

Ga-O, Zn-Sn-O, etc.1-8) The field of transparent conducting

oxides requires the replacement of expensive indium-based

conducting electrodes due to the scarcity of indium metals.

Possible alternatives can be provided through the introduc-

tion of ZnO-based materials owing to the cheaper and non-

toxic features of the elemental Zn source. Usually, transpar-

ent conducting oxides function as electrodes for photovoltaic

cells, flat-panel displays, etc, enabled by high transmittance

in the visible light regime and their high conductivity. In

addition, the semiconducting feature of ZnO-based materi-

als allows the fabrication of transparent oxide thin film

transistors functioning as switching circuits in active-

matrix flat-panel displays, such as organic light-emitting

diodes, liquid-crystal displays, etc.4-8) In spite of the indus-

trial significance of ZnO materials, their inherent electrical

and optical features remain unresolved in terms of electrical

transport and optical characteristics.

Atomic layer deposition usually provides unprecedented

benefits such as excellent thickness uniformity, conformal

deposition, and high level of step coverage, despite its slow

process, which stems from alternating supplies of source

materials in connection with purging steps.9,10) Recently, low

temperature processing capability has been recognized as

an advantage for the fabrication of amorphous oxide semi-

conductor thin film transistors.

The present work is aimed at the electrical and optical

characterization of ZnO thin films deposited using self-limit-

ing atomic layer deposition at low temperature. The electri-

cal features were examined through Hall measurements and

the optical characteristics were analyzed using spectroscopic

Ellipsometry and UV-visible spectrophotometry. The impli-

cations of ZnO deposited through atomic layer deposition are

discussed towards the goal of achieving sophisticated control

in semiconducting behavior.

2. Experimental Procedure

ZnO thin films were deposited using atomic layer deposi-

tion in which diethylzinc (DEZ) and water were employed as

sources for Zn and oxygen, respectively. ZnO thin films were

deposited onto high-insulating glass substrates (Corning

1737) after appropriate cleansing procedures. Alternating

sources of DEZ and water were introduced to the deposition

chamber in-between with alternating purging processes

using argon gas; the deposition temperature was controlled

between 100 and 250oC. 

The electrical characterization was made under ambient

conditions using a Hall measurement unit (Bio-Rads, USA).

The optical measurement was performed using spectro-

scopic ellipsometry (Horiba, Japan). The (∆, Φ) spectra val-

ues were measured as a function of photon energy ranging

from 1.5 to 5.0 eV, for which Φ and ∆ denote the change in

amplitude and the phase shift in p- and s-polarized light,
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respectively, before and after the incident light is transmit-

ted onto the optical system composed of ZnO thin films and

glass substrates. Optical transmittance was measured

between 300 and 900 nm, using a UV-visible spectropho-

tometry (Shimadzu, Japan) in which the contribution of the

glass substrates was corrected in order to measure the

inherent contribution to transmittance, originating from the

ZnO thin films deposited through atomic layer deposition.

3. Results and Discussion

The atomic layer deposition of ZnO thin films allows high

thickness uniformity as shown in Fig. 1. The thickness uni-

formity was calculated at 0.46% based on the maximum and

minimum thickness obtained from the 40 mm×40 mm glass

substrates; the thickness profile seems radially isotropic

with respect to the center of the deposition chamber. From

the thickness information, the deposition rate was calcu-

lated to be approximately 0.12 nm/cycle. The band gap of

the bulk zinc oxide materials is known to be approximately

3.3 eV.11) The high band gap leads to a superior transpar-

ency in the visible light region. The current ZnO thin film

exhibits the high transmittance, higher 80% above 400 nm,

characteristic of the transparent oxides. The optical trans-

mittance was measured at between 92.5 and 94.0% at a

wavelength of 600 nm. Fig. 2 indicates that the transmit-

tance seems to be nearly independent of the deposition tem-

peratures between 100 and 250oC.

Spectroscopic ellipsometry allows the numerical determi-

nation of optical constants, i.e., refractive index and extinc-

tion coefficient in addition to the thickness determination.

Fig. 3(a) shows the experimental spectroscopic ellipsometry

(Φ and ∆) spectra obtained from the ZnO thin films, where

Φ denotes the change of amplitude and ∆ the change in

phase shift before and after the interaction of the incident

light with the optical structure (i.e., the measuring system

of the ZnO(films)/glass structure). Based on the optical

structure shown in Fig. 3(b), ellipsometry modeling was per-

formed in order to statistically minimize the deviation

between the experimental and the fitted Φ and ∆ spectra. In

this work, the ellipsometry modeling adopts a new amor-

phous model as a dielectric model for ZnO thin films. The

detailed equations are described with respect to the refrac-

tive index n(w) and the extinction coefficient k(w) as follows:

Fig. 1. Two-dimensional thickness contour obtained in the
ZnO thin film deposited at 100oC using atomic layer
deposition.

Fig. 2. Transmittance of ZnO thin films deposited through
atomic layer deposition measured using UV-visible
spectrophotometry.

Fig. 3. (a) (Φ, ∆) spectra obtained from the ZnO thin films
deposited at 100oC and (b) optical structure employed
in spectroscopic ellipsometry analyses.
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,  Eq.(1)

Eq.(2)

where

 

Based on the new amorphous model, the experimental

spectra were analyzed and the resultant fitting information

is shown in Fig. 4(a). The numerical fitting is in excellent

agreement with the experimental (Φ,∆) spectra. The opti-

mized optical parameters allow the determination of the

basic optical constants, i.e., the refractive index and the

extinction coefficients of the following equation in the corre-

sponding complex refractive index, N(w),

N(w)=n(w)− ik(w) Eq. (3)

The calculated optical refractive index and the extinction

coefficient are shown in Fig. 4(b). The refractive index

exhibits its highest value near 3.4 eV and the absorption

becomes noticeable above 3.2 eV. In particular, the extinc-

tion coefficient is employed in order to calculate the absorp-

tion coefficient, α( E
n
).

α( E
n
)=4πk(w)/λ Eq. (4)

Since ZnO materials are known to be direct semiconduc-
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Fig. 4. (a) (∆, Φ) spectra fitted using a new amorphous model
in which the solid circles and squares denote the raw
spectra data points and the solid lines indicate the fit-
ted plots and (b) the calculated optical constants of
refractive index and extinction coefficient.

Fig. 5. (a) Calculated absorption coefficient and (b) extrapola-
tion of band gaps near the optical band gaps.
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tors, the following equation describes the relationship

between the absorption coefficient and the photon energy.

Eq. (5)

where E
n
 is the photon energy ranging from 1.5 to 5.0 eV and

E
g
 is the band gap of ZnO thin film.12) Fig. 5 shows the varia-

tion of the absorption coefficient of ZnO thin films as a function

of photon energy. As noticed in Fig. 5(a), a significant increase

in the absorption coefficient near 3.3 eV is found. Detailed cal-

culation leads to the determination that the band gaps of ZnO

thin films range from 3.36 to 3.41 eV, due to the modified rela-

tions between α(E
n
)2 and the photon energy (E

n
), as demon-

strated in Fig. 5(b), indicating that the higher the deposition

temperature, the larger the band gap of the ZnO thin film.

The electrical features of ZnO thin films were monitored

through Hall measurements. The detailed information is sum-

marized in Table 1. With decreasing deposition temperature,

the resistivity increased from 6.36×10-3 to 7.46×10-1 Ω·cm.

However, the mobility decreased from 8.6 to 0.451 cm2/V·s and

the charge carrier concentration decreased from 1.14×1020

to 1.86×1019/cm3. The measured resistivity indicates that

the corresponding electrical behavior is attributable to the

oxide-based semiconductors. The electrical information is

believed to be associated with the defect-chemical responses

in the ZnO in which zinc interstitials play a significant role

in the charge transport phenomena. The higher deposition

temperature provides a higher formation of zinc interstitials

along with predominantly electronic conductions.

ZnO thin films were deposited with high uniformity in

thickness which is controlled layer-by-layer, in a way char-

acteristic of atomic layer deposition. The high-precision

spectroscopic ellipsometry analysis allowed the numerical

calculation of optical band gaps in addition to the calcula-

tion of optical constants. Furthermore, the electrical Hall

measurements revealed that the charge carrier concentra-

tion and mobility are sensitive to deposition temperature.

Atomic layer deposition of ZnO thin films can be exploited

aiming at the artificial control of charge concentration and

mobility in transparent oxide thin film transistors. 

4. Conclusions

Electrical and optical characterization confirmed the pres-

ence of the semiconducting behavior in ZnO thin films

deposited on glass substrates through atomic layer deposi-

tion. The optical constants, i.e., the refractive index and the

extinction coefficient, are estimated through optical simula-

tion based on spectroscopic ellipsometry. The direct band

gap structure is related to the absorption coefficients in the

ZnO thin films and the optical band gaps were calculated to

be approximately 3.36 to 3.41 eV. Despite the large band

gap in ZnO thin films, the charge transport is still semicon-

ducting, probably due to the presence of zinc interstitials.

The electrical resistivity increases with decrease of the

growth temperature along with the simultaneous decrease

in electronic concentration. 
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Table 1. Summarized Electrical Information Obtained in ZnO
Thin Films Prepared Through Atomic Layer Deposition

Deposition 
Temp.

Sheet
Resistance

(Ω/sq)

Bulk
Resistivity 

(Ω· cm)

Mobility 
(cm2/V·s)

Charge Carrier 
Concentration

(#/cm3)

250oC 1.82×103 0.00636 8.6 1.14×1020

175oC 1.67×103 0.00583 11.2 9.52×1019

100oC 2.13×105 0.746 0.451 1.86×1019


