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In situ spectroscopic ellipsometry growth studies on the Al-doped
ZnO films deposited by remote plasma-enhanced metalorganic
chemical vapor deposition

I. Volintiru,a� M. Creatore,b� and M. C. M. van de Sanden
Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513,
5600 MB Eindhoven, The Netherlands

�Received 9 August 2007; accepted 27 November 2007; published online 7 February 2008�

In situ spectroscopic ellipsometry �SE� was applied to study the pyramidlike and pillarlike growth
of Al doped ZnO �AZO� films deposited by means of remote plasma-enhanced metalorganic
chemical vapor deposition for transparent conductive oxide applications. Real time SE studies in the
visible region allowed discerning between the two growth modes by addressing the time evolution
of the bulk and surface roughness layer thickness. While the pillarlike mode is characterized by a
constant growth rate, a slower rate in the initial stage �up to 150–200 nm film thickness�, compared
to the bulk, is observed for the growth of pyramidlike AZO films. The two modes differ also in terms
of surface roughness development: a saturation behavior is observed for film thickness above
150–200 nm in the case of the pyramidlike films, while a slow linear increase with film thickness
characterizes the pillarlike mode. By extending the SE analysis of the AZO films to the near infrared
region, valuable information about the in grain properties could be extracted: excellent in grain
mobility values, i.e., larger than 100 and 50 cm2 /V s, are determined for the pyramidlike and
pillarlike AZO layers, respectively. The comparison between the outcome of the in situ real time SE
studies and the ex situ electrical and chemical characterization highlights the limitations in the
electron transport occurring in both types of films and allows one to address routes toward further
improvement in AZO conductivity. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2837109�

I. INTRODUCTION

Presently, zinc oxide �ZnO� is one of the most re-
searched transparent conductive oxides �TCOs� as alternative
to tin-doped indium oxide and fluorine-doped tin oxide for
electrodes in solar cell and diode applications.1,2 Its advan-
tages are the high transparency in the visible part of the
spectrum ��80%�, the low resistivity ��5�10−4 � cm�,
the relatively high natural abundance of Zn, and low cost of
the materials involved.3 ZnO can be deposited using various
techniques, the most widespread being �reactive� magnetron
sputtering of ZnO and Zn targets,4 pulsed layer deposition,5

and metalorganic chemical vapor deposition �MOCVD�.6,7

By using plasma in combination with the MOCVD technique
the process window is enlarged, e.g., the plasma-induced de-
composition of the metalorganic precursors facilitates the use
of lower deposition temperatures. Although plasma-
enhanced MOCVD �PE-MOCVD� is not yet a widespread
technique for ZnO deposition, its potential has already been
demonstrated in a few studies.8 Within our group, a remote
PE-MOCVD technique has been used to deposit natively
textured Al-doped ZnO �AZO� films, which have been suc-
cessfully applied as front electrodes in a-Si solar cell
applications.9

A recent observation and a serious challenge of ZnO
deposition by MOCVD is the strong dependence of the elec-

trical properties on the film thickness.10 This outcome was
also observed in our PE-MOCVD process and a detailed
study of the sheet resistance evolution during the growth of
AZO was presented in previous work.11 In Ref. 11 a set of ex
situ electrical, morphological, and compositional diagnostic
measurements was employed in order to identify the main
causes for the sheet resistance gradient. Moreover, a tool to
control the gradient and film growth mode was presented.
Scanning electron microscopy �SEM� and atomic force mi-
croscopy �AFM� revealed a pyramidlike growth, with a dis-
tinctive grain development, under specific conditions �cf.
type I in Table I�, accompanying the large sheet resistance
gradient �from 180 � /� at 300 nm to 5.5 � /� at
1.3 �m�. The electron concentration �doping level� and film
composition, determined by means of Hall and time-of-flight
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TABLE I. The film properties for the type I �pyramidlike� and type II
�pillarlike� AZO films; dsp denotes the film thickness measured with the step
profiler.

Parameter
ZnO:Al
type I

ZnO:Al
type II

dsp �nm� 940 820
rms �nm� 40 10
�Al� �%� 0.2 0.7
Rs �� /�� 10 18
Ne �cm−3� a 1.2�1020 1�1020

� �cm2 /V s� a 12 5.3

aMeasured on the aged films.
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secondary ion mass spectrometry �TOF-SIMS� techniques,
were found to be constant during growth. As a consequence,
the strong sheet resistance gradient and the electron mobility
evolution, determined by Hall, were related to the strong
lateral grain size development. Note that the electrical mea-
surements, i.e., four point probe and Hall, monitor both the
in grain and intergrain electronic properties; therefore, no
information on the in grain quality of the AZO films can be
extracted solely from these measurements.

Due to the well developed grains �200–300 nm, as
shown by SEM� and relatively high electron concentration
�2�1020 cm−3�, the final sheet resistance, i.e., for film thick-
ness larger than 1200 nm, reaches a satisfactory level for
solar cell applications.12 Moreover, the films deposited are
also rough ��4% of the thickness� without any post-
treatment, which is beneficial for light trapping within solar
cells. Even though the pyramidlike growth mode is suitable
for solar cells, it has two disadvantages: the sheet resistance
gradient, already mentioned, and the poor nucleation, as in-
dicated by TOF-SIMS analysis in Fig. 1�a�, which shows the
presence of an incubation layer of about 150 nm.

As shown in our previous article, the growth mode can
be influenced by decreasing the working pressure, which
promotes a transition from pyramidlike �type I� to pillarlike
�type II� growth �Fig. 1�b��. The latter is characterized by
almost no resistivity gradient, accompanied by a limited
grain and roughness development, and by a better initial
nucleation �as indicated by TOF-SIMS�. The downside of the
type II AZO films, however, is the high sheet resistance
�65 � /� at 1125 nm�, caused by the small grain size and
low doping efficiency ��20% compared with 96% in the
case of type I films�.

The present article investigates further the two growth
modes presented already in Ref. 11 by addressing two im-
portant issues:

�1� In Ref. 11 the film growth was studied via a set of elabo-
rate and often destructive ex situ measurements. Could
the two growth modes of the AZO films be monitored

and, more important, “predicted,” in situ real time by
means of a nonintrusive technique?

�2� Besides the grain size, an important factor limiting the
film sheet resistance can be the scattering at impurities
inside the grains. As mentioned before, the electrical
measurements monitor both the in grain and intergrain
properties. In order to extract the in grain quality of the
AZO films an optical technique, which can give infor-
mation about the film properties at subgrain scale
��10 nm�, is necessary.

A tool which can address both research questions is
spectroscopic ellipsometry �SE�. Ex situ SE has already been
often applied to determine the optical constants and thick-
ness of several deposited materials, including TCOs.13–15 Up-
to-now few groups have reported on the in situ and real time
use of SE on the growth of different materials, such as
Si,16,17 titanium,18 TiO2,19 or GaN.20 Related to ZnO,
Losurdo et al.21 reported in situ real time monitoring by SE
of the changes in Zn- and O-polar ZnO surfaces upon inter-
action with H generated in a remote radio frequency plasma,
while Groenen et al.22 monitored the surface modification
occurring during the etching process of ZnO by a remote
Ar /H2 plasma. To our knowledge, the in situ and real time
use of SE for the ZnO film growth is still relatively
unexplored.23,24

In this article we describe the growth studies performed
by in situ SE measurements on types I and II AZO films,
deposited by remote PE-MOCVD. In Sec. II the ellipsometry
model is presented and validated via comparison with the ex
situ measurements previously addressed in Ref. 11. Section
III is divided into two parts, providing answers to both re-
search questions. In the first part the thickness and roughness
evolution during film growth are determined from the optical
model and used to identify the two growth modes. The sec-
ond part is dedicated to the in grain electronic properties,
which, in combination with the ex situ data presented in Ref.
11, give a reliable picture of the limiting electron transport
processes in the AZO films.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

A. Deposition setup and experimental
conditions

AZO films were deposited using a expanding thermal
plasma25 fed by argon, generated in a high pressure �360
mbar� cascaded arc and expanding in a low pressure deposi-
tion chamber �0.3–1.5 mbar�. The precursors for film depo-
sition, i.e., diethylzinc �DEZ�, oxygen, and trimethylalumi-
num �TMA�, are injected downstream via injection rings.
The typical conditions used for ZnO film deposition are
listed in Table II. The substrates used for the experiments
presented here are 400 nm thermal SiO2 on single side pol-
ished c-Si �for ellipsometry and electrical measurements� and
Corning glass �for transmission measurements�. Our results
suggest that c-Si /SiO2 is indiscernible from the glass sub-
strate, i.e., the AZO growth is similar on both types of sub-
strates.

FIG. 1. �Color online� TOF-SIMS measurements �a� and qualitative growth
model �b� of the type I �pyramidlike� and type II �pillarlike� AZO film
growth �experimental conditions in Table I�.
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To acquire the �� ,�� ellipsometric spectra on the AZO
films grown on c-Si /SiO2, we used a Woollam M2000 spec-
troscopic ellipsometer in the 300–1700 nm wavelength range
and the corresponding WVASE32 software to process the data.
The in situ measurements were performed at an angle of 61°,
set by the reactor geometry, with a time resolution of 12 s.
For the ex situ SE measurements an angle of 75° was used.

B. Spectroscopic ellipsometry analysis

Similar to the work of Groenen et al.,26 a three-layer
model, consisting of a semi-infinite Si substrate with a 400
nm-thick SiO2 layer, a ZnO bulk, and a surface roughness
layer, was chosen for the deposited films �Fig. 2�. In order to
simplify the ellipsometric analysis, a few assumptions were
made, i.e., abrupt and smooth interfaces between different
layers and isotropic optical constants, uniform in depth, for
the film. These assumptions have been commonly used in
literature for TCOs, although there have been also studies
treating the inhomogeneity in depth of the TCOs �Ref. 27�
and the anisotropy in ZnO.28 The spectroscopic ellipsometry
analysis was performed only on ZnO films with reasonably
low roughness ���SE /10�, such that extreme light depolar-
ization could be avoided.

Tabulated values provided by the WVASE program were
used for the optical constants of the semi-infinite silicon sub-
strate at room temperature �for the ex situ measurements�, as
well as for the thermal 400 nm-SiO2 layer on top. For the in
situ measurements material files generated from the experi-
mental data, collected on Si at 200 °C, were used as virtual
substrate.

The most commonly used optical models in ultraviolet-
visible �VIS� in literature for TCOs are Lorentz,29–31

Cauchy,32 and Sellmeier.33 The latter two are simplified
forms of the Lorentz representation and are suitable for any
material in its transparency wavelength region.34 More rarely
applied are the Tauc–Lorentz14 and Forouhi–Bloomer35 mod-

els. For the free carrier absorption in the near infrared region
�NIR�, the Drude model is commonly employed for TCOs
and metals, to analyze either the SE data or, when they are
not available, the transmission data.36,37 In this work we use
a Cauchy–Drude model, the total dielectric function 	=	1

+ i	2 being expressed as

	 = 	Cauchy + 	Drude. �1�

The Cauchy term 	Cauchy is used in the transparency range of
the material, i.e., 400–1000 nm for the AZO films, and it is
described by Eqs. �2a� and �2b�,

n��� = A +
B

�2 , �2a�

k��� = 0, �2b�

where n and k are the refractive index and extinction coeffi-
cient, while A and B are the Cauchy parameters. The set of
fitting parameters in the Cauchy model is �db ,dr ,A ,B�,
where db and dr are the bulk and the surface roughness thick-
ness, respectively.

The optical constants �n ,k� are related to the real and
imaginary part of the dielectric constant �	1 ,	2� at each
wavelength by Eqs. �3a� and �3b�,

	1 = n2 − k2, �3a�

	2 = 2nk �3b�

The refractive index was determined at a film thickness
of 200–250 nm for both types of AZO films and kept con-
stant while modeling the in situ data. This thickness was
chosen because it represents the “bulk” ZnO �cf. TOF-SIMS
in Fig. 1�a�� and, at the same time, is characterized by reso-
nably low roughness ��10 nm� so that light depolarization
does not affect the modeling results, as earlier mentioned.
The resulting values for the refractive index at 633 nm are
1.86 for type I and 1.92 for type II films. The value is higher
for the type II films due to the compact, columnar structure
growth, which leads to higher film density.11

The Drude model uses a single Lorentz oscillator with
the center energy fixed to zero

	Drude�E� = −
AD

E2 − i
DE
, �4�

where AD and 
D are the oscillator amplitude and broaden-
ing, respectively. The set of fitted Drude parameters is
�	� ,AD ,
D�, expressed by

AD = 	��2p
2, �5a�


D = ��D, �5b�

where 	� represents the high-energy dielectric constant,38 �
is the reduced Plank’s constant, p is the plasma frequency,
and �D is the damping factor expressed in cm−1.

For better accuracy, the two models were applied sepa-
rately in the corresponding wavelength regions. The optical
constants obtained from the Cauchy and Drude representa-
tions were compared with the ones obtained from the point-

TABLE II. The deposition conditions used for the type I �pyramidlike� and
type II �pillarlike� AZO films.

Deposition
parameter

ZnO:Al
type I

ZnO:Al
type II

�Ar �sccm� 1000 1000
Iarc �A� 50 50
�O2

�sccm� 100 100
�DEZ �g/h� 3.5 3.5
�TMA �g/h� 0.2 0.2
p �mbar� 1.5 0.38
Tsubs �°C� 200 200

FIG. 2. �Color online� The optical model used to fit the ellipsometric data,
consisting of a Si /SiO2 substrate, a ZnO film, and a roughness layer.
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by-point fits, i.e., using only the Kramer–Kronig relations,
where the thickness was fixed from the Cauchy fit. Due to
the assumptions in the two models, i.e., k=0 in the 400–1000
nm range �Cauchy� and k�0 for ��1000 nm �Drude�, the
transition between the data points corresponding to the two
models is not continuous. Therefore, in the transition region,
a point by point fit was used.

From the Drude �free electron� theory39 the electronic
properties of the material can be deduced, i.e., the SE resis-
tivity �opt, the electron concentration Nopt, and the mobility
�opt, according to the formulas

�opt �� cm� =
�

	0e


D �eV�
AD �eV2�

, �6a�

Nopt �cm−3� =
	0me

�

�2 AD �eV2� , �6b�

�opt � cm2

V s
� =

�

me
�
D �eV�

, �6c�

where me
� is the electron effective mass in the ZnO lattice

and 	0 is the permittivity of free space. The errors in the
optical resistivity, carrier concentration, and mobility have
been determined from the Drude modeling of AZO films
deposited under the same conditions �with similar proper-
ties�. The modeling of the real time data also contains the
error in mobility, i.e., for relatively small variations in thick-
ness, the mobility can vary within the range used to estimate
the errors.

The rough surface layer was modeled according to the
Bruggeman effective medium approximation,40 consisting of
50% bulk and 50% voids. This is in line with the work of
various other groups on rough films.41 In this model, the
resulting refractive index of the top layer �ntop� is considered
to be a weighted average between the refractive index of the
bulk material �nbulk� and that of the ambient �nambient�,

fvoids
nambient

2 − ntop
2

nambient
2 + 2ntop

2 + �1 − fvoids�
nbulk

2 − ntop
2

nbulk
2 + 2ntop

2 = 0, �7�

where fvoids represents the void fraction �fvoids=0.5� and
nambient=1 �air/vacuum�.

C. Validation of the SE model: Thickness and optical
bulk properties

The ellipsometry models and their application wave-
length ranges were chosen after analyzing the transmission
spectra, for both types of films �see Fig. 3�. Three distinct
regions can be observed in these figures: the band gap ab-
sorption below 400 nm �region A�, the transparency domain
between 400 and 1000 nm �region B�, and a decrease in
transmission caused by free carrier absorption in the near
infrared, i.e., above 1000 nm �region C�. In region B the
interference fringes are visible only for the columnar films,
as a proof of their smooth surface morphology.

As a consequence of these observations we chose the
Cauchy model in region B and Drude model in region C,
while in region A we only performed a point by point fit.

Figure 4 shows a good agreement between the measured and
fitted � and � curves, for thick films ��800 nm�. Poorer fits
are obtained for rough films, which can be due to depolar-
ization effects present at high roughness values,41 but also to
the errors involved in the interpretation of the roughness
layer in the optical model.

As a next step we compared the film thickness given by
ellipsometry �dSE=db+dr� �Ref. 42� with the outcome of the
step profiler measurements dsp, which are found to agree
within 10% error �Fig. 5�. The agreement is good if we take
into account the errors involved in the step profiler measure-
ment, of �30 nm, and the error in the roughness layer thick-
ness determined by SE, which depends on the void percent-
age assumed in the model. The biggest underestimation of
the thickness by SE occurs, again, for the roughest samples.

Finally, we determined the optical constants from the
Cauchy and Drude models and compared them with the val-
ues resulted from the point by point fitting procedure,43 as
shown in Fig. 6. To make the discussion complete, we used
for comparison also an undoped ZnO �UZO� film, deposited
under similar conditions as type II films, with the TMA flow
set to zero. For this film a Cauchy layer in regions B and C
was sufficient, due to the low carrier concentration

FIG. 3. �Color online� Typical transmission spectra of a 940 nm-type I
�pyramidlike� and 820 nm-type II �pillarlike� deposited AZO films �experi-
mental conditions in Table I�.

FIG. 4. �Color online� The ellipsometric parameter � for a 940 nm-rough
�type I� and 820 nm-smooth �type II� AZO film. The quality of the fit is
expressed by the comparison between the measured and the modeled �
values and by the relative residue �� /�. �Note: “pbyp” designates the
point by point fit.�
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�1018 cm−3�, resulting in a high transmission for the whole
measured wavelength range. With increasing conductivity
�from type II to type I�, a clear deviation of the Cauchy
model from the point by point curve is visible at 900–1000
nm. This can also be used as an onset wavelength for the
application of the Drude model. The optical constants shown
in Fig. 6 are in agreement with the values reported in the
literature.44,45 The comparison with the literature should be,
however, regarded with some reserve because the optical
constants depend strongly on the doping level, as seen also in
Table III, and possibly on other factors, such as thickness,
stoichiometry, or crystallinity. Ideally, the comparison should
be made with films having similar properties, which is quite
difficult to achieve because of the incomplete information
found in most of the ellipsometry studies on ZnO.

The doping is known to decrease the refractive index of
the ZnO films46 and this can also be observed in our case in
Fig. 6. When performing a point by point fit in region A for
the undoped and the AZO films, a blueshift in the position of
the band gap absorption peak is observed. The increase in the
ZnO band gap energy with doping is generally attributed to
the Burstein–Moss shift,47 caused by the filling of the lower
states of the conduction band at high electron concentrations,
as also reported in our earlier work.26

The Drude parameters are directly related to the electron
conduction in the material and are listed in Table III. Again,
it was difficult to find Drude parameter values reported for

similar ZnO films. In order to make a rough comparison, we
chose to mention for the references in Table III also the film
thickness and electron concentration, when possible. The on-
set of the free carrier absorption is given by the plasma
wavelength, which can be calculated for the ZnO films ac-
cording to the formula48

�p = 2�c�me
�	�	0

e2Ne
�1/2

. �8�

The plasma wavelength values calculated with Eq. �8� for the
types I and II films are 2.1 and 3 �m, respectively. The
difference in plasma wavelength between the two types of
films is given by the electron concentration but also by the
refractive index/high energy dielectric constant 	� �cf. Table
III�. A shorter plasma wavelength for the type II films im-
plies a lower transmission in region C �Fig. 3�. The decrease
in plasma wavelength causes also a steeper decrease in the
refractive index trend �Fig. 6�. The extinction coefficient of
the AZO films increases in region C in comparison to the
undoped sample. On the other hand, its values for types I and
II AZO samples are comparable, due to similar �p and to the

FIG. 6. �Color online� The optical constants of the AZO films determined
from Cauchy �400–1000 nm� and Drude �1000–1700 nm� models; the com-
parison with the UZO films and with the point by point fit �300–1700 nm� is
also shown.

FIG. 5. �Color online� The film thickness of several smooth ��� and rough
��� AZO films, as determined from ellipsometry �dSE=db+dr� and step
profiler �dsp�.

TABLE III. Cauchy–Drude parameters and comparison with the literature.

ZnO:Al
type I

ZnO:Al
type II ZnO:Al/ZnO:Gaa ZnO:Gab ZnO:Gab

Cauchy
A 1.74 1.8 ¯ ¯ ¯

B 0.053 0.05 ¯ ¯ ¯

n @633 nm 1.86 1.92 1.83–1.87 1.75 1.85
Drude

	 ��� 3.8 3.9 Not reported 3.65–3.9 ¯

AD �eV� 1.29 0.66 1.3/1.2 2.54 ¯


D �eV� 0.04 0.1 0.17/0.11 0.13 ¯

�p ��m� 2.1 3 Not reported 1.48 ¯

dsp �nm� 940 820 485/155 65 65
Ne �cm−3� 2�1020 1�1020 Not reported 6.5�1020 4.8�1020

aSee Ref. 46.
bSee Ref. 14.
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fact that ���p in the whole ellipsometry wavelength range.
To conclude, via comparisons with ex situ and literature

data, we have demonstrated in this section that the Cauchy–
Drude model is a good representation for the AZO films
presented in this study. Therefore, in the next part we will
address the results on the film growth and electronic proper-
ties derived from this model, applied to both ex situ and in
situ SE data.

III. RESULTS AND DISCUSSION

As already mentioned in Sec. I, this article continues the
work presented in Ref. 11 and introduces the in situ and real
time SE studies of the pyramidlike �type I� and pillarlike
�type II� AZO films grown by means of remote PE-MOCVD.

A. In situ real time ZnO film growth studies

1. Thickness evolution

The bulk and roughness layer thickness values, db and
dr, are the parameters fitted from the real time data at each
time step. In Fig. 7 the total film thickness, d=db+dr /2, as
determined from the Cauchy model, is shown as a function
of the deposition time, for both types I and II AZO films. A
linear thickness development can be observed for all AZO
samples and the bulk deposition rate, as calculated from the
slope of the thickness curve, is higher for the type I films,
i.e., 1 nm/s compared to 0.7 nm/s for type II films. This can
be due to a higher growth flux arriving at the substrate under
these conditions, caused by a factor of 4 higher pressure.

Besides the difference in deposition rate, a distinctive
growth behavior in the first 150–200 nm can be observed,
while for the type II films the deposition rate is constant in
time already from the initial stages of deposition, a clear
slower growth rate is present in the initial phase of the
growth for type I samples; this is reproducible for a signifi-
cant number of films under these growth conditions. The
earlier TOF-SIMS measurements �Fig. 1�a�� indicated an ini-
tial incubation layer of about 150 nm for type I and less than
20 nm for type II films. When modeling the real time SE
data, the refractive index is assumed to be constant at the
bulk value, which means that the information on the incuba-
tion layer is included entirely in the thickness trend. Never-

theless, the SIMS and ellipsometric outcomes, i.e., the thick-
ness of the incubation layer and the slower initial growth,
respectively, agree, pointing out that less ZnO is deposited in
the beginning of the growth for the type I AZO samples,
caused either by an effective slower growth or by a higher
porosity.49 The difference in the growth process observed for
the two types of films can, therefore, be attributed to a dif-
ference in plasma chemistry �growth species and flux� but
also in surface mobility, as discussed in more detail in our
previous article.11

2. Roughness evolution

In our deposition system both very rough as well as rela-
tively smooth films can be deposited �Table I�.11 For the
smoother �type II� films, with columnar structure, the agree-
ment between the SE and AFM outcomes is fairly good, as it
can be observed in Fig. 8. For the rough �type I� samples, on
the other hand, the roughness development differs signifi-
cantly between the two techniques. SE shows a strong in-
crease in roughness in the first 200 nm, corresponding to the
initial growth, followed by a plateau, while, according to the
AFM measurements, the roughness develops linearly up to
1 �m film thickness �Fig. 8�.50 The difference in the values
obtained by the two techniques can be rationalized if we
consider the distinctive nature of the SE and AFM roughness
measurements: SE roughness is a mixture of material and
voids �dr�, while AFM “physically” measures the average
height of the features on top of the film bulk �root-mean-
square �rms��. The exact relationship between them is not
known, being still under debate.51–53 Nevertheless, the
roughness evolution with thickness, as measured with SE
and AFM, should be comparable if the roughness features
develop in one �growth� direction. This is confirmed in the
case of type II AZO films, with a pillarlike structure, where
the void and height trends coincide due to the preferential
grain evolution along film growth direction �Fig. 1�b��. The
pyramidlike grains present in the type I films, on the other
hand, develop both in height and width �Fig. 1�b��. As a
result, although the rms increases, the lateral grain develop-
ment leads to a decrease of the void fraction, resulting, by
compensation with the height, in a constant roughness layer
thickness determined by SE. Note that the optical model

FIG. 7. The type I �pyramidlike� and type II �pillarlike� AZO film thickness
evolution during growth; the time interval between the data was increased
for the bulk growth region for clarity; only the first part of the bulk growth
region is shown.

FIG. 8. �Color online� The evolution of the film roughness during type I
�pyramidlike� and type II �pillarlike� AZO film growth from SE and AFM
analyses.
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used here assumes a constant void fraction of 50%, which
can be physically incorrect. Nevertheless, introducing a void
fraction gradient in the model is not useful due to the high
correlation with the other parameters. Therefore, the rough-
ness layer evolution should be seen as a combination of the
height and voids development.

In conclusion, we have demonstrated that SE can be
used in situ and real time for ZnO and provides key insights
into the structural properties of the growing film. The use of
a simple Cauchy model allows identifying and predicting the
two growth modes, pyramidlike and pillarlike, from the
thickness development in the initial growth phase and from
the roughness evolution during the bulk growth.

B. Electronic properties of the AZO films

1. Resistivity evolution

Besides the growth studies, the SE measurements can
also be used to provide information about the electronic
properties of the AZO films. The carrier concentration, resis-
tivity, and mobility can be determined from the Drude pa-
rameters �	� ,AD ,
D�, according to Eqs. �6a�–�6c�, men-
tioned in Sec. II B. The electronic parameters determined in
this way give information about the in grain properties of the
AZO films, since the electrons, when oscillating in an alter-
nating current field at optical frequencies, have an amplitude
which is much smaller than the grain size.

In Ref. 11 we defined the effective resistivity as Rsd,
obtained from four point probe �Rs� and step profiler mea-
surements �d�. In Fig. 9, the SE resistivity values �opt�d�,
determined from Eq. �6a� for both types I and II AZO films,
are compared with the effective resistivity values. Note that
the resistivity, as determined from SE, is independent of the

choice of the electron effective mass, the main cause for
errors in this optical analysis, for both types of AZO films.

In the case of type II films, �opt�d� values are lower than
Rsd�d� in the whole thickness range, indicating that the elec-
tron transport is limited by the carrier scattering at grain
boundaries. For type I films, on the other hand, the difference
between the SE and electrical resistivity values reduces with
increasing thickness, which is in agreement with the out-
comes related to grain development determined by SEM and
AFM and with the initial porosity discussed in Ref. 11. How-
ever, despite the well-developed grains for film thicknesses
larger than 1 �m, the resistivities obtained from SE are al-
ways below the values determined from the electrical mea-
surements �cf. Fig. 9�. This difference can be misleading and,
in order to explain it, we need to take into account the fact
that the effective resistivity Rsd represents an integrated
value over the film thickness d, being affected by the layers
below, as previously reported11

d

�eff�d�
=

1

Rs�d�
= �

0

d 1

��x�
dx , �9�

where ��x� represents the resistivity of the top layer of a
deposited film with thickness x. This calculation has been
presented in detail in Ref. 11. Since the observed sheet re-
sistance Rs�d� scales with the film thickness, in the consid-
ered film thickness range, as

Rs�d� � d−�a+1�. �10�

The effective resistivity based on Eq. �9� can be deter-
mined to be

��d� =
�eff�d�
a + 1

=
Rs�d�d
a + 1

. �11�

For type I films we found a=2.2�0.5. For type II films this
correction in �eff�d� is not necessary due to the absence of
gradient and, implicitly, of the thickness influence on resis-
tivity.

Since the SE results reflect the in grain electrical prop-
erties of the material, the comparison with the corrected, lo-
cal values ��d� gives a better estimation of the grain bound-
ary influence on the electron conduction, especially for the
thick type I films because ��d� reflects the top grain size,
which is the largest at thickness d. Above film thickness
values of �1 �m, a good agreement is observed between
the two techniques if we use the local ��d� values instead of
�eff�d�. This strongly suggests that, for thick films, the grain
boundary effects are negligible and a further improvement of
the resistivity should only be related to the intrinsic proper-
ties, i.e., doping level, impurities, etc.

Another interesting issue generates from the comparison
between the in situ and the ex situ SE measurements per-
formed during the growth of a thick ZnO film and on a
thickness series corresponding to the same deposition condi-
tions, respectively. The ex situ resistivity values in the case
of type I are higher than the in situ values for films thinner
than 300 nm �Fig. 9�a��. This difference can be attributed to
aging of these films, known to be porous �the ex situ mea-
surements were performed a few months after the in situ

FIG. 9. �Color online� Comparison between the optical resistivity, as deter-
mined from ex situ and in situ SE ��opt�, and the electrical resistivity, deter-
mined from four point probe, both as-measured ��eff� and corrected ��� for
�a� type I �pyramidlike� and �b� type II �pillarlike� AZO films.
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ones�. The film porosity normally leads to water uptake when
exposed to atmosphere, influencing the optical constants of
the film in the visible region �increase in refractive index54�,
but could also lead to a change in the Drude parameters in
the near infrared region. The film aging detected by the
Drude modeling, however, can imply that part of the aging
occurs within the grain, i.e., the AZO matrix oxidizes and
therefore the oxygen trap density increases.

2. Electron concentration and mobility

The SE electron concentration and mobility were calcu-
lated according to Eqs. �6b� and �6c� from Sec. II B and
compared with the Hall measurements. The electron concen-
tration Nopt�d� is independent of the film thickness, indicat-
ing constant intrinsic quality of the material for both types of
films �Fig. 10�.55 An electron effective mass value of 0.28me

was used.14,26 The choice of this value is validated by the
agreement shown by the electron concentration values deter-
mined from SE and Hall, shown in Fig. 10, under the as-
sumption that all electrons contributing to conduction are
inside the grains.14

The effective mobility �eff�d�, determined from the Hall
measurements, reflects the resistivity behavior with thick-
ness: it is constant for the films with pillarlike structure �Fig.
11�b�� and shows a strong gradient for the films with pyra-
midlike structure �Fig. 11�a��. As shown in Fig. 11�a�, the SE
mobility is much higher than the Hall mobility for type II
films, indicating that the electron conduction is grain bound-
ary limited. The same occurs for type I films for film thick-
nesses below 1 �m �Fig. 11�b��. Similar results have been
obtained by other groups14,56 and indicate that the electron
conductivity in these films is mainly limited by grain bound-
ary scattering. This limitation is reduced during the growth

of the films with pyramidlike structure, due to the grain de-
velopment. For type I films thicker than 1 �m, the differ-
ence between the two values is still visible, despite the well-
developed grains. Similar to the observation on resistivity,
this difference can be explained by the fact that the effective
mobility is an integrated value over the film thickness. As a
result, the values for thick films are reduced under the influ-
ence of the underneath layers. The corrected values of the
electrical mobility, following a similar calculation as for the
resistivity of type I films, are given by the relation

��d� = �a + 1��eff�d� , �12�

with a=2.2�0.5, which, as seen in Fig. 11, lead to similar
values to the SE mobility, for films thicker than 1 �m,
showing that, in this case, the electron conduction is limited
by the intrinsic properties of the material. For type II films
this correction is not necessary, due to the relatively constant
grain development.

The lower SE mobility for type II films, i.e.,
�50 cm2 /V s compared with excellent values of
�100 cm2 /V s for type I, suggests that the impurity content
of the grains is higher in the first case.57 AlOx islands are
commonly believed to be formed in the AZO films36 al-
though very few studies on the forms of Al incorporation
have been reported so far.58 In our case, type II films contain
higher amounts of Al than type I �Table I�. About 80% of the
Al incorporated in type II films is electrically inactive, com-
pared to only 4% in the case of type I films.11 The inactive Al
could be generated from AlOx islands embedded in the ZnO
matrix. If we correlate this with the lower in grain mobilities
in the case of type II films, we can speculate that AlOx might

FIG. 10. �Color online� Comparison between the electron concentration
determined by SE �Nopt� and Hall �NHall� measurements for �a� type I �pyra-
midlike� and �b� type II �pillarlike� AZO films. �Note: the very thin films �
�300 nm� could not be measured with the Hall setup.�

FIG. 11. �Color online� Comparison between the electron mobility deter-
mined by SE ��opt� and Hall, both as-measured ��eff� and corrected ��� for
�a� type I �pyramidlike� and �b� type II �pillarlike� AZO films. �Note: the
very thin films ��300 nm� could not be measured with the Hall setup.�
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incorporate within the grains, while other impurities, such C
or H, present in both types of films, could be segregated
mainly at grain boundaries.

Again, similar to resistivity, the comparison between in
situ and ex situ SE results point out the decrease of the mo-
bility determined by ellipsometry when the films are exposed
to the atmosphere for a long time, due to aging effects. This
observation is not valid for the pillarlike films, which are
denser and, therefore, less sensitive to air exposure.

In order to distinguish between the impurity and grain
boundary scattering effects, Mathiessen’s rule59 can be ap-
plied, to a good approximation,60 for the polycrystalline ZnO
films

1

�
=

1

�i
+

1

�gb
, �13�

where �i=�opt accounts for the scattering mechanisms tak-
ing place in the grains �intrinsic mobility�, while �gb ac-
counts for the effect of the grain boundaries on the electron
mobility.

In Fig. 12 the ��300 nm� and �NHall� are plotted as a
function of the rms roughness values resulted from the AFM
measurements �used here as a measure for the grain size�.
The �� /� is practically independent of the grain size, while
�gb scales with it, in the case of type I films. This confirms
the fact that the intrinsic properties of the material are con-
stant and gives an indication of the grain size influence on
the electron mobility. In the case of type II films, we chose
not to show the dependence of the mobility of the grain size
because the rms values are relatively constant �see Fig. 8� in
the thickness range of the measured films, i.e., larger than
300 nm. More precise lateral grain size measurements, which
could account for the small grain development, are necessary
for these films.

IV. CONCLUSIONS

In this work in situ and real time VIS-NIR spectroscopic
ellipsometry was applied to monitor and discern the growth
modes of the Al-doped ZnO films deposited by remote PE-
MOCVD. After a careful comparison between the optical
analysis, the outcome of other ex situ diagnostic tools and
literature studies on ZnO, it can be concluded that the
Cauchy–Drude is an appropriate optical model to describe

the optical properties of ZnO in the studied wavelength
range.

The identification of the growth mode could be per-
formed real time by monitoring the thickness development in
the initial growth stage and the roughness evolution during
film growth. By applying a simple Cauchy model in the vis-
ible wavelength region differences between the pyramidlike
�type I� and pillarlike �type II� AZO films could be identified:
a slower growth rate was observed for the pyramidlike films
during the initial phase compared to the bulk, while the pil-
larlike films exhibited a linear increase in thickness at all
stages of growth. A saturation behavior in the roughness evo-
lution for films thicker than 150–200 nm was observed for
the pyramidlike structure, while for pillarlike films the
roughness scales linearly with the film thickness. The rela-
tion between these differences and the two growth modes
was validated by comparison with ex situ measurements,
such as TOF-SIMS �initial growth� and AFM �roughness�.

In the near infrared region, where free carrier absorption
is present, spectroscopic ellipsometry was employed to probe
the in grain electronic properties of the material. The results
obtained from the Drude model demonstrate excellent in
grain mobility values, i.e., above 100 cm2 /V s �type I� and
50 cm2 /V s �type II�, independent of the film thickness.
These values are much higher than the ones provided by the
Hall measurements, which indicates that the limiting factor
for the electron transport in these films is the scattering at
grain boundaries.

Summarizing, the results presented in this article illus-
trate that spectroscopic ellipsometry is a useful tool for real
time monitoring and predicting the growth mode of Al-doped
ZnO films. Moreover, the SE studies in the near infrared
region suggest that an increase in the grain size, leading to a
decrease in the number of grain boundaries could lead to
further improvement of the electrical properties of our mate-
rial, especially in the case of the pillarlike films. The lower in
grain mobility values exhibited by the type II layers show
that there is also room for improvement in the intrinsic prop-
erties of the material �impurities, doping level, etc.�. For the
pyramidlike films, on the other hand, good electrical mobil-
ity values, close to the optical ones, are reached at the top of
the film for film thickness above 1 �m, due to the well-
developed grains. For these films, further studies should be
focused mainly on increasing the grain size at initial stages
of growth in order to limit the gradient development and,
thus, improve the sheet resistance.
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