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Abstract This study on ALD grown ZnO layers is aimed

at the systematic study of the effect of incorporation of

different Al contents on the properties of the layers. An

alternate precursor pulse method was used for layer

deposition. Optimal doping was achieved at 210 �C at

2 at% Al content. A relationship between crystalline

morphology versus temperature and aluminium incorpo-

ration was established.
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Introduction

In most nanostructured thin film solar applications, there is

a stringent need for the limitation of thermal budget.

Recent advancement in polymer-based solar cells stresses

this requirement even more, and restricts the maximum

applicable temperature to\250 �C. This is another reason,

why the usual Indium tin oxide (ITO) transparent con-

ductive oxide (TCO) electrode is replaced by doped ZnO.

This layer is preferably deposited by PVD methods, RF or

reactive sputtering of an alloyed target. Another vacuum-

compatible alternative could be the use of atomic layer

deposition (ALD) of ZnO, especially when the require-

ments for conformality are essential, as in the case of, e.g.

thin buffer layers. The adjustment of the conductivity of

this TCO or buffer layer is, however, not obvious, since the

introduction of sufficient amount of substitutional Al do-

pants into the ZnO matrix is a thermal budget limiting step

as well.

The ALD is a self limiting layer growth method which

consists of consecutive cycles of saturating surface reac-

tions. The operation principle is based on a pulse-like

introduction of precursor gases into the vacuum chamber,

and their subsequent chemisorption on the heated substrate.

Between the precursor pulses, the reactor is purged by an

inert gas. Subsequently, the second precursor is introduced,

and the reaction forms the conformal monolayer of the

grown compound on the saturated surface. Under these

circumstances the growth is stable, and the growth rate is

constant [1–3].

TCOs are crucial for a number of applications, such as

TFTs, solar cells, LEDs, field emitters, optoelectronic and

electronic devices and transparent electronics. ZnO is a

very popular TCO material because of its high melting

point, chemical stability, direct band gap of 3.37 eV and

high exciton binding energy (60 meV) [4]. In photovoltaic

applications, ZnO is used as a buffer layer, or, when doped,

as TCO.

The most widespread approach to increase the conduc-

tivity of ZnO is by doping with trivalent atoms, e.g. Al.

This approach has made it possible to decrease the resis-

tivity of sputtered layers to the minimum range of

10-4 X cm. [5] On the other hand, ALD ZnO films have an

intrinsic resistivity of *10-2 X cm, also depending on a

number of deposition parameters. This low value is

believed to be the result of the presence of Zn interstitials,

oxygen vacancies and hydrogen contamination [6, 7].

However, this resistivity can only be reduced by two orders

of magnitude at the most by Al doping.

Between 100 and 200 �C growth temperature, the

resistivity of intrinsic ZnO decreases monotonically.
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Surprisingly, in this range both the electron mobility and

the carrier concentration decrease at the same time,

although generally increasing concentration is associated

with decreasing mobility. The reason for this opposite

effect in ALD ZnO may be the consequence of the

improved crystal structure of the layers obtained at ele-

vated deposition temperature [8–12].

According to the literature, the orientation of intrinsic

ALD ZnO depends on the deposition temperature.

According to [12, 13], the preferential orientation of the

c axis changes from parallel to perpendicular to the sub-

strate at increasing temperature, whilst the opposite con-

clusion may be drawn from [8, 9]. Epitaxial layer growth of

ZnO was only reported on GaN [5, 14].

The effect of Al doping in the ALD process has not been

studied extensively. It was reported that the lowest resis-

tivity could be achieved with an Al content of 1.5–2 at%.

At higher concentrations the mobility decreases, but the

layers maintain their conductivity up to an Al concentration

as high as 10 at%. Between 10 and 16 at%, the resistivity

increases again, and small AlOx grains are formed in the

layers. The crystallinity of the doped ZnO deteriorates,

they may even become amorphous. Although it was sug-

gested that doping efficiency may correlate with the ALD

growth temperature [15–18], so far no detailed investiga-

tion was conducted on the subject.

This study attempts to elucidate upon the above uncer-

tainties in ALD ZnO growth.

Experimental

Doped and undoped ZnO layers were deposited in a

Picosun SUNALETM R-100 type ALD reactor. Diethyl-

zinc (DEZn) precursor was used for the deposition of ZnO,

and trimethyl-aluminium (TMAl) as source of Al dopant.

The source of oxygen was in both cases H2O vapour.

All precursors were electronic grade purity and kept at

room temperature. The carrier gas and purging medium

were 99.999% purity nitrogen. During deposition, the

pressure in the chamber was 15 mbar. Flow rates of the

precursor gases and water were 150 sccm. The pulse time

of all precursors was 0.1 s, the purging times were 3 s after

each metalorganic precursor pulse, and 4 s after the water

pulses.

(100) Si wafers with 10–15 X cm resistivity and 3-mm

thick soda lime glass were used as substrates. They were

cleaned in cc.HNO3 and high purity water.

One deposition cycle consisted of a DEZn or TMAl

pulse, then a purge, followed by a water pulse, then a purge

again. Using sequences of these cycles, the following Al–

ZnO layers of different doping levels were prepared

(Table 1).

The layers were deposited at seven different substrate

temperatures between 120 and 300 �C. The 150 �C series

consisted of samples with 12 different doping levels.

After the deposition, on the coated substrates of identi-

cal dimensions, electrical contacts were fabricated on the

glass samples using silver paste. The sheet resistivities

were measured in the Van der Pauw configuration. The

thickness of the samples was determined by spectroscopic

ellipsometry, and the respective spectra were evaluated

with the Cauchy model. Crystal structure and orientation

were examined by XRD using Philips PW 1050

diffractometer.

Results and discussion

Figure 1 shows the growth rates at different temperatures

and different doping levels. The growth rate versus

T curves have a maximum at around 150 �C, which cor-

responds to the location of the ZnO ALD window descri-

bed in the literature [10]. The growth rate also correlates

with the amount of the introduced Al, i.e. it decreases with

increasing Al content. These general characteristics are

similar at each growth temperature. The growth is slowing

Table 1 Deposition recipes for doped Al:ZnO layers

Deposition cycles Atom%

500 layers ZnO 0

15 cycles of (30 layers ZnO ? 1 layer AlO) ? 30 layers ZnO 1.53

21 cycles of (21 layers ZnO ? 1 layer AlO) ? 21 layers ZnO 2.17

30 cycles of (15 layers ZnO ? 1 layer AlO) ? 15 layers ZnO 3.03

40 cycles of (11 layers ZnO ? 1 layer AlO) ? 11 layers ZnO 4.07

48 cycles of (9 layers ZnO ? 1 layer AlO) ? 9 layers ZnO 4.91
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down by increasing Al incorporation, since the AlOx has to

nucleate on ZnO surface and vice versa [16].

Figure 2 summarizes the specific resistivity of the layers

as a function of the Al content and substrate temperature.

We found that the aluminium incorporation up to a certain

amount of Al content decreases the resistivity of zinc-oxide

layers, and above that threshold value the resistivity starts

to increase again.
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The same experiment was repeated at six characteristic

doping levels and six different deposition temperatures, so

that the dependence of specific resistivity on both the

temperature and the doping could be obtained. Our findings

are shown in Fig. 2a, b, c. The two-dimensional surface in

Fig. 2a shows the specific resistivity versus doping level

and temperature, whilst Fig. 2b and c are projections of this

surface.

The conductivity of the intrinsic ALD ZnO decreases

between 120 and 210 �C in agreement with the literature

data [9, 11, 12, 19]. The minimum of the intrinsic con-

ductivity—as can be seen in Fig. 2b—is at 180 �C and its

value is 4.7 9 10-3 X cm. Above 210 �C, the resistivity

starts to increase again. As it can be seen in Fig. 2b, at a

given level of doping the temperature dependence of the

resistivity follows a ‘‘bathtub curve’’. All of these curves

have their minimum around 210 �C. The doping effect

increases with temperature (as proposed in [15–18]) up to

this region, beyond this, the resistivity increases again. The

doping has a maximum efficiency at around 210 �C.

Plotting the resistivity against aluminium concentration

at a given temperature results a similar picture. Compared

to the intrinsic value, the resistivity first drops then reaches

its minimum at 1.5–2.5 at%, then at higher Al levels it

increases rapidly again.

It can also be seen from Fig. 2, that the doping effi-

ciency (i.e. the ratio of electrically active vs. incorporated

Al) is also affected by the temperature.

To investigate the physical background of these changes

in resistivity, we also performed Hall measurements. In

Fig. 3a, we can see the mobility and the carrier concen-

tration as a function of the deposition temperature in the

case of the intrinsic samples. As opposed to [12], we found

that the carrier concentration grows with the increasing

deposition temperatures, then passing a maximum, in the

same region where the resistivity has its minimum, and

then it falls again. At the same time mobility decreases

throughout the whole temperature range.

In Fig. 3b, the typical dependence of the mobility and

the carrier concentration on aluminium content is shown

for the 150� C series. The carrier concentration increases

monotonically and the mobility decreases as a function of

aluminium content. Although the aluminium incorporation

occurs in a form of Al2O3 doping, a fraction of the Al

proportional to the Al2O3/ZnO ratio is still incorporated as

an electrically active dopant.

Figure 4 summarizes the XRD characterization results

of our samples. Two characteristic SEM micrographs are

also presented, reflecting the two preferential crystalline

orientation in the ZnO layers. These are the (100), when

the c axis of the ZnO unit cell is parallel with the sub-

strate, and the (002), where the c axis is normal to the

surface.

At every deposition temperature, the samples with the

highest aluminium content of 5 at% and the intrinsic ones

were analyzed and characterized in Table 2. The crystal

structure is evidently influenced by the deposition tem-

perature as well as by the doping level. All samples are

comprised of polycrystalline ZnO, and no separate Al2O3

phase is visible. The samples deposited at higher temper-

atures have more pronounced crystallinity. The intrinsic

ZnO grains have a dominant (100) orientation at 120 �C,

that is, the c axis of the ZnO unit cell is parallel with the

substrate. In the layers deposited at higher temperatures,

the (002) orientation appears. In the sample prepared at

210 �C, both orientations are equally present. Above this

temperature gradually the (002) orientation takes over, and

in the layer deposited at 300 �C, the (002) orientation

prevails. This trend is in agreement with the literature [12].

At the same time, the aluminium doping also plays a

crucial role in determining the crystal structure and orien-

tation. Al doping decreases the lattice constant at all tem-

peratures (compressive strain), at higher temperatures this

effect is more pronounced. The aluminium incorporation

decreases the grain size and changes the preferred
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orientation. In the doped samples deposited at the lower

temperatures, a (100) orientation is dominant, but not as

much as in the undoped case. With increasing deposition

temperature, in the intrinsic samples, the (002) orientation

appears, whilst in the doped ones, the (101) orientation

becomes apparent. Finally, at the highest deposition tem-

perature, whilst in the intrinsic samples, the (002) orientation

becomes dominant, in the aluminium doped ones, no pre-

ferred orientation can be detected, and the grain size

becomes very small (which was also confirmed by the TEM

analysis).

A summary of the XRD measurements can be seen in

Table 2.

A spectroscopic ellipsometry study of our samples was

also conducted using the Cauchy evaluation method, and

thus we received refractive indices and thickness data of

the layers at the same time.

Figure 5 shows the real part of the refractive index

plotted against the atomic percent of the incorporated Al.

All of the measured results from samples deposited at

different temperatures follow a linear tendency within a

narrow range. The refractive index decreases with
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Table 2 Summary of the XRD findings

Intrinsic 4.9 at%

120� Small grain size; typical orientation: (100) No pronounced orientation, (100) apparent

150� (100) dominant No pronounced orientation, (100) apparent

180� (100) orientation even more dominant Beside the (100) orientation (101 appears)

210� Besides (100) (002) becomes more apparent (100) and (101)

240� Better crystalline structure. (100) and (002) No orientation, very small grains.

270� (002) more dominant than (100) and (101), but all of them are present. No orientation, very small grains.

300� (002) orientation No orientation, very small grains.
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aluminium incorporation, but does not depend on the

deposition temperature. The refractive index of the intrin-

sic ZnO is in agreement with the literature data, whilst that

of Al2O3 is 1.7. Therefore, we may say that with the

incorporation of the aluminium, the refractive index of the

layer is shifted towards that of Al2O3. The layers behave

like a mixture of ZnO and Al2O3. As the XRD results

reflect no phase separation, there are no Al2O3 grains

present in the sample. The layers can thus be described as a

homogeneous mixture, a solid solution.

Conclusions

We developed an ALD process for the in situ Al doping of

ZnO. The procedure consists of periodic alternate injection

of Al-precursor pulses intermixed with the sequences of

Zn-precursor pulses. The specific resistances of the ALD

Al:ZnO layers were evaluated as a function of the intro-

duced atomic fraction of Al (i.e. number of Al-precursor

pulses) and temperature. It was found that both the tem-

perature and doping dependence of the resistivity develop a

minimum: The optimal doping of the ALD deposited Al–

ZnO is obtained around 2 at% at 210–240 �C substrate

temperature.

Spectroscopic ellipsometry results show that the majority

of aluminium is present in the form of Al2O3, however, not in

a separate phase (as verified by XRD). The layers are rather

homogenous mixtures of ZnO and Al2O3. The electrically

active fraction of the Al content is sufficient to reduce the

resistivity of the layers by two orders of magnitude.

The preferred crystalline orientation of the layers

depends on the deposition temperature and the aluminium

concentration as well. The aluminium incorporation redu-

ces the grain size in the layers.
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