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This work elucidates the effect of the dopant aluminum on the growth of magnetron-sputtered alu-

minum-doped zinc oxide (ZnO:Al) films by means of a seed layer concept. Thin (<100 nm), highly

doped seed layers and subsequently grown thick (�800 nm), lowly doped bulk films were deposited

using a ZnO:Al2O3 target with 2 wt. % and 1 wt. % Al2O3, respectively. We investigated the effect

of bulk and seed layer deposition temperature as well as seed layer thickness on electrical, optical,

and structural properties of ZnO:Al films. A reduction of deposition temperature by 100 �C was

achieved without deteriorating conductivity, transparency, and etching morphology which renders

these low-temperature films applicable as light-scattering front contact for thin-film silicon solar

cells. Lowly doped bulk layers on highly doped seed layers showed smaller grains and lower sur-

face roughness than their counterpart without seed layer. We attributed this observation to the bene-

ficial role of the dopant aluminum that induces an enhanced surface diffusion length via a

surfactant effect. The enhanced surface diffusion length promotes 2D-growth of the highly doped

seed layer, which is then adopted by the subsequently grown and lowly doped bulk layer.

Furthermore, we explained the seed layer induced increase of tensile stress on the basis of the grain

boundary relaxation model. The model relates the grain size reduction to the tensile stress increase

within the ZnO:Al films. Finally, temperature-dependent conductivity measurements, optical fits,

and etching characteristics revealed that seed layers reduced grain boundary scattering. Thus, seed

layers induced optimized grain boundary morphology with the result of a higher charge carrier mo-

bility and more suitable etching characteristics. It is particularly compelling that we observed

smaller grains to correlate with an enhanced charge carrier mobility. A seed layer thickness of 5 nm

was sufficient to induce the beneficial effects. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4926735]

I. INTRODUCTION

Transparent conductive oxides (TCOs) combine electri-

cal conductivity and transparency in the visible range. These

unique properties result in a wide variety of applications

such as low-emissivity, electrochromic, and smart win-

dows,1,2 as well as optoelectronic devices such as flat panel

displays,3 organic light emitting diodes, and solar cells.4–6

A prominent TCO representative is aluminum-doped

ZnO (ZnO:Al). It consists of abundant and non-toxic ele-

ments. ZnO:Al is applied in thin-film silicon7,8 and chalco-

pyrite based solar cells9,10 as transparent front contact. The

application as front contact requires high conductivity and

transparency. Furthermore, the contact layer needs to be tex-

tured particularly with regard to the application in thin-film

silicon solar cells.8,11,12 The textured surface induces an

elongated light path within the thin absorber layer that facili-

tates absorption. As a result, short-circuit current density and

thus the solar cell’s conversion efficiency increase. Besides

self-textured TCOs such as SnO2:F or ZnO:B,13 textured

contact layers are produced by a post-deposition etching step

of sputter-deposited ZnO:Al.7,14,15

To ensure an etching morphology with appropriate light

scattering properties, a careful adjustment of ZnO:Al

deposition parameters such as pressure, temperature,16 film

thickness,17 and target doping concentration (TDC)8 is

needed. However, conflicting requirements in terms of

ZnO:Al deposition conditions prevail since conductivity,

transparency, and surface texture need to be optimized simul-

taneously. This contribution addresses the tradeoff between

deposition temperature and TDC. The most suitable TDCs in

terms of transparency are 0.5–1 wt. % of Al2O3.8 Yet, these

lower TDCs as compared to the standard TDC of 2 wt. %

need elevated deposition temperatures in order to obtain a

suitable etching morphology and a high charge carrier mobil-

ity that compensates the lower charge carrier concentration.

We have chosen a seed layer concept in order to reduce

the deposition temperature of ZnO:Al layers sputtered with

low TDCs because various seed layer approaches have been

shown to ameliorate ZnO growth.18–21

K€ohl et al. used ion beamed assisted sputtering to

improve the c-axis orientation of ZnO deposited at room

temperature.18,19 The Xeþ ion bombardment induced highly

oriented grains already in the nucleation stage of the growth

process via an atomic peening mechanism.22,23 A competi-

tive growth mode of the subsequently deposited layer was

suppressed without further ion bombardment because the

film adopted the preferential orientation of the seed layer.

Dewald et al. aimed at producing suitable ZnO:Al layers

for solar cell applications with high deposition rate processesa)j.huepkes@fz-juelich.de
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using direct current (dc) sputtering.20 However, a simple dc-

process did not yield the desired results especially with

regard to the etching morphology. Therefore, they applied a

low rate, radio frequency (rf) sputtering process to deposit a

thin seed layer knowing that the rf-process leads to films

with suitable etching morphology. Indeed, dc-sputtered films

deposited on top of rf-grown layers showed appropriate etch-

ing characteristics and improved electrical properties.

Claeyssens et al. deposited ZnO films by pulsed laser

deposition (PLD) using a high-temperature seed layer.21

Increasing the deposition temperature to a certain limit

improved the grain orientation and crystal structure.

Therefore, they applied an optimized high-temperature seed

layer whose ameliorated film structure determined the fur-

ther low-temperature ZnO growth.

The seed layer used in this work consisted of a thin layer

sputtered from a target with TDC of 2 wt. %. Subsequently, a

lowly doped bulk layer was deposited using a TDC of 1 wt. %.

This approach aims at combining the low deposition tempera-

tures of highly doped ZnO:Al (TDC¼ 2 wt. %) with the high

transparency of lowly doped ZnO:Al (TDC¼ 1 wt. %) while

maintaining high conductivity and appropriate etching

morphology.

The objectives of this contribution are fourfold:

(1) We will prove that the above proposed seed layer

approach is in fact applicable to reduce ZnO:Al deposi-

tion temperature without deteriorating electro-optical

and etching properties.

(2) We will elucidate the effect of aluminum for ZnO:Al

growth.

(3) Tensile stress within the ZnO:Al films will be explained

by a reduction of grain size.

(4) We will show that the charge carrier mobility in films

with and without seed layer is limited by different scat-

tering mechanisms. Based hereupon, we provide evi-

dence for the counterintuitive hypothesis that smaller

lateral grain sizes in our ZnO:Al films led to higher

charge carrier mobility.24

II. EXPERIMENTAL DETAILS

ZnO:Al seed layers were deposited in a magnetron

sputtering system (Lesker Inc., USA) in static radio fre-

quency mode from a ceramic target with a TDC of 2 wt. %

Al2O3. ZnO:Al bulk layers were dynamically deposited in a

vertical inline sputter deposition system (VISS 300, VAAT,
Germany) from a ceramic target with a TDC of 1 wt. %

Al2O3 using radio-frequency excitation. Bulk layer growth

on various seed layers was conducted in a single deposition

process to assure good comparability. The systems’ base

pressure was about 2� 10�7 mbar. The temperatures pre-

sented in this paper are heater temperatures. For both depo-

sition systems, substrates temperatures were roughly two

third of the heater temperatures. The deposition pressure

was 0.3 Pa in the case of seed layers and 0.1 Pa for bulk

layers. All layers were prepared on cleaned glass substrates

(Corning Eagle XG). Etching of ZnO:Al was performed in

0.5 wt. % hydrochloric acid (HCl).

We measured the layer thickness with a surface profiler

(Dektak 3030, Veeco, USA). Electrical properties were deter-

mined by Hall effect measurements in van der Pauw

geometry. Room temperature measurements were performed

in a commercial setup RH2030 (PhysTech, Germany).

Temperature-dependent Hall effect measurements relied on

a home-made experiment using liquid nitrogen. A magnetic

field of 2.1 T was used. Further details about this measure-

ment setup can be found elsewhere.25

The surface morphology was investigated by scanning

electron microscopy (SEM) in a LEO 1550 VP GEMINI
(Zeiss, Germany) and by atomic force microscopy (AFM) in

a Nanostation 300 (SIS, Germany) using contact mode. Tips

with radii smaller than 10 nm were used to resolve smallest

features. At least three images were recorded for every sam-

ple. Post-processing and the computation of the root mean

square (rms) roughness and the height-height correlation

length (HHCL) of the surfaces were conducted with the pro-

gram Gwyddion. Post-processing steps of the raw data com-

prised (1) leveling by mean plane subtraction, (2) correcting

lines by matching height median, and (3) the removal of a

polynomial background with a maximum polynomial degree

of two. The HHCL was deduced from a Gaussian fit of the

height-height correlation function. SEM images of etched

ZnO:Al layers were recorded using a sample tilt of 45� to get

a better 3D impression of the sample surface.

Optical transmittance T and reflectance R of flat films

have been measured with a dual beam spectrometer Lambda
950 (Perkin Elmer, USA). The absorptance A has been calcu-

lated using the relation A¼ 1�T�R.

For structural investigations, x-ray diffraction (XRD)

measurements in Bragg-Brentano (BB) and rocking curve

(RC) geometry were performed using a diffractometer D8
Advance (Bruker).

Microcrystalline silicon (lc-Si:H) solar cells were pre-

pared by plasma enhanced chemical vapour deposition

(PECVD) to investigate the performance of ZnO:Al with

seed layer approach in solar cells. Details of this process can

be found elsewhere.26,27 Sputtered ZnO:Al and silver were

used as back contact. I-V measurements were performed in a

class A sun simulator under AM1.5.

Modeling of transmittance and reflectance spectra has

been performed with the program SCOUT28 using a har-

monic oscillator, a modified Drude model, and an O’Leary-

Johnson-Lim (OJL) model. The modified Drude model com-

prised a frequency-dependent damping factor

CDr xð Þ ¼ CL �
CL � CH

p
arctan

x� XCDr

CCDr

� �
þ p

2

� �
; (1)

which is described by the low-frequency (CL, x¼ 0) and

high-frequency (CH, x¼1) damping factors, the change-

over frequency XCDr and the function width CCDr. More

details about this model approach can be found in Mergel

et al.29 and Qiao et al.30

We can derive the resistivity

qopt ¼ ½e0 X2
DrCDrðXDrÞ��1

(2)
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by the modeling of optical spectra. Here, XDr and CDr(XDr)

denote the plasma frequency and the damping frequency,

respectively. e0 is the vacuum permittivity. Instead of qopt,

most authors compute the mobility lopt.
29–40 The determina-

tion of lopt by modeling of optical spectra requires the effec-

tive mass m*, whereas the resistivity qopt can be evaluated

without knowing m*. As the effective mass is prone to con-

siderable uncertainties,30,35,36,40 we will focus on the resis-

tivity qopt. Error bars were obtained by fitting the same

spectrum several times with different starting conditions.

Note furthermore that we evaluated the damping frequency

CDr at the plasma frequency XDr to obtain qopt, whereas sev-

eral authors determined lopt or qopt by using the low-

frequency damping constant CL.37–41 Our evaluation is in

line with the original publication of Mergel et al.29 and we

will see that the obtained resistivity values are reasonable

within the general understanding of conductivity in the

investigated material.

III. RESULTS

Three different parameter series have been performed to

evaluate the seed layer impact on the subsequently grown

bulk layer. First, the process temperature during bulk deposi-

tion Tbulk was varied keeping the seed layer constant.

Second, seed layer deposition temperature Tseed and, third,

seed layer thickness dseed were changed using the same bulk

deposition parameters.

A. Bulk layer: Temperature variation

We evaluated the influence of Tbulk on electro-optical

and etching properties of sputtered ZnO:Al grown on seed

layers. The deposition conditions for the seed layer sputtered

from a target with TDC¼ 2 wt. % remained constant for the

following evaluation. Tseed and dseed were 250 �C and 40 nm,

respectively. Tbulk was varied from 100 �C to 430 �C. The

bulk layer thickness was approximately 800 nm.

The electrical properties of bulk layers deposited at vari-

ous temperatures with and without seed layer are summar-

ized in Table I. For Tbulk¼ 100 �C, Tbulk¼ 200 �C, and

Tbulk¼ 430 �C, the seed layer influenced charge carrier mo-

bility and concentration only very slightly. In contrast, for

Tbulk¼ 300 �C, we noticed a significantly higher charge car-

rier mobility and concentration for samples with seed layer

in comparison to samples without seed layer. The severe

mobility gap is predominantly caused by the mobility drop

of the sample without seed layer. The seed layer prevented

this mobility drop. Note that we also reported on the afore-

mentioned mobility gap in another publication.42

Figure 1(a) shows the transmittance and absorptance of

smooth films deposited at various Tbulk. In the wavelength

range close to the band gap around 400 nm, the absorptance

shifted to longer wavelengths due to a decrease of carrier

concentration (confirmed by Hall measurements, see Table I)

resulting in a Burstein-Moss shift. A slight change in the

slope of the curves, however, hints to additional sub band

gap absorptance probably related to additional defects

caused by the lower Tbulk.43 In general, the absorptance of

samples employing a seed layer in combination with low

deposition temperatures was higher in the wavelength range

between 350 nm and 600 nm in comparison to the high-

temperature reference (Tbulk¼ 430 �C) without seed layer.

Yet, the seed layer induced lower absorptance compared to

films deposited at the same Tbulk but without seed layer (see

Fig. 1(b)). Indeed, the absorptance reduction was to a large

fraction determined by the lower sub band gap absorptance

as can be deduced from the steeper slope of the seed layer

curves.

Figure 2 shows the morphology after etching for 40 s in

dilute HCl. The films without seed layer showed a surface

with small, grainy structures except for Tbulk¼ 430 �C. We

determined the grainy surface texture to be of type A after

the modified Thornton model of Kluth et al.16 The applica-

tion of seed layers induced a crater-like morphology already

for Tbulk as low as 100 �C. The crater-like surface texture,

also called type B following Kluth et al., was fully developed

for Tbulk exceeding 200 �C.

B. Seed layer: Temperature variation

We selected Tbulk¼ 300 �C in order to investigate the

influence of Tseed on the subsequently deposited bulk layer.

Bulk layers grown at Tbulk¼ 300 �C in conjunction with seed

layers offered reasonable optical and etching properties.

TABLE I. Charge carrier mobility and concentration for four different bulk

deposition temperatures Tbulk with and without seed layer. Seed layer depo-

sition parameters were: dseed¼ 40 nm, Tseed¼ 350 �C.

Mobility,

l [cm2/Vs]

Carrier concentration,

n � 1020 [cm�3]

Temperature,

Tbulk [�C] Seed No seed Seed No seed

100 27.1 27.3 2.6 2.8

200 32.5 30.3 3.2 3.5

300 36.0 17.4 4.5 3.9

430 46.4 46.4 5.3 5.6

FIG. 1. Transmittance and absorptance of ZnO:Al layers: (a) Bulk layers de-

posited at three different Tbulk in combination with a seed layer (dseed¼ 40 nm,

Tseed¼ 350 �C) were measured. (b) Bulk layers using Tbulk¼ 300 �C were de-

posited with and without seed layer. For comparison, both graphs show a

standard high-temperature process (Tbulk¼ 430 �C) without seed layer.

035301-3 Sommer et al. J. Appl. Phys. 118, 035301 (2015)
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Also, the seed layers showed a prominent influence on the

electrical properties for the selected Tbulk. The seed layer

thickness was 40 nm. Tseed was varied from 250 �C to 450 �C
in 50 �C steps.

The influence of Tseed on electrical properties at room

temperature is summarized in Fig. 3. Charge carrier mobility

(a) and concentration (b), and resistivity (c) were determined

by Hall effect measurements. The resistivity was additionally

determined by optical fits in order to differentiate between

intra-grain scattering qg and inter-grain, i.e., grain boundary

scattering qgb. Following Matthiessen’s rule, both scattering

components add up to the total resistivity of the film

qtt¼qgþqgb. Hall effect measurements determine the film’s

total resistivity because the current is forced to flow through

grains and grain boundaries. In contrast, optical measure-

ments induce an electric field that causes the charge carriers

to oscillate within a few nanometers. As the average electron

path length is smaller than the grain size, the charge carriers

are mainly scattered within the grain and hardly at grain

boundaries.31,33,40 Thus, the determination of electrical prop-

erties using both techniques, Hall effect measurements and

optical fits, enables us to identify the relative fraction of

intra-grain and inter-grain scattering.

Application of seed layers induced a mobility increase of

more than a factor of 2 (Fig. 3(a)), e.g., the sample without

seed layer showed a mobility of 15 cm2/Vs, whereas a seed

layer grown at 350 �C resulted in a mobility of 35 cm2/Vs.

The carrier concentration (Fig. 3(b)) was higher for seed layer

samples. It increased with temperature up to 400 �C and then

dropped slightly. The Hall resistivity (Fig. 3(c), black squares)

was dominated by the increase of Hall mobility. It decreased

with the use of seed layers by a factor of 3. The optically

determined resistivity (Fig. 3(c), blue triangles), however,

decreased only by about 20%. The slightly changed intra-

grain resistivity implies seed layers to mainly influence grain

boundary scattering. Indeed, seed layers induced a reduction

of grain boundary scattering in the subsequently deposited

bulk layers. The share of resistivity attributed to grain bound-

ary scattering (red circles in Fig. 3(c)) decreased by a factor

of 4 when a seed layer grown at 350 �C was applied.

Figure 4 shows the temperature-dependent conductivity

of samples without (circles) and with seed layer grown at

350 �C (squares). The obtained data were fitted with a con-

ductivity model that takes into account three different scat-

tering mechanisms: ionized impurity, electron-phonon, and

grain boundary scattering. Ionized impurity scattering was

described by the theory of Brooks44 and Herring, and

Dingle.45 The analytical expression for the screening func-

tion was taken from Pisarkiewicz et al.46 We assumed the

films to be uncompensated. Values for the effective mass

FIG. 2. SEM images of etched ZnO:Al layers. Tbulk was varied from 100 �C
to 430 �C (top to bottom). References without seed layer (right column) and

samples with seed layers (dseed¼ 40 nm, Tseed¼ 350 �C, left column) were

co-deposited.

FIG. 3. Charge carrier mobility (a) and concentration (b), and resistivity (c)

for a sample without seed layer (open symbols) and samples with seed layer

(closed symbols). Black squares and blue triangles are data points derived

from Hall effect measurements and optical fits, respectively. In (c), we used

Matthiessen’s rule qtt¼qgþqgb to split up the resistivity derived from Hall

effect measurements (gþ gb) into the part belonging to the intra-grain scat-

tering (g) derived from optical fits and a part belonging to grain boundary

scattering (gb). Note that the gb-data are slightly shifted to assure better

clarity.

035301-4 Sommer et al. J. Appl. Phys. 118, 035301 (2015)
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were taken from Ruske et al.40 Electron-phonon scattering

was implemented by the Bloch-Gr€uneisen law.47–49 Grain

boundary scattering is described by quantum mechanical

tunneling of electrons through potential barriers at grain

boundaries. For this purpose, we adapted expressions from

Stratton.50,51 Note that the complete conductivity model

comprises of merely three fit parameters. The conductivity

model and, in particular, the electron tunneling at grain

boundaries will be described in more detail elsewhere.52

The seed layer sample showed a decreasing conductivity

with raising temperature. This temperature dependence is

characteristic for electron-phonon scattering. Note, however,

that the overall conductivity level was determined by ionized

impurity and grain boundary scattering. In contrast, the sam-

ple without seed layer could be fitted using the tunneling

model at grain boundaries only. Thus, the enhanced conduc-

tivity of the seed layer sample in comparison to the sample

without seed layer was due to a reduction of grain boundary

scattering. In conclusion, the temperature-dependent conduc-

tivity measurements underlined the hypothesis that the appli-

cation of seed layers significantly improved the charge

carrier transport across grain boundaries.

Figure 5 shows transmittance and absorptance of sam-

ples without seed layer and with seed layers deposited at

Tseed¼ 250 �C and Tseed¼ 450 �C. As already presented in

Section III A, the seed layer reduced the absorptance in the

wavelength range between 350 nm and 600 nm in compari-

son to the sample without seed layer. However, the absorp-

tance was not as low as for the high-temperature reference.

A higher seed temperature induced a slight absorptance

decrease. But this effect was not as pronounced as the effect

that was observed when comparing samples with and without

seed layer. In the long wavelength range above 800 nm, the

absorptance was governed by free carrier absorption and

therefore correlated with the carrier concentration.

Figure 6 shows SEM images of etched ZnO:Al films

with and without seed layers. Without seed layer, the surface

morphology was of type A.16 Applying a seed layer with

Tseed¼ 250 �C, a clear change of surface texture was found

compared to samples without seed layer. The texture shifted

to a crater-like morphology although craters are rather small.

However, increasing Tseed to 350 �C led to a crater-like sur-

face texture of type B. A further increase of Tseed did not al-

ter the surface texture.

The surface morphology of flat, unetched ZnO:Al layers

was measured with AFM. Figure 7 shows the rms roughness

(a) and HHCL (b) of seed and seedþ bulk layers. Red, open

symbols denote 40 nm thin films that were grown using bulk

layer deposition conditions. Generally, all samples exhibited

a lower rms roughness and HHCL than the reference sample

FIG. 4. Temperature-dependent conductivity measurements: A sample with-

out seed layer (circles) and a sample with seed layer deposited at 350 �C
(squares) were investigated. Red lines are fits using a conductivity model

comprising ionized impurity, electron-phonon, and grain boundary scatter-

ing. Grain boundary scattering was described by tunneling through potential

barriers at grain boundaries.

FIG. 5. Transmittance and absorptance of ZnO:Al layers. A sample without

seed layer (grey solid line) and two samples with seed layers (dotted and

dashed lines) deposited at Tseed¼ 250 �C and Tseed¼ 450 �C are shown. For

comparison, a standard high-temperature process (Tbulk¼ 430 �C) without

any seed layer is plotted as well (black solid line).

FIG. 6. SEM images of etched ZnO:Al layers. Tseed was varied from 250 �C
to 450 �C. Tbulk was 300 �C.
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without seed layer. Both quantities merely showed a small

decrease with increasing Tseed. Nevertheless, the overall

effect of the seed layer was pronounced. The rms roughness

of the bulk reference sample without seed layer was 18.1 nm,

whereas the rms roughness of the seed þ bulk sample with

seed layer deposited at 300 �C was determined to be 4.2 nm

only.

XRD measurements have been performed to evaluate

the influence of seed layers on crystallographic properties of

ZnO:Al films. Figure 7 shows the position (c) and the full

width at half maximum (FWHM) (d) of the (002) peak in BB

geometry. The FWHM of the (002) peak determined in RC

geometry is depicted in Fig. 7(e). We observed for seed (red

circles) and seed þ bulk (black squares) layers that an

increase of Tseed induced an increase of (002) peak position

and a FWHM decrease in BB and RC geometry.

The comparison of films with and without seed layer

revealed that the (002) peak position of the bulk layer with-

out seed layer (black, open square) was smaller by approxi-

mately 0.08� in comparison to the Tseed¼ 250 �C seed

þ bulk layer. Furthermore, seed layers showed for all tem-

peratures higher BB-FWHMs compared to the thin bulk sam-

ple, whereas the BB-FWHM of seed þ bulk films was

slightly smaller than for the sample without seed layer. All

seed layers exhibited higher RC-FWHMs than the thin bulk

layer film. In contrast, RC-FWHMs of seed þ bulk layers

were similar or smaller than their counterpart without seed

layer for Tseed exceeding 250 �C. Note, however, that the

RC-FWHM of the Tseed¼ 250 �C seed þ bulk film was more

than twice as high as for the bulk film without seed layer.

C. Seed layer: Thickness variation

The seed layer thickness dseed was varied from 5 to

100 nm. Tseed and Tbulk were fixed at 350 �C and 300 �C,

respectively.

Figure 8 shows the charge carrier mobility as a function

of dseed. A strong mobility increase was observed when

applying a seed layer of only 5 nm. Charge carrier concentra-

tions of all samples were in the range of 4.7� 1020 cm–3 to

4.9� 1020 cm–3 and did not show any trend related to dseed.

Figure 9 shows the surface morphology of etched

ZnO:Al films with dseed between 5 and 15 nm. One observes

a very similar crater-like texture irrespective of seed layer

thickness.

FIG. 7. Samples with (closed symbols) and without seed layer (open sym-

bols) were investigated by AFM (a), (b) and XRD (c)–(e) measurements.

AFM investigations comprised the measurement of rms roughness (a) and

HHCL (b). XRD investigations were performed in Bragg-Brentano and

rocking curve geometry. Bragg-Brentano: (002) peak position (c) and

FWHM (d). Rocking curve of (002) peak: FWHM (e). The 40 nm thin seed

layers (closed, red circles) and the 800 nm thick combination of seed and

bulk layers (closed, black squares) are shown. Bulk layer deposition condi-

tions were used to deposit a 40 nm thin layer (open, red circles) and a

800 nm thick film (open, black squares).

FIG. 8. Charge carrier mobility l for a sample without seed layer and films

with various seed layer thicknesses dseed. dseed was varied from 5 nm to

100 nm. Tseed and Tbulk were 350 �C and 300 �C, respectively.

FIG. 9. SEM images of etched ZnO:Al

layers. dseed was varied from 5 to

15 nm.
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Microcrystalline silicon (lc-Si:H) solar cells were de-

posited on etched ZnO:Al to demonstrate the seed layer con-

cept’s applicability as light-scattering front contact. The

results of seed þ bulk layers and a high-temperature refer-

ence (dseed ¼ 0 nm) are summarized in Table II. Solar cells

with comparable or even slightly higher conversion efficien-

cies g than the high-temperature reference could be achieved

on ZnO:Al with seed layer approach. Note that ZnO:Al dep-

osition temperatures of the seed layer approach were approx-

imately 100 �C lower than the high-temperature reference.

The open circuit voltage Voc of lc-Si:H solar cells on seed

þ bulk layers was significantly higher compared to the refer-

ence. The fill factor FF was similar for all samples, but there

was a small trend to higher fill factors for seed layers of 10

to 15 nm thickness. However, the short-circuit current den-

sity Isc of seed þ bulk layer samples was lower in compari-

son to the high-temperature reference. Moreover, the seed

þ bulk layer sample dseed¼ 5 nm exhibited lower Isc than the

seed þ bulk layer samples with dseed of 10 and 15 nm.

The enhancement of Isc with increasing seed thickness

appears to be in contradiction to our previous observation of

seemingly dseed-independent etching morphology. Although

the rather qualitative SEM evaluation of the surface did not

show an altered morphology as a function of dseed, the etch-

ing morphology might nevertheless has changed slightly

such that Isc increases (see, e.g., Jost et al.53). Note that it is

the aim of this contribution to present only a proof-of-con-

cept of our seed layer approach with regard to the application

in solar cells. A more detailed analysis of solar cell results

will be subject of future investigations.

Conclusively, one can state that a seed layer thickness

of 5 nm was sufficient to induce the beneficial effects with

regard to electrical, optical (data not shown here), and etch-

ing properties. A further increase of dseed up to 100 nm did

not alter the films’ properties significantly.

IV. DISCUSSION

In the following, the beneficial effect of aluminum for

the growth of aluminum-doped ZnO will be discussed in

terms of the surfactant concept. Furthermore, the seed layer

induced changes regarding intrinsic stress will be interpreted

using the grain boundary relaxation model (GBRM). Finally,

an explanation for the improved electrical properties, that go

along with the application of seed layers, will be presented

and generalized.

A. Aluminum as surfactant

Figure 7(a) shows a reduction of rms roughness with the

application of seed layers. The roughness reduction is inter-

preted as a transition from 3D- to 2D-growth. The transition

is attributed to the beneficial role of the dopant aluminum.

Other authors have also reported on the positive role of alu-

minum during growth of sputtered ZnO:Al.54–56 Aluminum-

doped ZnO films showed an improved (002) texture, an

increased crystalline quality, and reduced intrinsic stress.54,55

Furthermore, the rms roughness was lower for doped layers,

similar to our results.56 Boron-doped ZnO grown by low

pressure chemical vapor deposition (LPCVD) also showed

lower rms roughness compared to undoped films.57 In the

case of sputtered ZnO:Al, the authors speculate aluminum to

act as surface-active species (surfactant).58–60 Surfactants are

commonly applied during growth of III-V semiconductors to

suppress 3D-growth. Surfactants mainly alter the surface dif-

fusion length of the impinging atoms. Depending on the sur-

factant used, they can either increase or decrease the surface

diffusion length.60

In our case, we suspect aluminum to enhance the

surface diffusion length. Lower deposition pressures or

higher deposition temperatures increase the surface diffu-

sion length: the former because of additional energy

input into the film by means of higher ion bombardment

during growth,16,54,61 the latter due to an enhancement of

the thermal energy of adatoms.8,16 Furthermore, lower

deposition pressures or higher deposition temperatures

induce a shift of etching morphology from type A to

type B (see Kluth et al.16). Thus, lower deposition pres-

sures or higher deposition temperatures lead to an

enhanced surface diffusion length resulting in a change

of surface morphology from type A to type B. As seed

layers with higher aluminum concentration induced

exactly this change of surface morphology from type A

to type B, we conclude that the surfactant aluminum

enhances the surface diffusion length.

Note the interesting fact that higher deposition temper-

atures do not only enhance the surface diffusion length

because of the already mentioned increase of the adatoms’

thermal energy but also because of aluminum accumula-

tion. Higher deposition temperatures induce augmented

zinc re-evaporation and re-sputtering from the surface.

Aluminum, however, is not influenced due to the high en-

thalpy of formation of Al2O3.62 Consequently, the alumi-

num concentration at the surface increases for increasing

deposition temperatures. Warzecha, for example, raised

the concentration of the dopant gallium in ZnO:Ga films

by a factor of two by increasing the deposition temperature

from 25 �C to 500 �C.63 Therefore, high deposition temper-

atures induce an enhancement of surface diffusion length

due to two effects, namely, the increased thermal energy of

adatoms and the higher concentration of the surfactant

aluminum.

In conclusion, the dopant aluminum acts as a surfactant

that increases the surface diffusion length. As a result, 3D-

growth of the highly aluminum-doped seed layer is pre-

vented and further growth of bulk layers is ameliorated.

TABLE II. Solar cell parameters efficiency g, fill factor FF, open-circuit

voltage Voc, and short-circuit current density Isc of lc-Si:H solar cells. The

solar cells were deposited on etched ZnO:Al with dseed of 5 to 15 nm. Tseed

and Tbulk were 350 �C and 300 �C, respectively. The reference without seed

layer (0 nm) was an etched, high-temperature ZnO:Al bulk film deposited at

430 �C using a TDC of 1 wt. %.

dseed [nm] g [%] FF [%] Voc [mV] Isc [mA]

0 8.4 66.9 507 24.9

5 8.1 66.0 536 22.8

10 8.5 68.8 526 23.5

15 8.6 68.6 531 23.5
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B. Stress formation and grain boundary relaxation
model

Figure 7(c) shows the (002) peak position to increase

with the application of seed layers. Under the assumption of

the biaxial-strain model, the peak shift can be explained ei-

ther by a relaxation of compressive stress20 or by an increase

of tensile stress. Here, we attribute the peak shift to higher

angles to rising tensile stress in the xy-plane.64 We underline

our assumption by a quantitative evaluation of the peak shift

using the GBRM.23,65 The GBRM assumes interatomic

attractive forces between adjacent grains to impose tensile

stress. One can relate the ionic radius r0, the Young modulus

E, the Poisson ratio m, and the grain size L by the expression

r � E

1� m
r0

L
(3)

to the tensile stress r. Note the inverse relationship

between grain size and tensile stress. In the following,

E¼ 111.2 � 109 Pa66 (Ref. 66) and m¼ 0.365 are employed.

m¼ 0.365 was computed using elastic constants from

Carlotti et al. by m¼C13/(C11þC12).67 The grain size was

determined by the HHCL as determined from AFM measure-

ments. The equalization of grain size and HHCL is justified

since Owen showed the surface’s lateral feature size to

describe the grain size.68

One can relate the (002) peak position to the total stress

within the film. Since bulk layers were grown at the same

deposition temperature, the thermal stress should be the

same for all investigated films. Thus, a correction of XRD

stress measurements by thermal stress is not necessary. The

stress determination by means of XRD measurements

r ¼ E

1� m
d0 � dz

d0

(4)

comprises strained and unstrained vertical lattice spacing dz

and d0¼ 5.21 Å.69

The application of seed layers led to an increase of ten-

sile stress with respect to the sample without seed layer. The

tensile stress increase was computed using XRD measure-

ments (Eq. (4)) and compared to stress values obtained by

the grain boundary relaxation model (Eq. (3)). In particular,

the ionic radius r0 was used as a parameter to fit the GBRM

stress data to the values of the XRD measurements.

Figure 10 shows the tensile stress increase as determined

by the GBRM and XRD measurements. One notices a rea-

sonable agreement between both methods of stress determi-

nation. Consequently, the tensile stress of seed layer samples

resulted from smaller grains as compared to the film without

seed layer.

C. Film structure and charge carrier mobility

The seed layer did hardly influence the electrical proper-

ties for bulk deposition temperatures of 100 �C and 200 �C
(see Table I). Only for Tbulk¼ 300 �C, a significant improve-

ment was achieved by the application of seed layers. This

difference is mainly attributed to the mobility decrease of the

sample without seed layer. However, for all three bulk

deposition temperatures, one observed a change of etching

morphology from type A without seed layer to type B with

seed layer (see Fig. 2). Data of Berginski et al.8 show that

the peculiar mobility dip prevails for various TDCs and that

it shifts to lower deposition temperatures when increasing

the TDC. Moreover, we observed that the etching morphol-

ogy was of type A for deposition temperatures smaller or

equal to the dip temperature, and that type B prevailed for

higher deposition temperatures. The change of etching mor-

phology when using a seed layer could thus be interpreted as

shifting the material from the lower to the higher tempera-

ture side of the mobility dip. This interpretation could also

explain the seemingly unchanged electrical parameters for

bulk deposition temperatures of 100 �C and 200 �C, because

mobilities in the same range occur on either side of the mo-

bility dip.

Figure 8 shows that the improved mobility after seed layer

application was not related to seed layer thickness, i.e., thicker

seed layers did not induce higher mobility values. Thus, the

ameliorated electrical properties of seed þ bulk layers cannot

be explained by a possibly higher conductivity of seed layers

that improve the whole stack of seedþ bulk layer. And indeed,

an exemplary measurement of a seed layer with dseed¼ 40 nm

and Tseed¼ 350 �C revealed a mobility of 7.5 cm2 V�1 s�1 and

a carrier concentration of 2.2� 1020 cm�3 only.

Figures 7(d) and 7(e) show the FWHM of the (002)

peak using Bragg-Brentano geometry and rocking curves.

The Bragg-Brentano FWHM may be used to calculate the

size of coherently scattering regions g by applying the

Scherrer formula.70 g is often referred to as vertical grain

size.54,71 However, the vertical grain size g is often taken as

a measure for the lateral grain size although the relation

between both quantities is unclear and not well-established.

In this work, the peaks’ FWHM in Bragg-Brentano geometry

will be used without the evaluation of the Scherrer formula

as a measure of crystalline quality. In addition to the films’

crystalline quality, we can determine the orientation distribu-

tion of the crystallites via the rocking curve FWHM. In con-

clusion, lower FWHM values imply a better crystalline

quality and better grain orientation.

FIG. 10. The relative tensile stress obtained by the GBRM (red circles) and

by XRD measurements evaluating the (002) peak position (black squares)

are shown for seedþ bulk layers whereby seed layers were deposited at vari-

ous temperatures. The value of the fit parameter r0 is given in the graph.

035301-8 Sommer et al. J. Appl. Phys. 118, 035301 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

134.94.252.172 On: Wed, 15 Jul 2015 16:58:51



Both FWHM values decreased with increasing Tseed.

Thus, higher Tseed resulted in a better crystalline quality and

grain orientation of the ZnO:Al films. The improved struc-

tural quality of the films might explain the enhanced charge

carrier mobility that was observed for higher Tseed.

However, the 250 �C seed layer sample showed only a

slightly lower BB-FWHM and actually a higher RC-

FWHM than the sample without seed layer although the

mobility of the former was significantly higher than the mo-

bility of the latter film. Hence, we note the particularly im-

portant result that crystallographically improved or better

oriented grains are not necessarily a reason for enhanced

charge carrier mobility.

It was shown before that seed layers reduced the grain

size (see Fig. 7). If grain boundaries determined the mobility

in the films, the mobility would be expected to decrease with

decreasing grain size because the number of electron scatter-

ing grain boundaries increased. This is certainly not the case

as the sample without seed layer showed the largest grain

size but the lowest mobility. One interpretation of this obser-

vation might be that grain boundaries did not influence the

electrical transport in the films. However, optical fits and

temperature-dependent conductivity measurements sug-

gested grain boundary scattering to be a limiting transport

mechanism. These measurements furthermore suggested

grain boundary scattering to be reduced as a result of seed

layer application. Note also that etching characteristics sup-

ported a change in grain boundary morphology such that the

seed layer application leads to more compact16 and less dis-

ordered72 grain boundaries. In view of the above mentioned

points, we propose the hypothesis that the decrease of grain

size goes along with an improvement of grain boundary mor-

phology due to an overall ameliorated growth of the films.

To support the hypothesis, Fig. 11 shows the mobility as a

function of grain size (a) and (002) peak position (b), respec-

tively. According to the GBRM, (002) peak position and

grain size are correlated. Figures 11(a) and 11(b) should

hence be redundant and give the same results. Indeed, both

quantities, the grain size and the (002) peak position, show a

reasonable correlation to the mobility, which supports our

hypothesis that smaller grains have more but also more con-

ductive grain boundaries. More importantly, our hypothesis

leads for the presented ZnO:Al films to a counterintuitive

relationship between mobility and grain size: the smaller the

grains, the higher the mobility.

V. CONCLUSION

We investigated the effect of thin (<100 nm), highly

doped ZnO:Al seed layers that were deposited using a

ZnO:Al2O3 target with 2 wt. % Al2O3 on subsequently grown

thick (�800 nm) and lowly doped ZnO:Al bulk layers that

were sputtered from a target with 1 wt. % Al2O3. The appli-

cation of seed layers for the subsequent growth of bulk films

allowed for a reduction of heater temperature by approxi-

mately 100 �C without deteriorating electrical, optical, and

etching properties. We suspect the dopant aluminum to act

as a surfactant that increases the surface diffusion length.

The higher aluminum content in the seed layers led via the

surfactant effect to preferential 2D-growth. The 2D-growth

is characterized by a reduction of grain size and surface

roughness. This beneficial growth mode is adopted by the

subsequently grown bulk layers with lower aluminum con-

tent. The application of seed layers induced higher tensile

stress. The tensile stress was interpreted in terms of the grain

boundary relaxation model. In the framework of this model,

the augmented tensile stress applying seed layers resulted

from reduced grain size. Furthermore, temperature-

dependent conductivity measurements, optical fits, and etch-

ing characteristics suggested that the use of seed layers

reduced grain boundary scattering. Thus, the application of

seed layers significantly improved the grain boundary mor-

phology resulting in higher mobilities and more suitable

etching characteristics. Particularly noteworthy is the coun-

terintuitive fact that smaller grains led to a higher charge car-

rier mobility. A seed layer thickness of 5 nm was sufficient

to induce the beneficial effects with regard to electrical, opti-

cal, and etching properties.
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