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Abstract We present an approach for deposition of highly conductive nominally undoped

ZnO films that are suitable for the n-type window of low band gap solar cells. We

demonstrate that the low-voltage radio frequency (RF) biasing of the growing ZnO films

during their deposition by non-reactive sputtering makes them as conductive as when

doped by aluminium (ρ ≤ 1 · 10−3 Ω cm). The films prepared with additional RF biasing

possess lower free carrier concentration and higher free carrier mobility than the Al-doped

ZnO (AZO) films of the same resistivity, which results in a substantially higher

transparency in the NIR spectral region. Furthermore, these films exhibit good ambient

stability, and lower high temperature stability than the AZO films of the same thickness.

We also present the characteristics of Cu(InGa)Se2, CuInSe2 and Cu2ZnSnSe4-based solar

cells prepared with a transparent window bilayer formed of the isolating and conductive

ZnO films, and compare them to their counterparts with a standard ZnO/AZO bilayer.

We show that the solar cells with nominally undoped ZnO as their TCO layer exhibit an

improved quantum efficiency for λ > 900 nm which leads to a higher short circuit current

density JSC. This aspect is specifically beneficial in preparation of Cu2ZnSnSe4 solar cells

with band gap down to 0.85 eV; our champion device reached a JSC of nearly 39 mA cm−2,

an open circuit voltage of 378 mV, and a power conversion efficiency of 8.4 %.
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I. INTRODUCTION

Thin film solar cells based on Cu(InGa)Se2 or Cu2ZnSn(S,Se)4 are usually made with an

n-type window consisting of an undoped ZnO layer and the ZnO:Al (AZO) layer [1], including

recent record efficiency devices [2–5]. AZO is an almost ideal transparent conductive oxide

(TCO) material for a window layer in thin film solar cells: it is non-toxic, highly transparent

in the visible and NIR regions, and it can be made highly conductive [6]. However, some

rather low band gap solar cell materials (with Eg around 1 eV) have recently come into focus,

such as pure selenide Cu2ZnSnSe4 [7–9] and also pure CuInSe2 [10, 11] which is of interest

as a bottom partner in a tandem cell [12–14]. For such materials the short circuit current is

reduced by free carrier absorption in the AZO layer, which starts to reduce the transmission

from about 900 nm wavelength on upwards.

Therefore, it is advisable to replace the AZO layer by an alternative with a higher plasma

wavelength λp (and thus better transparency in NIR) while retaining a high conductivity.

This can be achieved by increasing the carrier mobility and lowering the carrier effective

mass; There are several candidates that can satisfy these requirements, such as more expen-

sive In2O3:Sn (ITO), In2O3:Ti (ITiO), In2O3:Mo (IMO) [6, 15], or ZnO:B [16]. An alternative

option for improving the carrier mobility is the preparation of a superlattice layer consisting

of stacked lightly and heavily doped TCO materials, such as ZnO/Zn1−xMgxO stacks [17, 18].

However, this would increase the complexity of the deposition process. Another possibility

to raise λp is to tune the dielectric permittivity of the TCO window through the judicious

doping by a high-permittivity material (e.g., ZrO2) [19].

An important TCO candidate to be also considered is the unintentionally doped ZnO

that can exhibit resistivity comparable to AZO due to deviations from zinc/oxygen stoi-

chiometry [18]. First reports on highly conductive and transparent ZnO layers date back

to the early eighties, when films of resistivities ρ as low as 5 · 10−4 Ω cm were obtained by

magnetron sputtering technique under the conditions of plasma exposure to the growing

film [20]. A drop in ρ was achieved by either a solenoid positioned close to the samples

which guided the magnetized plasma from the magnetron [20, 21], or by an additional radio

frequency (RF)-powered discharge operated above sample’s surface [22–24]. Nevertheless,

the latter approach has been mostly disregarded and it has never been considered as a TCO

window layer for solar cell fabrication, most probably due to the lower environmental stabil-
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ity of nominally undoped ZnO in comparison to AZO [6]. However, the undoped ZnO films

prepared by atmospheric pressure plasma-enhanced chemical vapor deposition (PECVD)

and turned conductive by post-deposition exposure to near-ultraviolet light were recently

reported as suitable to replace the AZO layer as a front electrode in Cu(InGa)Se2 cells, if

encapsulated by thin Al2O3 overlayer [25].

In the current study we explore the application of the RF substrate biasing in preparation

of highly conductive ZnO layers by non reactive sputtering from a ceramic ZnO target. First,

we investigate the optimal process conditions that can be used in preparation of stable ZnO

films exhibiting as low resistivity as standard AZO films. Afterwards, we discuss their

electrical, optical and structural characteristics. We also present the results of the ambient

and elevated temperature stability monitoring. Finally, we demonstrate the use of highly

conductive nominally undoped ZnO layers within the n-type window of solar cells based

on Cu(InGa)Se2, CuInSe2 and Cu2ZnSnSe4 absorbers, and compare the parameters and

performance of these devices with their counterparts fabricated with an AZO layer.

II. EXPERIMENTAL DETAILS

A. Sample preparation

The TCO deposition experiments were performed in a commercial semi-automated sput-

tering deposition system. Two of the magnetron guns equipped with ceramic 5 cm di-

ameter ZnO and ZnO:Al (2 wt% of Al) targets were powered by either 300 W or 600 W

RF generators and operated in non-reactive Ar atmosphere using a constant Ar flow,

Φ(Ar) = 25 sccm, and a throttle valve for pressure adjustemnt. In the deposition of non-

conductive ZnO (i-ZnO) and conductive ZnO:Al (AZO) films the power load at the target,

P , was fixed to 125 W and 140 W, respectively. Instead, in the preparation of conductive

”RF-biased” ZnO (b-ZnO) films the power was varied in the range of 60 W to 125 W, as

specified for each experiment.

The substrates, soda lime glass (SLG) or CdS-covered solar cell absorbers, were positioned

at a distance of 13 cm on a rotatable unheated substrate holder that was optionally biased

by an additional RF generator. In such experiments, the self-induced negative DC voltage

on the RF-powered substrate holder, Ub (also labelled in this work as RF bias voltage), was
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modified in the range from 0 V to 50 V by application of an RF signal to the substrate holder

employing low powers (P < 4 W, corresponding to power densities below 0.03 W/cm−2). The

thickness t of the b-ZnO and AZO films was kept constant at t ≈ 385 ± 10 nm.

In the solar cells fabrication experiments two different types of bilayer stacks were pre-

pared, composed of either ZnO (t ≈ 80 nm) and AZO (t ≈ 385 nm) films, or ZnO (t ≈ 80 nm)

and b-ZnO (t ≈ 385 nm, using P = 125 W and Ub = 25 V) films. These were deposited in

a subsequent manner onto underlying Cu(In,Ga)Se2, CuInSe2 and Cu2ZnSnSe4 absorbers

covered by 60 nm thick CdS buffer layers prepared by chemical bath deposition (CBD). It

should be stressed that we used the same CBD recipe for all three absorber types and for

all the window stacks under investigation. Subsequently, the cells were finished by electron

beam evaporation of Ni-Al contact grids on top of the TCO window. The resulting solar

cell area is approximately 0.5 cm2, as defined by mechanical scribing and verified by optical

microscopy. In addition, some of the cells were capped with an antireflective coating made

of 100 nm thick MgF2 layer, also using electron beam evaporation.

Cu(In,Ga)Se2, CuInSe2 and Cu2ZnSnSe4 absorbers were prepared in a molecular beam

epitaxy system operated at a base pressure of roughly 1·10−8 Torr. The system is equipped

with Cu, In, Ga, Sn, Zn and SnSe effusion cells and selenium is supplied through a valved

cracker source. The absorbers were deposited by high temperature coevaporation on molyb-

denum coated soda lime glass. The substrate temperature was controlled with a pyrometer

monitor. In addition, the laser light scattering technique was used for end point detection

in the case of Cu(In,Ga)Se2 deposition [26], and for determination of Sn incorporation in

the case of Cu2ZnSnSe4 [27].

Cu-poor Cu(In,Ga)Se2 (Cu/(Ga+In)< 1) absorbers were grown with the well documented

three stage process [28, 29] in order to test the TCO on commercially relevant material. The

composition of the absorber, as measured with energy dispersive X-Ray (EDX) analysis, is

Cu/(In+Ga) = 0.91 and In/(In+Ga) = 0.29. Furthermore, Cu-rich CuInSe2 (Cu/In> 1)

absorbers were prepared via single stage high temperature coevaporation, as detailed in ref-

erence [30]. In short, the absorbers is first grown under Cu excess to form a CuxSe secondary

phase on top of the absorber. Afterwards, this secondary phase is removed by an etching step

using potassium cyanide (10 wt% KCN during 5 minutes at room temperature). Cu2ZnSnSe4

absorbers were grown via multiple stage coevaporation as described in reference [27]. The

composition of the latter samples was chosen to be Cu-poor (Cu/(Zn+Sn)<1) and slightly
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Zn-rich (Zn/Sn> 1).

B. Sample characterization

First, the film thickness was measured with a profilometer for each TCO sample, and

the corresponding resistivity ρ was determined using a homebuilt four point probe Van-

der-Pauw setup [31]. Afterwards, the corresponding optical properties were analysed with

a spectrophotometer; transmittance (T (λ)) and reflectance (R(λ)) were measured and the

band gap of the films was subsequently deduced from Tauc’s plot. The absorption coeffi-

cient α(λ) was enumerated using the following formula [32]:

α = −1

t
ln

(
R− r

r T

)
(1)

where r is defined as:

r =
(T 2 + 2) − (R− 1)2

2 (2 −R)
−

√√√√{(T 2 + 2) − (R− 1)2

2 (2 −R)

}2

− R

2 −R
. (2)

In order to obtain the plasma wavelength the complex refractive index was first extracted

from T and R data, according to the method provided in reference [33], and the correspond-

ing optical constant spectra were subsequently fitted using the Drude model [34].

The crystallinity and the lattice strain of the TCO films were investigated by X-Ray

diffractometry (XRD) in θ − 2θ geometry using the Cu Kα radiation; the light coherence

length was evaluated from the broadening of the ZnO (002) diffraction peak using the Scher-

rer formula [35], and the lattice strain was calculated as the elongation of the c lattice pa-

rameter of wurtzite ZnO cell (also using the ZnO (002) diffraction peak) with respect to its

bulk counterpart (cbulk = 5.207 nm [36]).
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Chemical composition of the selected samples was analysed by energy dispersive X-

ray spectrometry (EDX) using the electron acceleration voltage of 7 keV. Furthermore,

secondary-ion mass spectrometry (SIMS) was employed to study the in-depth distribution

of Zn, O, Al and Cu in the films. In addition, hydrogen concentration was estimated by

SIMS optimised in term of sensitivity by analysing H as negative ion under Cs+ bombard-

ment (impact energy of 1 keV). Since the composition of b-ZnO and AZO samples under

investigation were similar (identical matrix), H signals were directly comparable. Finally,

the surface composition was studied by X-ray photoelectron spectroscopy (XPS) using a

monochromatic Al Kα radition. For aluminium quantification, the spectra were acquired

with the highest sensitivity achievable with the system (the detection limit around 0.2 at.%):

the X-ray gun was operated at 150 W and the pass energy of the analyser was fixed at 160 eV.

Completed solar cells have been characterized in a homebuilt current-voltage setup

equipped with a cold mirror halogen lamp adjusted to a light intensity of 1000 W/m2. Their

external quantum efficiency (QE) was also measured in the wavelength range of 300 nm to

1600 nm, in order to analyse the variations in spectral response for solar cells with different

TCO windows. The solar cell parameters were then obtained with the IV-FIT routine [37]

in which a 1-diode model is used to extract the parasitic resistances, the diode quality factor

and the reverse saturation current density.

III. RESULTS AND DISCUSSION

A. Optimization of deposition conditions of conductive ZnO films

Magnetron sputtering is a deposition technique commonly used in ZnO fabrication be-

cause of its low cost, simplicity, and low operating temperature. In this section we explore

the process parameter space resulting in highly conductive nominally undoped b-ZnO films

that are prepared under conditions of substrate RF biasing. The ultimate goal of such study

is to identify the set of deposition conditions at which the lowest conductivity of b-ZnO films

is achieved.

The individual variables that were identified as key parameters and thus investigated are

the negative bias voltage caused by the RF power applied at the substrate, Ub, and the

power applied to the sputtered target P . Another important deposition parameter of which
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effect was examined is the working gas pressure p (varied within the range of 0.05 to 1 Pa).

However, it has been found that the film resistivity was the lowest at p = 0.13 Pa indepen-

dently of the used Ub and P combination (results not shown). For this reason, the pressure

was a fixed parameter in the experiments presented in Fig. 1.

It is to be noted that all b-ZnO films under investigation were crystalline and highly

textured with the c-axis oriented perpendiculary to the substrate surface, as indicated by

the pronounced ZnO (002) and (004) XRD diffraction peaks. The only exceptions were

the films prepared at the highest substrate bias voltage, Ub ≥ 50 V, or at the lowest pres-

sure p = 0.05 Pa (characterized by the lowest growth rate and thus the highest ion-to-

neutral atomic arrival ratio). These latter observations are fingerprints of the excessive ion

bombardment-induced damage of the growing layer that has a detrimental effect on resulting

film crystallinity.

Figures 1(a-c) show results of the experiments in which P was fixed to 125 W while the

Ub was varied from 0 V (substrate floating) to 50 V. In contrast, Ub was fixed to 25 V and the

P was varied from 125 W down to 60 W in the experiments depicted in figures 1(d-f). Each

data point represents the characteristics of the b-ZnO film that has been prepared using a

selected combination of Ub and P .

Figure 1(a) illustrates that the b-ZnO film resistivity plotted as a function of the RF

bias voltage exhibits a drop from a very high value that is out of measurement limits of our

four-point probe (ρ > 1 · 10+3 Ω cm at Ub = 0 V, not shown), down to ρ ≈ 1 · 10−3 Ω cm

at Ub = 25 V. It is to be stressed that such a low resistivity is identical to that of AZO

films prepared under comparable experimental conditions (also highlighted in Fig. 1(a)).

Application of lower or higher voltages does not further improve film resistivity that slightly

increases in either direction. This observation can be understood if considering the trends

in free carrier concentration and mobility, which can be inferred from the evolution of the

optical band gap and of the X-ray coherence length, respectively.

Optical band gap values Eg are plotted in Fig. 1(b). The observed rise in Eg from

3.24 eV (Ub = 0 V) up to 3.47 eV (Ub = 31 V) is consequence of an increasing unintentional

doping of ZnO. In fact, this is the effect of the Burstein-Moss shift that reflects a growing

charge carrier occupation of the lowest conduction band energy states [38, 39]. Identical

trend was also noted for the NIR absorption coefficient (with a maximum at Ub = 31 V,

results not presented), which is an indicative of intraband absorption caused by an elevated



8

density of free electrons. Therefore, it can be concluded that the ZnO films biased to

Ub = 25 − 37 V exhibit a significantly enhanced free carrier concentration that peaks at

Ub = 31 V. Nevertheless, this concentration has to be considerably lower than in AZO films,

as suggested by the respective Eg values (Eg = 3.47 eV in comparison with 3.74 eV) and as

discussed in section III B.

Finally, figure 1(c) shows that the X-ray coherence length increases for low Ub up to its

peak at 27.5 nm (at Ub = 25 V), and that it drops abruptly down to 9 nm at Ub = 37 V. The

decreasing light coherence length is an indicative of the diminishing distance between ho-

mogeneously distributed structural defects in perpendicular direction to a substrate surface.

This can be directly correlated to an increasing density of structural imperfections (e.g.,

grain boundaries) that represent possible scattering centres [40]. In addition, a higher level

of structural defects is also predicted by an important increase of the lattice strain; a 2-fold

rise was observed when Ub was raised from 25 V to 37 V (data not shown). Both of these

latter findings suggest an increased scattering experienced by free carriers at Ub > 25 V, an

effect that can decrease their mobility and thus cause the rise in film resistivity illustrated

in Fig. 1(a). Indeed, it has been documented previously that the free carrier mobility is lim-

ited by grain boundary scattering, alongside the ingrain scattering mechanisms (e.g., ionized

impurity scattering), in highly conductive SnO2 [40] and ZnO [21, 25] films.

The experiments in which the RF bias voltage was fixed at Ub = 25 V but the discharge

power was altered from 125 W down to 60 W are depicted in Figures 1(d-f). It is shown

that the film resistivity changes only a little with P in contrast to the previous experiments,

and that it exhibits a pronounced minimum at 90 W, as visible in the insert of Fig. 1(d).

In the following paragraph it will be discussed that these relatively small variations can be

interpreted in the same manner as above, by considering the trends in the optical band gap

and the X-ray coherence length.

It can be seen that the decrease of sputtering power below 125 W increases slightly the

optical band gap, from 3.43 eV at P = 125 W up to 3.49 eV at low powers (Fig. 1(e)).

Instead, the X-ray coherence length first increases up to 30 nm if P is lowered from 125 W

to 100 W, and then it decreases for P < 80 W (Fig. 1(f)). In the similar fashion, the lattice

strain exhibits a steady value for 90 W< P < 125 W and a substantial rise for P < 80 W

(data not shown). The drop in film resistivity, from ρ = 10.6 · 10−4 Ω cm at P = 125 W

down to ρ = 8.5 · 10−4 Ω cm at P = 90 W, may thus be understood in terms of a bit
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higher concentration of charge carriers (indicated by Eg) and a better charge carrier mobility

(suggested by a higher X-ray coherence length). In contrast, the rising value of ρ at lower

powers than 90 W is most probably caused by the rising charge carrier scattering due to a

higher density of crystallographic defects.

It is to be stressed that the differences in ρ values related to sputtering power alteration are

well reproducible and also higher than the process-to-process variations. (This is illustrated

in the insert of Fig. 1(d) by the two data points representing separate deposition runs at

P = 60 W which differ by only ∆ρ = 0.1 · 10−4 Ω cm, a value equal to the measurement

limit). Nevertheless, the observed improvement in film resistivity due to the decrease in

sputtering power from 125 W to 90 W is not significant with respect to investigated solar

cell performance. If considering the corresponding 32 % reduction in the film growth rate

(data not presented), we decided to keep P = 125 W and Ub = 25 V as fixed parameters in

all the further-presented experiments with b-ZnO.

The findings discussed above illustrate that the low-voltage RF substrate bias applied to

the growing ZnO films is a principal deposition parameter in preparation of highly conductive

nominally undoped ZnO films. An operator can thus change the conductivity of a ZnO film

from highly resistive to highly conductive in a single depostion step. Consequently, the

complete i-/n-doped bilayer can be prepared from a single ZnO target under the condition

of maintaining the RF discharge above the growing TCO layer. However, it is also important

to mention that the upscaling of the RF substrate biasing in the industrial process is uneasy

and may be expensive to implement. The suggested approach has thus a potential to simplify

the solar cell fabrication at large manufacturing volumes once the upscaling issue is properly

addressed.

Finally, it is to be noted that, in contrast to the ZnO films, we did not observe any

significant improvement in AZO films resistivity or NIR transparency that could be related

to the RF substrate bias application or sputtering power alteration, as verified in a separate

set of experiments.

B. Characterization of conductive b-ZnO films

In the previous section we have identified the optimal deposition conditions at which the

resistivity of the b-ZnO films is minimized. In the following we investigate the optical and
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electrical properties of the representative b-ZnO and AZO films of comparable thickness

(t ≈ 385 nm) and resistivity (ρ ≈ 1.05 · 10−3 Ω cm) that were used in solar cell preparation

experiments. All the film characteristics are summarized in Table I together with principal

deposition process parameters, including the growth rate rd. Afterwards, we examine the

room-temperature and high temperature stability of selected b-ZnO and AZO films.

Figure 2 presents the transmittance and reflectance spectra of the two layers measured

within the 300 nm to 1600 nm region. It can be seen that the UV absorption edge of the

AZO film exhibits a shift towards lower wavelengths, due to its higher optical band gap

(Eg = 3.73 eV in comparison to 3.43 eV for b-ZnO) caused by stronger Burstein-Moss ef-

fect [38, 39]. However, the most significant difference between the two transmittance curves

can be observed in the NIR spectral region where a pronounced transmittance drop caused

by free-carrier absorption is visible for the AZO film. Instead, the NIR transmittance of

the b-ZnO films stays relatively high as the respective plasma wavelength increases by

∆λp = 400 nm (from 1774 nm to 2173 nm) with respect to the AZO film.

These latter observations are both indicators of substantially lower free carrier concen-

tration ne in the b-ZnO film than within the AZO film. Indeed, the Hall measurements

confirmed that ne is about 2.4 times lower (1.76 · 1020 cm−3 compared to 4.30 · 1020 cm−3).

(Nevertheless, it is to be noted that the ne value of the nominally undoped ZnO reported

here is the same [21] or even higher [24, 25] than that of other highly conductive ZnO films

in literature). At the other hand, the Hall mobility µe of b-ZnO film is significantly higher

(30.4 cm2V−1s−1 compared to 14.0 cm2V−1s−1).

The free carriers in b-ZnO films may be due to native defects such as O vacancies (VO) or

Zn interstitials (Zni), and/or due to hydrogen incorporation [18]. However, the SIMS analysis

of the films under comparison has eliminated H doping as a principal electron donor; In fact,

the average H concentration within the highly conductive b-ZnO and isolating ZnO films

differs by only a factor of three, while the charge carrier density is expected to vary by

several orders of magnitude. It should be also emphasized that there were no detectable

traces of Al and Cu within the b-ZnO films, as verified by SIMS and by separate EDX and

XPS analyses. This eliminates the cross-contamination of the ZnO layers by Al from the

AZO target or magnetron shields, and by Cu that could originate from the plate on which

the ZnO target is bonded.

The environmental stability of the prepared films was investigated in two different ways.
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In the first experiment the ambient aging of b-ZnO films was tested. Here, it is to be noted

that the average air humidity in Luxembourg region varies in between 70 % (summers) and

90 % (winters) [41]. The film resistivity evolution of a b-ZnO film (P = 125 W, Ub = 25 V,

t = 265 nm) was monitored during the 14 months exposure to air at room temperature,

as shown in Fig. 3(a). The change in film resistivity after the first 12 months was very

small, ∆ρ = 2.2 · 10−4 Ω cm, which represents an increase by only 15 % in comparison to the

”as-deposited” film resistance. In addition, we also observed an unexpected drop between

the 12th and 13th month of the experiment (corresponding to July-August period when the

air humidity is in average the lowest [41]), lowering thus the above-mentioned resistivity rise

to only 8 % after the 14 months of ”shelve conditions”.

In the second experiment numerous single layer and bilayer coatings were tested for their

stability at elevated temperature. They were left in an oven filled with air of changing

and uncontrolled humidity at 105°C, and their resistivity was measured regularly (at room

temperature) during a period of approximately 1900 hours. Fig. 3(b) depicts the results for

four selected films: the 390 nm-thick b-ZnO and AZO single layers and two 450 nm-thick

n-type window bilayers (ZnO/AZO and ZnO/b-ZnO) that both include a 60 nm underlayer

of undoped highly resistive ZnO. It should be stressed that the latter coatings were prepared

using the same procedure and experimental conditions as used in the solar cell fabrication

experiments.

It can be seen that both b-ZnO and ZnO/b-ZnO films exhibit a comparable rise in their

resistivity after approximately 1900 hours of heating: ∆ρ ≈ 2.5 · 10−3 Ω cm and ∆ρ ≈

3.0 · 10−3 Ω cm, respectively. In constrast, the films containing AZO layer experienced the

resistivity rise of only ∆ρ ≈ 0.5 · 10−3 Ω cm. This observation suggests a faster degradation

of b-ZnO layer. Moreover, thinner b-ZnO films showed even a sharper increase in resistivity

(results not presented). Nevertheless, it is to be underlined that the observed resistivity

value after nearly 2000 hours of continuous heat treatment is still in the range which is

sufficient for a proper solar cell functioning.

It is discussed in literature that the water adsorption at grain boundaries is the principal

process responsible for the commonly observed increase in Al-doped ZnO films resistiv-

ity [42, 43]. With our current experimental set-up we can neither confirm nor discard this

degradation mechanism in the case of b-ZnO films under investigation. For this reason,

another tests with controlled humidity (damp heat stability or ”accelerated ageing”) are in
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preparation.

C. Characterization of Cu(In,Ga)Se2, CuInSe2 and Cu2ZnSnSe4 solar cells

Replacement of the AZO layer by the b-ZnO layer within an n-type window of the low

band gap solar cells is supposed to increase its overall quantum efficiency in NIR and thus

its short circuit current density. In this section we demonstrate this concept. In particular,

we present several examples of thin film solar cells based on Cu(In,Ga)Se2, CuInSe2 and

Cu2ZnSnSe4 absorbers, and we discuss their characteristics and performance with respect

to the effect of the TCO window.

Figure 4 shows the QE spectra and the IV characteristics of the prepared cells, ilustratings

in each figure a comparison of results obtained from solar cells based on absorbers fabricated

in the same process and covered by an identical CdS buffer layer, but with a different

ZnO/TCO window; the first one formed by the standard ZnO/AZO bilayer, and the other

one by the ZnO/b-ZnO bilayer. It should be stressed that neither the CuInSe2 nor the

Cu2ZnSnSe4 cells presented here are examples of our best achievable absorbers, but they are

the only representatives on which both types of the TCO window were tested. Furthermore,

the Cu(In,Ga)Se2 and Cu2ZnSnSe4 cells are equipped with an antireflective coating, while

the CuInSe2 cells are not. The corresponding solar cell characteristics are summarized in

Table II. It is to be noted that the short circuit current derived by integration over the entire

QE with an AM 1.5 irradiation spectrum, JSC(QE), and its counterpart obtained from the IV

measurements, JSC(IV), do not always agree. We attribute these differences to uncertainties

in cell area determination, to variations in shading caused by grids, and to differences in the

used irradiation spectra.

Figures 4(a-c) illustrate the effect of the improved transmission of the b-ZnO layer in the

NIR region that is also translated into a clearly higher quantum efficiency just above the

absorber’s band gap. This effect is more pronounced in the QE response of the cells with

a lower band gap, and it should as a rule increase their short circuit current. For instance,

the JSC(QE) rises by 0.5 mA cm−2 in the case of Cu(In,Ga)Se2 cells (Eg = 1.11 eV), and

by 1.5 mA cm−2 for Cu2ZnSnSe4 cells (Eg = 0.85 eV). It should be highlighted that a lower

QE response in the UV region (where we see the influence of the smaller optical band gap

of b-ZnO layer) does not significantly compromise the cell performance, as the loss in the
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respective JSC(QE) is only about 0.1 mA cm−2.

In contrast, a notably improved QE response in NIR is not reflected in the JSC(QE) for

CuInSe2 cells covered by b-ZnO. This observation can be ascribed mainly to a deep dip in

the AM 1.5 spectra that falls into the middle of the spectral region of interest (caused by

H2O absorption and highlighted in grey in Fig. 4(b)), and to the observed differences in the

interference pattern visible in the QE spectra (CuInSe2 cells have no antireflective coating).

More surprisingly, the corresponding JSC(IV) value does also not reflect the gain in NIR,

most probably due to the variations in the grid area and the related shading.

The open circuit voltage VOC does not seem to be significantly affected by the window

layer, as the observed differences are within the usual variations between absorbers prepared

in the same deposition process. Nevertheless, the efficiency of the Cu(In,Ga)Se2 and CuInSe2

cells does not increase proportionally to the short circuit current because the fill factor FF

tends to decrease. Such a drop in FF could be caused by changes in parasitic resistances

and/or diode quality factor (all listed in Table II).

In the following the parasitic resistances are compared in the dark in order to avoid any

effect of voltage-dependent photocurrent generation, which would distort the extracted val-

ues under irradiation. In contrast, the diode factors are analysed under irradiation because

only these respective values can influence FF.

The series resistance RS is very low for all the cells under investigation, in most cases

below 0.5 Ω cm2. If there is any observable difference between the cells with ZnO/AZO

and ZnO/b-ZnO window, the series resistance is lower for those containing b-ZnO, as also

verified for several other solar cells (not presented). This finding confirms the excellent

conductivity of the b-ZnO layer. In addition, it should be mentioned that all CuInSe2

cells exhibit comparable series resistance after the 6 months period of ambient exposure

(RS < 0.5 Ω cm2, not shown). These are very encouraging results that will be followed by

damp heat stability testing.

Furthermore, there is no observable trend in shunt resistanceRSh in case of the Cu(In,Ga)Se2

and CuInSe2 cells. In contrast, the Cu2ZnSnSe4 cells show a higher shunt resistance if cov-

ered by a ZnO/b-ZnO bilayer, even though its absolute value is rather low independently

on the window type used. At the moment we can only guess that the application of RF

bias during conductive b-ZnO deposition may also change some properties of the underlying

i-ZnO and/or CdS layer, which could also improve the resulting shunt resistance. In any
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case, the changes in both types of the parasitic resistance cannot explain the observed drop

in the fill factor.

Instead, it is a higher diode quality factor A that changes substantially when the AZO

layer is replaced by b-ZnO. In fact, its value increases for all the solar cells independently of

the absorber type: from 1.5 to 2.0 for the Cu(In,Ga)Se2, from 2.7 to 3.4 for the CuInSe2, and

from 1.6 to 2.0 for the Cu2ZnSnSe4. Such a significant increase in the diode factor makes it

apparent that the TCO film is not just a conducting contact layer, but also the n-partner of

the p/n-junction. As discussed in the previous section, b-ZnO possesses a lower doping level

than AZO. When the n-partner has a lower doping level the total charge in the space charge

region on the p-side decreases [44]. Since we cannot suppose that the conducting b-ZnO

layer has an influence on the doping level of the absorber, the space charge region in the

absorber has to be narrower. This is likely to change the details of the recombination paths

and thus the diode factor [45]. It should be noted that the above-discussed phenomenon is

the least pronounced in the case of Cu2ZnSnSe4 solar cell, due to the strong effect of the

low shunt resistance on the diode factor. It can be speculated that a proper optimisation of

the buffer layer can help to rectify the observed trend of increasing A and decreasing FF.

The presented observations indicate that the highly conducting b-ZnO layer can signifi-

cantly enhance the efficiency of low band gap solar cells as a result of improved short circuit

current. Encouraged by these findings we have equipped one of our best Cu2ZnSnSe4 ab-

sorbers with a ZnO/b-ZnO bilayer and an antireflective coating. The resulting solar cells

characteristics are shown in Fig. 5. An efficiency of 8.4 % has been achieved, based on a

rather high open circuit voltage of 378 mV and a short circuit current of nearly 39 mA cm−2.

Both of these values are better than those obtained for our previous cells [27, 46]. We at-

tribute the high VOC to the quality of the absorber and the high JSC(IV) to the elevated

transparency of the b-ZnO layer and to the antireflective coating.
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IV. CONCLUSIONS

In this contribution we show that the application of the low-voltage substrate RF biasing

of the growing ZnO films during the non-reactive sputter deposition makes them as conduc-

tive as when doped by aluminium (ρ ≤ 1 · 10−3 Ω cm). This approach can improve the short

circuit current and thus the power conversion efficiency of the solar cells with the absorption

edge around 1 eV.

First, we describe the deposition conditions at which the resistivity of nominally undoped

b-ZnO films is minimized, by identifying the optimal combination of the Ar pressure, the

sputtering power and the substrate RF bias voltage. Afterwards, we show that the prepared

b-ZnO films exhibit a largely improved optical transmittance in the NIR spectral region

in comparison to the AZO films of the same resistivity. The latter observations indicate a

substantially lower free carrier concentration (1.76 · 1020 cm−3 compared to 4.30 · 1020 cm−3)

and a higher free carrier mobility (30.4 cm2V−1s−1 compared to 14.0 cm2V−1s−1), as verified

by Hall analysis. We also present that the b-ZnO films exhibit an excellent ambient air

stability during a 14 months period, but a slightly lower high temperature stability than

AZO films, as suggested by a faster increase in the film resistivity after approximately 1900

hours of heating at 105°C.

Subsequently, we demonstrate that a higher transmission of the b-ZnO layers raises the

NIR quantum efficiency of the thin film solar cells based on Cu(In,Ga)Se2, CuInSe2 and

Cu2ZnSnSe4 absorbers. This results in an increase in the short circuit current by up to

1.5 mA cm−2 as illustrated in the case of Cu2ZnSnSe4 cell with the band gap of 0.85 eV,

which as a consequence improves its power conversion efficiency by 0.5 %. On the other

hand, we observe a slightly decreased FF in the case of Cu(In,Ga)Se2 and CuInSe2 cells,

most probably due to the lover doping level in b-ZnO. However, we expect to solve this issue

by optimising the buffer layer doping. Finally, we report that the best Cu2ZnSnSe4 absorber

covered by a b-ZnO window layer reached JSC of nearly 39 mA cm−2 and the respective

efficiency of 8.4 %.
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TABLE I. Selected growth and film characteristics of the two representative b-ZnO and AZO layers

used in solar cell fabrication experiments.

Film material AZO b-ZnO

P (W) 140 125

Ub (V) 0 25

rd (nm s−1) 0.08 0.05

t (nm) 376 395

ρ (10−3 Ω cm) 1.03 1.06

Eg (eV) 3.73 3.43

λp (nm) 1774 2173

ne (1020 cm−3) 4.30 1.76

µe (cm2V−1s−1) 14.0 30.4
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TABLE II. Selected parameters of the two Cu(In,Ga)Se2, two CuInSe2 and two Cu2ZnSnSe4 solar

cells prepared with ZnO/b-ZnO or ZnO/AZO bilayer as their TCO window. Short circuit current

density JSC(IV), open circuit voltage VOC, fill factor FF and efficiency Eff (IV) values are obtained

directly from the IV characterization, while JSC(QE) values are enumerated by integrating the QE

spectra multiplied by 1.5 AM irradiation. The active area efficiency Eff (QE) is then calculated as

JSC(QE) ·VOC·FF. Series and parallel parasitic resistances RS and RSh were evaluated under dark

conditions, and the diode quality factors A under irradiation.

Absorber material Cu(In,Ga)Se2 CuInSe2 Cu2ZnSnSe4

TCO film AZO b-ZnO AZO b-ZnO AZO b-ZnO

JSC(IV) (mA cm−2) 37.9 38.3 37.0 37.2 35.2 37.6

JSC(QE) (mA cm−2) 37.5 38.0 37.6 37.7 35.1 36.5

VOC (mV) 664 657 327 321 336 338

FF (%) 76 72 52 47 58 58

Eff (IV) (%) 19.2 18.2 6.3 5.7 6.9 7.4

Eff (QE) (%) 18.9 18.0 6.4 5.7 6.8 7.2

RS (Ω cm−2) 0.6 0.3 0.3 0.2 0.3 0.3

RSh (Ω cm−2) 10200 9470 1000 860 80 205

A 1.5 2.0 2.7 3.4 1.6 2.0
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FIG. 1. b-ZnO film resistivity (a,d), the optical band gap (b,e), and the X-ray coherence length

in a perpendicular direction to film plane (c,f). Figures (a-c) illustrate the experiments in which

the sputtering power was fixed to P = 125 W and the negative substrate RF bias voltage Ub

was varied, while figures (d-f) depict the experiments with variable P and fixed Ub = 25 V. Open

symbols identify the b-ZnO film deposited at P = 125 W and Ub = 25 V, the conditions used

in preparation of solar cells. The resistivity and band gap values of a reference AZO (ZnO:Al

98:2 at%) film are also highlighted in red in (a,d) and (b,e), and the optical band gap of pure ZnO

is marked in grey in (b) and (e). A magnified view of the resistivity values is depicted in the insert

of (d).
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FIG. 2. Optical transmission spectra (higher curves) and the reflection spectra (lower curves) of the

representative b-ZnO and AZO layers, accompanied by the transmission of an SLG glass substrate.

1.2

1.4

1.6

1.8

2.0

0 5 10 15

1.0

2.0

3.0

4.0

5.0

0 400 800 1200 1600 2000

ZnO/AZO

AZO

ZnO/b-ZnO

b-ZnO

Annealing time at 105°C (h)

R
es

is
ti

vi
ty

 (
×1

0
-3
W

 c
m

)
-

1.0

2.0

3.0

4.0

0 400 800 1200 1600 2000

ZnO/AZO

AZO

ZnO/b-ZnO

b-ZnO

R
es

is
ti

vi
ty

 (
×1

0
-3
W

 c
m

)
-

5.0

R
es

is
ti

vi
ty

 (
×1

0
-3
W

 c
m

)
-

b)

a)

Aging Time at room temperature (months)

FIG. 3. Film resistivity monitored as a function of time during 14 months exposure to air at room

temperature for a b-ZnO single layer (a), and during 1900 hours of annealing in air at 105°C for

AZO and b-ZnO single layers, and for ZnO/AZO and ZnO/b-ZnO bilayers (b).
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FIG. 4. External quantum efficiency spectra (a,b,c) and I-V characteristics under irradiation (d,e,f)

of the three types of solar cells with the TCO window formed by either a ZnO/AZO bilayer, or a

ZnO/b-ZnO bilayer. These cells are based on Cu(In,Ga)Se2 (a,d), CuInSe2 (b,e), or Cu2ZnSnSe4

(c,f) absorbers. The Cu(In,Ga)Se2 and the Cu2ZnSnSe4 cells were coated with an antireflective

coating. The grey area in (b) highligths the deep H2O absorption region in the AM 1.5 spectrum.
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FIG. 5. External quantum efficiency spectra (a) and I-V characteristics in dark and under irra-

diation (b) of the best Cu2ZnSnSe4 cell coated with the TCO window formed by a ZnO/b-ZnO

bilayer and with an antireflective coating. The principal solar cell parameters are shown in (b).


