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ABSTRACT: Cu(In,Ga)Se2 solar cells are fabricated with different buffer layers while the intrinsic ZnO, i-ZnO, 
layer thickness is varied to optimize device performance. Measurements of the resulting cells show that there is a 
strong correlation between the increase in quantum efficiency for shorter wavelengths and the thinning of the i-ZnO 
layers for large band gap buffer layers. The thinning effect for low band gap buffer layers such as CdS done by 
chemical bath deposition, CBD, is however weak for short wavelengths. Omitting the i-ZnO layer for cells using CdS 
results in shunting 6 out of 24 cells. The thinning effect is significantly stronger for cells with larger band gap buffers 
such as Zn(O,S) and (Zn,Mg)O layers deposited by atomic layer deposition, ALD. Additionally these buffers show 
improved fill factors as a secondary thinning effect. As an example, the champion cell with (Zn,Mg)O and 0 nm of i-
ZnO has an efficiency of 18.1% after anti reflective coating. Omitting the i-ZnO for cells with Zn(O,S) results in 3 
out of 24 cells being shunted whereas 0 out of 24 cells are shunted for (Zn,Mg)O. The optimal thicknesses deduced 
from analyzing both performance and reproducibility is 80 nm for CdS, 20-40 nm for Zn(O,S) and 0 nm for 
(Zn,Mg)O.  
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1 INTRODUCTION 
 

Solar cells with Cu(Ga,In)Se2, CIGS, as the 
absorbing layer are currently being commercialized. 
However the standard stack [1] in the fabrication scheme 
involves many layers and a non vacuum step for the CdS 
buffer layer. Cd itself is toxic in large quantities and its 
uses are very restricted in electronics [2]. Atomic Layer 
Deposition, ALD, is a vacuum process that is used to 
grow the Cd free buffer layers Zn(O,S) [3,4] and 
(Zn,Mg)O [5]. The performance of the cells with these 
buffer layers shows higher current densities and slightly 
higher efficiencies [3-5] than the CdS cells. 

The lower current density for CdS cells is due to 
absorption for short wavelengths because of the buffer 
band gap energy of 2.4 eV. By changing to (Zn,Mg)O a 
high band gap buffer with a gap of 3.6 eV, more of the 
high energy photons make it to the absorber to contribute 
to the current. Thus the total short circuit current density, 
Jsc increases.  

For cells with high band gap buffers there are still 
considerable generation losses for shorter wavelengths, 
due to absorption in the ZnO window layer. The window 
layer consists of an unintentionally doped ZnO layer with 
high resistivity and a degenerately doped ZnO, d-ZnO, 
layer, with high conductivity. ZnO without any 
intentional doping has a band gap of 3.3 eV, but when it 
is degenerately doped the effective band gap increases as 
a function of the doping [6], because of the Burstein-
Moss effect [7]. The layer that is therefore dominating 
the absorption for shorter wavelengths is the highly 
resistive ZnO layer, called the intrinsic ZnO layer, i-ZnO 
layer.  

The optimal thickness of the i-ZnO layer as a 
function of efficiency for solar cells using CdS is studied 
in previous experiments [8]. This study however focuses 
on the optimization of the i-ZnO thickness for high band 
gap buffer layers. The goal is to increase the Jsc by 
thinning the i-ZnO without losing cell reproducibility.  
 
 
 
 
 

 
2 EXPERIMENTAL 
 
 A series is done to address the reproducibility by 
making repeated experiments and to address the 
absorption in the i-ZnO by including the three i-ZnO 
thicknesses of 0, 80 and 220 nm. The short wavelength 
absorption as a function of the buffer layer band gap is 
studied using the buffer layer materials CdS, Zn(O,S) and 
(Zn,Mg)O. For each i-ZnO thickness and each buffer 24 
solar cells are fabricated with as comparable material as 
possible. For instance the CIGS films are from the same 
deposition run.  
 The cells have an area of 0.5 cm2 and are fabricated 
with a glass/Mo/CIGS/buffer/i-ZnO/d-ZnO/grid 
structure. The glass, Mo, CdS buffer layer, d-ZnO, Ni 
and Al are all processed according to the previously 
developed baseline recipe [1]. The CIGS is co evaporated 
to a thickness of 1.8μm using a chamber where the 
substrates pass by the metal sources [3,9]. The i-ZnO is 
also sputtered according to the baseline recipe, but in 
order to achieve thicknesses of 0, 80 and 220 nm the 
sputter time is varied. The d-ZnO layer is degenerately 
doped with Al and has an optical band gap of 3.7 eV. 
 The alternative buffer Zn(O,S) is grown by atomic 
layer deposition, ALD, in a homebuilt ALD reactor [3]. 
In this study the Zn(O,S) films are deposited at 1200C, 
with 70 pulsing cycles and a ratio of 7 O pulses for 1 S 
pulse. The resulting Zn(O,S) buffer layer has a thickness 
of 25 nm. The alternative buffer (Zn,Mg)O is grown by 
ALD in a Microchemistry F-120 ALD reactor using a 
scheme developed in previous work [10]. The recipe used 
for this study has a deposition temperature of 1200C, 
1000 pulsing cycles and a resulting film thickness of 150 
nm. The deposition ratio is 1 pulse of Mg for every 6 
pulses of Zn, denoted as 1:6 in previous studies [5].  
 The structure for the optical measurements is glass/i-
ZnO/d-ZnO. The glass is of standard SLG type and the i-
ZnO and d-ZnO films are deposited using the same 
baseline recipe processes as for the cells. 
 The IV-measurements are done using a tungsten 
halogen lamp calibrated to give 1 kW/m2. The tungsten 
halogen lamp does not have an AM 1.5 spectrum so the 
correct value for Jsc is calculated by measuring the 
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quantum efficiency, QE. Losses due to the metallic grid 
are accounted for in the Jsc calculation. The cells are 
measured without any post treatment both for the IV 
measurement and for the QE measurement. Unintentional 
light soaking can occur during the IV-measurement for a 
maximum time of one minute. 
 The optical measurements of transmittance, T, and 
reflectance, R, are done using a PerkinElmer lambda 900 
spectrophotometer with an integrating sphere. The 
absorption, A, is calculated from A=1-T-R. 
 X-ray diffractograms are measured with a Philips 
X’Pert MRD x-ray diffractometer using a low angle 
gracing incidence setup. 
 
 
3 RESULTS  
 
3.1 CdS 
 The resulting values from IV measurements of the 
solar cells using the CdS are shown in Table I, the 
displayed Jsc values are calculated from a QE 
measurement. The Jsc increases as the i-ZnO layer 
thickness varies from 220 to 0 nm, however at the same 
time there is a loss in FF compensating the Jsc increase, 
such that the overall efficiency is comparable for all of 
the i-ZnO thicknesses. Removing the i-ZnO layer shunts 
6 out of 24 cells.  Shunts arise when the highly 
conducting ZnO comes in ohmic contact with the Mo 
back contact, this can be due to electron channels or pin 
holes in the CIGS [8]. The optimal thickness is a layer 
that is thick enough to prevent shunts but thin enough to 
not have excessive sputter times. 80 nm is thus the best 
of the three thicknesses in this series and it is also the 
thickness used in the baseline recipe [1]. 
 The QE for short wavelengths is plotted in Figure 1a 
and the calculated Jsc for these wavelengths is displayed 
in Table I. The difference between the thicknesses is 
mainly visible for wavelengths shorter than 400 nm. The 
corresponding Jsc values hardly changes at all. The 
similarity between the curves is explained by the fact that 
the band gap of CdS is lower than that of i-ZnO and 
therefore absorption is dominated by CdS in this region. 
For wavelengths below 400 nm the absorption in the i-
ZnO is noticeable resulting in a large difference between 
the thicknesses. However, this does not result in large Jsc 
variations since the intensities of the AM 1.5 spectrum 
for wavelengths shorter than 400 nm are low. The 
decrease in the total Jsc for thicker i-ZnO layers cannot be 
attributed to the shorter wavelengths. In the complete QE 
however, there is an additional decrease for thicker layers 
at wavelengths of 800-1100nm. 
 
3.2 (Zn,Mg)O 
 The parametric values that are obtained from the IV 
measurements and Jsc that is obtained from the QE 
measurements are displayed in Table I. There are no 
shunted cells in this experiment even for the case where 
the i-ZnO layer is omitted. There is an increase of Jsc for 
the thinner i-ZnO films. The FF drops for thick i-ZnO 
films, especially for the 220 nm thickness where the drop 
is dramatic. However, whithout the i-ZnO layer a FF of 
74% is reached without any post deposition treatment.  
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Figure 1: Short wavelength QE for cells using a) CdS, b) 
(Zn,Mg)O, c) Zn(O,S) as the buffer layer. The QE curves 
are functions of the wavelength and the i-ZnO layer 
thickness.  
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i-ZnO 
Thickness 

(nm) 

Voc 
(mV) 

Jsc (QE) 
(mA/cm2) 

Jsc 
(QEshort) 

(mA/cm2) 

FF 
(%) 

η 
(%) 

CdS      
0 658 33.4 6.94 74.3 16.3
80 661 33.0 6.90 75.1 16.4

220 664 32.5 6.75 75.4 16.3
Zn(O,S)      

0 664 34.8 8.17 72.2 16.7
80 669 34.4 7.84 71.8 16.7

220 668 33.1 7.62 63.1 14.0
(Zn,Mg)O      

0 646 34.5 8.18 74.0 16.5
80 646 34.1 7.94 69.8 15.5

220 638 32.8 6.81 30.4 6.4 
Table I: Measured IV parameters for solar cells with 
different i-ZnO layers and different buffers. QEshort is 
calculated from the λ=360-560 nm spectrum. Voc and FF 
are averages from 24 cells while Jsc is averaged from 3 
cells, each representing the substrates mean value cell. 
 
 Figure 1b shows the short wavelength QE for the 
varying thicknesses of i-ZnO and Table I lists the 
corresponding Jsc values. The curves have big variations 
in QE and Jsc as the i-ZnO layer thickness is varied. The 
increase in Jsc between 0 nm and 80 nm for shorter 
wavelengths is a big part of the total increase in Jsc 
between the two thicknesses. The short wavelength QE is 
dominated by the i-ZnO absorption since the band gap of 
(Zn,Mg)O is 3.6 eV. For 220 nm i-ZnO, a QE drop is 
seen for all wavelengths, even for wavelengths longer 
than 560 nm which are not shown in Figure 1b.
 Optimizing the i-ZnO thickness for (Zn,Mg)O is 
straightforward since the cells with the highest efficiency 
are those that do not have an i-ZnO layer. As an example 
the champion cell with anti reflective coating has an 
efficiency of 18.1%, a VOC of 668 mV, a Jsc of 35.7 mA 
and a FF of 75.7%. Additionally there are no shunted 
cells when the i-ZnO layer is omitted. The optimal 
thickness is therefore found to be 0 nm if both the 
reproducibility and the performance are considered.  
 
3.3.1 Zn(O,S) 
 The solar cell parameters from the IV measurement 
and the Jsc obtained from the QE measurement are shown 
in Table I. For this experiment 3 out of 24 cells are 
shunted when the i-ZnO layer is omitted. The Jsc and the 
FF increases with decreasing thickness of the i-ZnO 
layer. Most notably is the FF loss for the 220 nm film.  
 The short wavelength QE for solar cells using 
Zn(O,S) are shown in Figure 1c and the corresponding 
current densities are found in Table I. The Zn(O,S) buffer 
has a band gap gradient ranging from 3 eV close to the 
interface to 2.7 eV at the top of the buffer [11]. Even 
though these values are smaller than 3.2 eV 
corresponding to i-ZnO, the buffer is only 25 nm thick 
and does therefore not absorb significantly. This explains 
the big variations observed in QE and the change in Jsc, 
between using a thick and a thin i-ZnO layer for the 
Zn(O,S) buffer. The change in Jsc for shorter wavelengths 
is observed to be a big fraction of the total change in Jsc 
as the i-ZnO thickness is varied from 0 nm to 80 nm.  
 
 

 The increase in Jsc and FF for thin i-ZnO layers 
improves the overall cell efficiencies. It is therefore 
optimal to have a thin i-ZnO layer or to omit it. However, 
removing the i-ZnO results in 3 out of 24 cells being 
shunted and since the efficiency for 80 nm is comparable 
to 0 nm, the optimal thicknesses from this series is 80 
nm.  
 
3.3.2 Further optimization of i-ZnO for Zn(O,S) 
 To refine the search for the optimal i-ZnO layer a 
thickness series for solar cells using Zn(O,S) is done with 
0, 20, 40, 80 and 220 nm of i-ZnO. The resulting IV 
parameters and the Jsc values calculated from QE are 
displayed in Table II. The values represents the highest 
performing cell for each substrate since the uniformity of 
the Zn(O,S) buffer layer is poor for this series. Neither of 
the thicknesses have any shunted cells. However only 8 
cells were used for each experiment and that is not 
enough to address reproducibility issue. The Jsc increase 
for thinner i-ZnO layers and the FF has a maximum at 40 
nm. 
 

i-ZnO 
Thickness

(nm) 

Voc 
(mV) 

Jsc (QE) 
(mA/cm2) 

FF 
(%) 

η 
(%) 

0 0.648 34.9 72.2 16.3 
20 0.654 34.6 72.1 16.3 
40 0.649 33.9 73.1 16.1 
80 0.649 33.9 72.1 15.8 
220 0.654 33.6 71.6 15.7 

Table II: Parametric solar cell values obtained from IV 
measurements on cells with Zn(O,S) buffer layer and 
varying i-ZnO thicknesses. The best cell from each 
experiment is shown. 
 
 The QE for short wavelengths is displayed in Figure 
1c and it increases as the i-ZnO layer thickness 
decreases. As a comparison the window stack for each 
experiment of the series is deposited on glass and the 
absorption is measured and plotted in Figure 2. 
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Figure 2: Absorption spectrum for short wavelengths for 
SLG/i-ZnO/d-ZnO window layer stacks with varying 
thickness of the i-ZnO layer. 
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 The efficiencies for the cells with i-ZnO thickness of 
0, 20 and 40 nm are all comparable to each other. There 
are no shunted cells in this experiment, so the optimal i-
ZnO thickness should be 0 nm. However in the first 
series there are shunted cells for 0 nm. Thus the optimal 
thickness of the i-ZnO layer is in the 20-40 nm range, for 
cells using a Zn(O,S) buffer layer.  
 
 
4. DISCUSSION 
 
 The short wavelength, 360-560 nm, QE for the 
alternative buffer layers is dominated by the i-ZnO layer 
thickness whereas for the CdS buffer layer, the buffer 
itself is dominating in the 400-560 nm regions. Thinning 
the i-ZnO for alternative buffers lowers the absorption 
for short wavelengths, this increases the QE in these 
regions and thereby the total Jsc. Thinning the i-ZnO for 
CdS does not significantly affect the short wavelength 
absorption, but the thinning increases the QE in the 800-
1100 nm region and therefore the total Jsc still increases.
 Cells with alternative buffer layers have a FF that 
decreases as the thickness of the i-ZnO layer increases. 
The corresponding IV measurements are fitted with great 
accuracy to the one diode model, except for the case with 
220 nm of i-ZnO and a (Zn,Mg)O buffer. Examining the 
fits it is observed that the lowering of the FF for the 
increasing thickness of the i-ZnO layer is linked to an 
increase in ideality factor. The reduced FF could be due 
to the increased effective barrier for electrons in the 
conduction band as the i-ZnO gets thicker. Cells with 
CdS however have a FF that improves as the i-ZnO 
thickness is increased and an ideality factor that only 
slightly increases. The band diagrams for cells with CdS 
buffer layers are previously studied [12] and the Fermi 
level is believed to be pinned at the interface between the 
buffer layer and the CIGS. The pinning would make the 
band bending in the CIGS independent of the i-ZnO 
thickness. Combining pinning with a fixed conduction 
band offset would result in an almost unchanged 
effective electron barrier across the junction when the i-
ZnO thickness is varied. 
 The short wavelength QE from cells with Zn(O,S) 
buffer layer shown in Figure 1c and the optical 
absorption for the same window stack in Figure 2 show 
great coherence with each other. This confirms that the 
QE is limited for short wavelengths by the i-ZnO 
absorption for high band gap buffer layers. 
 As a complement to the experimental series, x-ray 
diffractograms are obtained using low angle gracing 
incidence for stacks with a glass/buffer/i-ZnO/d-ZnO 
structure. The crystallinity of the sputtered i-ZnO and  
d-ZnO is influenced by the underlying material. If the 
material is CdS or SLG which are both amorphous the 
ZnO films have a crystallinity that depends on the 
sputtering process. If the underlying material is 
(Zn,Mg)O or Zn(O,S) the ZnO crystallinity is not only 
dependent on the sputtering process, but also to some 
extent on the crystallinity of the underlying material. The 
change in crystallinity for the sputtered ZnO films could 
possibly affect the solar cell performance, although 
further studies are needed on this matter. 
 Additionally, anti reflective coating with 100 nm of 
MgF2 further increases the Jsc with 1-2 mA/cm2 and the 
efficiencies with 0.5-1 %, for all of the buffers and i-ZnO 
thicknesses. 

5. CONCLUSION 
  
 Changing the thickness of the i-ZnO layer has a 
significant impact on the Jsc, the FF and the 
reproducibility. Cells using a CdS buffer layer shows 
decreasing FF and increasing Jsc as the i-ZnO layer 
thickness is reduced. The overall efficiency is 
unchanged, but there are 6 out of 24 cells shunted when 
the i-ZnO layer is omitted, making the optimal i-ZnO 
thickness 80 nm for cells using CdS. Cells using the 
alternative buffers Zn(O,S) and (Zn,Mg)O, show both 
increasing FF and increasing Jsc as the i-ZnO layer is 
thinned. The (Zn,Mg)O experiment show 0 out of 24 
cells shunted and a FF of 74% as deposited, when the i-
ZnO layer is removed. The same experiment also 
includes a champion cell of 18.1% efficiency after anti 
reflective coating. The optimal i-ZnO thickness for 
(Zn,Mg)O cells is 0 nm when both reproducibility and 
performance are considered. The Zn(O,S) experiment has 
3 out of 24 cells shunted when the i-ZnO layer is omitted 
and comparable performance for i-ZnO thicknesses of 0, 
20 and 40 nm. Thus the optimal i-ZnO thickness for cells 
using a Zn(O,S) is in the 20-40 nm range. 
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