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Solar cells were prepared combining ZnO as n-type win-

dow, In2S3 as buffer layer and CuInS2 as p-type absorbing 

layer. Superstrate configuration was chosen so that all the 

materials could be prepared using inexpensive and eco-

friendly techniques based on solution processed deposition 

methods and non-toxic materials, avoiding vacuum, high 

temperature, Cd-containing layers and KCN purification 

stages. Also, no further sulfurization treatment is involved 

in the preparation. To improve the collection efficiency, 

cells were built using two different ZnO nanostructures 

(with and without Cl-doping), and compared to the re-

sponse a cell prepared with just one dense ZnO layer. The 

photoresponse of the three different solar cells was ana-

lysed by J-V curves under illumination and intensity-

modulated photovoltage/photocurrent spectroscopy. A sys-

tematic characterization of the morphology and composi-

tion was carried out using X-ray diffraction, Raman con-

focal and electronic microscopy. The introduction of a 

nanostructured layer is not enough to produce a marked 

improvement in any of the electrical parameters. Instead, 

the presence of Cl-doped nanopillars is shown to increase 

the efficiency of the solar cells up to a maximum value of 

2.8%. A better series resistance together with a higher val-

ue for the charge collection efficiency contributes to ex-

plain the corresponding improvement in cell efficiency. 
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1 Introduction Solar cells based on chalcopyrite materi-

als, namely CuInS2 (CIS), CuInSe2 (CISe) and 

Cu(In,Ga)Se2 (CIGS), draw permanent attention because 

their excellent optical properties turn them into well suited 

absorbers for solar cells [1, 2]. At the same time, ZnO has 

also been extensively employed as n-type semiconductor 

or window layer both in inorganic and hybrid solar cells [3, 

4]. Although these materials are mainly prepared using 

high vacuum techniques, solar cells built with solution-

based methods that combine chalcopyrites and ZnO are 

not uncommon, and their efficiency has been increasing 

steadily over the last years [5-16]. Various deposition 

methodologies have been used, such as electrodeposition 

[5, 11], spraying [12-14] and solution growth techniques 

[10]. However, many of these cells are prepared in sub-

strate configuration and involve a layer of toxic CdS or a 

stage involving hazardous hidrazine or require a thermal 

treatment in highly toxic H2S atmosphere. This is the case 

of the (so far) highest performance hydrazine-based solu-

tion processed device with certified power conversion ef-

ficiency (PCE) of 17.3%, based on a composition grading 

profile of CIGS absorber layer and a CdS buffer layer [15]. 

Superstrate cells usually show lower efficiencies but are 

still interesting concept proofs for applications such as 

tandem, flexible or bifacial cells. Dehghani, Cheshme 

Khavar and co-authors have recently reported various to-

tally solution processed CuInS2 solar cells in superstrate 

configuration [6-9]. These cells are composed of 
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FTO/TiO2/In2S3/CIS/carbon, where all the layers are com-

pact films (no nanostructured layer is included). Conver-

sion efficiencies reach values close to 3% with CIS inks 

synthesized using a hot injection process [8], up to 5.2% 

for CIS inks deposited by spin coating [7, 9] and 2.67% 

when all the layers are deposited by spin coating of mo-

lecular precursor inks [6]. 

On the other hand, the incorporation of nanostructures can 

be used to partially compensate the typically low efficien-

cies of superstrate cells. The introduction of nanostruc-

tured layers has been analyzed before in an effort to min-

imize charge loss by increasing the interfacial area [17]. 

Moreover, it has been suggested that the requirements on 

the minority carrier diffusion length of the absorber mate-

rial are reduced significantly in comparison to a planarge-

ometry [18-20]. Kärber et al. [16] reported a nanostruc-

tured ZnO/In2S3/CuInS2 superstrate solar cell with all the 

layers deposited by chemical spray pyrolysis, where the 

introduction of nano-columnar ZnO increased the conver-

sion efficiency from 2 to 3%. In our recent paper, nanopil-

lars of ZnO have been doped with chloride ions to in-

crease the free electron density [21]. The present work fo-

cuses on the positive influence of this chloride-doped 

nanostructed ZnO layer on the efficiency of a photovoltaic 

solar cell. 

Solar cells in superstrate configuration combining chlo-

ride-doped nanostructed ZnO as n-type transparent win-

dow, In2S3 as buffer layer and CIS as p-type absorbing 

layer were prepared and evaluated. The mere introduction 

of a nanostructured layer was not enough to produce a 

marked improvement in the relevant electrical parameters. 

The differences become significant only when nanostruct-

ed ZnO is doped with Cl. The porous nature of the ZnO 

nanopillars together with the lower resistance and higher 

electron densities provided by chloride doping, plus the 

cyclic character of the spin coating, contributed to form a 

pn junction which is distributed in space and increases the 

efficiency of the solar cell. It is also worth noting that 

there was no need to include further etching stages with 

toxic KCN solutions, which are frequently necessary to 

eliminate undesired secondary phases present in the CIS 

layer [22, 23]. Also, the buffer layer chosen was Cd-free 

and no further sulfurization treatment was applied. 

 

2 Material and methods 
2.1 Substrate The cells were prepared in superstrate 

configuration using FTO (fluorine doped tin oxide, sup-

plied by Zhuhai Kaivo Electronic Components Co., Ltd.) 

as substrate. FTO sheets were cut into rectangular pieces 

of 1  3 cm2 and cleaned in an ultrasonic bath with ace-

tone and ethanol. 

 
2.2 ZnO deposition Three different layers of ZnO were 

prepared: a compact layer deposited by spray pyrolysis 

(SP-ZnO) and two other layers where nanopillars of ZnO 

are electrodeposited, with and without chloride doping. 

The compact SP-ZnO layer was deposited following the 

procedure described in detail elsewhere [21], either alone 

or between the glass and the nanopillars (to prevent pin-

holes). The spraying process included a total of 17 cycles. 

The solution was atomized using N2 as a carrier gas in 

pulses: 2 seconds ON and 10 seconds OFF. The plate was 

heated at 425 ºC. After the last cycle was finished, the 

samples remained on the hot plate at 325ºC for 20 

minutes. 

The nanopillars were electrodeposited using a Voltalab 

PGP 201 potentiostat. A Zn foil served as counter elec-

trode and a saturated calomel electrode (SCE) as reference 

electrode. All the potential values will be given against 

this reference. To prepare the nanopillars (NP-ZnO), 

aqueous solutions of 10 mmol L-1 Zn(NO3)2 at 70 °C and 

with constant stirring were used as electrolytic bath. The 

NP-ZnO layer was deposited by keeping the electrode at -

1 V up to a total charge density of 1.33 Ccm-2. 

To dope with chlorides, 5 mmol L-1 NH4Cl was incorpo-

rated to the electrolytic bath, so that the ratio between Cl- 

and Zn2+ in the precursor solutions, (Cl-/Zn2+) equals 0.5. 

These samples will be labelled as NP-Cl:ZnO.  
 

2.3 In2S3 deposition The conditions for the sequential 

deposition of the buffer and absorbing layers were careful-

ly chosen so that the previous one was preserved. 

An ultrathin layer of In2S3 was deposited by spray pyroly-

sis in between the ZnO and the CuInS2 layers. The deposi-

tion conditions followed those reported by other authors 

[24, 25].  

The precursor solution contained 120mmol L−1 of thiourea 

and 18 mmol L−1 of InCl3. The solution was atomized us-

ing N2 as a carrier gas in pulses: 30 seconds ON and 60 

seconds OFF. The plate was heated at 300 ºC. Six cycles 

were completed achieving a thickness of less than 100 nm. 

O’Hayre et al. have established an optimum thickness of 

60 nm for this type of buffer layer [25]. After the last cy-

cle, the samples remained on the hot plate at 300ºC for 30 

minutes. 

 

2.4 CuInS2 (CIS) deposition CIS ink was prepared 

with slight variations from the methodology reported by 

Dehghani et al. [9]. Briefly, 0.105 mmol of CuCl, 0.1 

mmol of InCl3 and 0.4 mmol of thiourea were added to a 

mixture of acetic acid (0.046 mL) and N-propylamine (0.6 

mL). The precursor solution was stirred using an ultrason-

ic bath for 30 minutes until it became light-brown. 

The precursor ink was deposited onto FTO/ZnO/In2S3 by 

spin-coating at 2000 rpm for 20s. Two cycles were com-

pleted. After each cycle, the samples were kept on a hot 

plate at 150°C for 10 min to eliminate the solvent. Finally, 

the samples were kept on the hot plate at 250°C for 10 

more minutes.  During this last heat treatment, the color of 

the film changed from colorless to shiny black.  
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2.5 Characterization X-ray diffractograms were regis-

tered using a PANalytical X'Pert Pro diffractometer, with 

Cu-Kα radiation at 40 kV and 40 mA. The samples were 

scanned using the Brag Brentano configuration, between 

20º and 80º at 0.02º/s. The crystallographic data were in-

terpreted with X´Pert High Score software.  

The morphology of each layer was recorded by scanning 

electron microscopy (SEM), using a JEOL JSM-5900LV 

microscope.  

Localized Raman spectra were recorded with an Invia Re-

flex confocal Raman microprobe in backscattering config-

uration and using a 50x objective. Excitation was provided 

with a continuous-wave 785 nm laser.  

The thickness of each layer and that of the cells was eval-

uated using a KLA TENCOR D-100 profilometer and 

compared with SEM cross-section and 45º images. 

The optical properties of these cells were studied by 

transmittance spectroscopy using a double beam UV–VIS 

spectrophotometer Shimadzu UV-160.The transmittance 

was measured for all the samples using glass/FTO sub-

strate as reference. 

Current–voltage curves were recorded in the dark and un-

der simulated solar irradiation using an IVIUM® compact 

potentiostat. Eight graphite dots of 0.003 cm2 (effective 

area of the solar cell) were painted with conductive graph-

ite ink (Alpha Aesar) using a mask on each sample and 

used as back contacts. The procedure was repeated for 

three samples of each specimen, giving a total of 24 spots 

per solar cell type. The light source was a 150 W Xe lamp 

coupled to an air-mass filter 1.5G (solar simulator, Oriel-

Newport 96000). The light intensity was set at 100 mW 

cm−2 (1 Sun) with a calibrated Si photodiode.   

The same graphite dots were used to measure the intensity 

modulated photovoltage and photocurrent spectroscopy 

(IMVS and IMPS respectively). These techniques, which 

have been mainly used earlier to characterize liquid/solid 

interfaces [26], are also being used to study cells in the 

solid state and require that the samples are excited with a 

modulated intensity optical signal. A red LED (639 nm, ~ 

1 mW) was used as a source of optical excitation. The 

LED intensity and modulation was kept at the lowest pos-

sible values that give a measurable signal in order to di-

minish nonlinear effects. The frequency of the optical 

modulation was changed while the amplitude of the signal 

was kept constant, and with this configuration various fre-

quency sweeps were performed from 1 Hz to 90 kHz. Re-

peatability was assured when the different sweeps over-

lapped on the same locus. The modulation was performed 

by a signal generator (Tecktronix AFG 3022B). Two lock-

in amplifiers (Stanford Research Systems SRS-530) were 

used to detect the modulated signals (photocurrent or pho-

tovoltage), and the signal from a photodiode (UV En-

hanced Silicon Detector) used to monitor the LED signal. 

This signal is used to avoid spurious intensity fluctuations 

and to normalize between the different measurements. 

For the IPCE (Incident photon to current efficiency) char-

acterization a 50 W halogen lamp (Newport 6337) was 

used as a source of white light excitation, which was 

monochromatized (ORIEL 77250) and chopped (SR 540) 

before reaching the sample. The electric contacts were the 

same graphite spots as previously described and the cur-

rent signal (in short circuit condition) was detected by a 

Lock-in amplifier (SRS SR530).  For the reference signal 

in this measurement, a calibrated Oriel 91150V reference 

cell was used. 

 

3 Results and discussion This work describes a com-

parison between the performances of three different cells 

prepared in superstrate configuration by using various so-

lution-based methodologies. In every case, the cells are 

supported on conductive glass (FTO, F:SnO2), followed 

by the sequential deposition of a ZnO as window layer, a 

In2S3 as buffer layer and CIS as absorbing layer. The dif-

ference among the three cells relies on the morphology 

and composition of ZnO, since this layer can be sprayed 

as a dense layer (SP) or electrodeposited as nanopillars 

(NP). In turn, the nanopillars can be doped with chlorides 

(NP-Cl:ZnO). Cl incorporation was confirmed by Electron 

Dispersion Spectroscopy (EDS), X-rays Diffraction and 

UV-Vis Spectroscopy, as described elsewhere [21]. 

These diverse materials can be combined to prepare the 

three different cells summarized below: 

 

Solar Cell 1 (SC1): FTO / SP-ZnO / In2S3 / CIS/ graphite 

Solar Cell 2 (SC2): FTO / SP-ZnO / NP-ZnO / In2S3 / CIS/ 

graphite 

Solar Cell 3 (SC3): FTO / SP-ZnO / NP-Cl:ZnO / In2S3 / 

CIS/ graphite 

 

SEM images were recorded to follow the morphology of 

the layers as the deposition sequence progressed. Figures 

1a to 1e display top-view images of (a) SP-ZnO, (b) SP-

ZnO / In2S3/ CIS, (c) SP-ZnO / NP-ZnO, (d) SP-ZnO / 

NP-ZnO / In2S3 and (e) SP-ZnO / NP-ZnO / In2S3 / CIS. 

Figure 1f presents a cross-section image of SC2. 

Images 1a and 1b correspond to the sequence of building 

SC1. The films are compact with spherical grains com-

pletely covering the substrate. Images 1c to 1e correspond 

to the sequence followed to build SC2. From Fig. 1c it can 

be seen that the nanopillars grown on SP-ZnO are densely 

packed and aligned, showing a well-defined hexagonal 

cross-section. Then, as can be observed in Fig. 1d, the 

hexagonal surface of the nanopillars fades away, which is 

a complementary evidence for the homogeneous deposi-

tion of the In2S3 ultra-thin layer that copies the morpholo-

gy of the nanopillars. Finally, two cycles of spin coating 

with CIS are sufficient for the nanopillars to end up em-

bedded in the absorbing layer. This can be seen in Fig. 1e, 

which corresponds to SC2. The film is homogeneous, 

shows no cracks and is relatively porous. The sequential 
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images corresponding to SC3 (not shown) are similar to 

those presented for SC2. 

Figure 1f shows a cross-sectional view of SC2 cell. The 

global thickness resulting in values ranging from 1 to 1.5 

µm. These values were confirmed by profilometry.  

 

 

 

 
Figure 1: SEM micrographs showing the various layers in-

volved in the solar cells: (a) SP-ZnO, (b) SP-ZnO / In2S3 / CIS 

(c) top and 45° inclined views of SP-ZnO / NP-ZnO (d) SP-ZnO 

/ NP-ZnO / In2S3, (e) SP-ZnO / NP-ZnO / In2S3 / CIS and (f) 

cross sectional view of (e).  

 

X-rays diffractograms (XRD) of the three cells were regis-

tered and two of them are presented in Figure 2. The dif-

fraction patterns from each individual layer deposited on 

FTO substrate are shown as references to identify the cor-

responding peaks in SC1 and SC3. For SC1, the main 

peak of ZnO corresponds to the (101) plane at 36.2° indi-

cating the presence of wurtzite (PDF 79-0207). There is 

also one broad weak peak at 27.9º that can be attributed to 

a chalcopyrite structure of CIS (PDF 27-0159). As this 

layer is very thin, the presence the absorber needs to be 

confirmed by Raman spectroscopy. 

XRD of solar cells SC2 and SC3 are very similar, so only 

SC3 will be shown. In SC3, almost all the diffraction 

peaks corresponding to ZnO can be seen. There is a 

marked increment of the (002) peak which can be ex-

plained by the preferential orientation along the c axis, 

typical of the nanopillars. Again, one broad weak peak at 

27.9º can be attributed to CIS. Unfortunately, the In2S3 

buffer layer cannot be detected in the cell by XRD due to 

the ultrathin thickness.   

 
Figure 2: X-rays diffractograms corresponding to SC1, SC3, 

NP-ZnO, SP-ZnO, In2S3 and CuInS2.  

 

As a result of the different penetration of the incident 

radiation, Raman spectroscopy has been used to 

complement results from XRD. In the case of CIS, quasi-

resonant Raman scattering measurements were performed, 

given that the excitation wavelength (785 nm) is close to 

the band gap of the compound under analysis [27]. 

Therefore, a strong increment in the intensity of the 

Raman modes can be achieved. 

Figure 3 shows the spectra of cells SC1 (dotted curve) and 

SC3 (full line). The figure also shows the spectra recorded 

using a thick layer of CIS (dot-dashed curve) deposited 

directly on FTO using 5 instead of just 2 cycles, but in 

identical conditions. All of them are characterized by the 

presence of peaks in the 200–400 cm-1 spectral region. 

The peak centered at 270 cm-1 correspond to the B2 mode 

of the chalcopyrite (CH) structure.The strong band at 307 

cm-1 corresponds to the A1 mode of the Cu–Au (CA) 

ordering polytype [27]. This is an indication that the film 

is a mixture of CH and CA orders.In resonant conditions, 

the band at 340 cm-1 corresponds to the presence of the 

B2
(3)(L)/E(6)(L) CuInS2 mode. The presence of these 

signals in SC1 and SC3 confirms the presence of CIS, 

which was not clearly visible in the XRD patterns (Figure 

2). 
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Figure 3:Typical Raman spectra taken from CIS, SC1 and SC3. 

 

Figure 4 shows the optical transmittance of SC2 (full line) 

using as reference a bare FTO/glass substrate. In order to 

account for the influence of each individual layer on the 

overall transmittance of SC2, their transmittance spectra 

are also included in this figure. Each individual layer was 

deposited directly over a FTO/glass substrate. Interference 

oscillations present in both the FTO/glass substrate [28, 

29] and the SP-ZnO layer could lead to an increase in the 

interference phenomena in the SP-ZnO transmittance 

spectra, explaining transmittance values above 100% [21]. 

These interference oscillations are expected due to the 

compact nature of the SP-ZnO layer, and its effect is re-

duced as the number of layers is increased [28].  
The SP-ZnO transmittance spectra also shows the typical 

sharp direct-like absorption edge of ZnO thin films located 

at 380 nm [29]. The SP-ZnO/NP-ZnO spectrum (dot-

dashed curve) also presents the ZnO absorption edge pre-

viously described and a smooth monotonous increment for 

longer wavelengths caused in the light scattering proper-

ties of the sample [30]. The transmittance of the buffer 

layer (dotted curve) shows an absorption edge located at 

490 nm. The CuInS2 layer shows the smallest transmit-

tance (short dashed curve) of all, with a smooth increase 

for wavelengths higher than 700 nm corresponding to the 

absorption edge of CuInS2. Finally, the optical transmit-

tance of the whole SC2 cell (full line) clearly shows the 

absorption edges of both the ZnO and In2S3 layers. Less 

evident, but still present, is the CuInS2 layer. The differ-

ences between the transmittance of the various layers and 

the transmittance corresponding to SC2 are caused by the 

different number of cycles used for the samples under 

study. In particular, In2S3 and CuInS2 samples were pre-

pared using more cycles than those used for the corre-

sponding samples in SC2 cell. In order to get well-defined 

spectra, 18 and 5 cycles of deposition were used to grow 

these layers, respectively. Therefore, although with differ-

ent relative weights, the spectrum of SC2 presents almost 

every absorption edge from the different materials.  

 

Figure 4: Transmittance spectra for samples: SP-ZnO (dashed 

line), SP-ZnO/NP-ZnO (long dash dot line), In2S3 (short dash dot 

line), CIS (dotted line) and SC2 (full line).  

 

The bandgap energy (Eg) of each individual layer may be 

obtained from the absorption edge position and is present-

ed in Table 1. As a direct bandgap is expected, the deter-

mination of the Eg values was made from the extrapolation 

to zero absorption of a linear fitting of (αhν)2 against pho-

ton energy (hν), where α is the experimental absorption 

coefficient [31-33]. First, an experimental absorptance 

was obtained, so that αexp = – lnT. Then, a corrected ab-

sorptance (αcorr) was calculated as αcorr = αexp – αback, where 

the background absorptance (αback) adjusts for zero absorp-

tion. The dependence of αback with h can be obtained 

from a linear fitting in the below gap region of the Tauc 

plot, where (αexph)1/2 is plotted against h. This is the 

same dependency used for amorphous and indirect semi-

conductors [33, 34]. The procedure of finding αback was al-

ready used in similar nanostructured samples [28]. The 

correction is originated in the fact that scattering and spu-

rious amorphous phases introduce uncertainty in the zero 

absorption line, which greatly influences the Eg values. In 

fact, this light scattering is responsible for the milky ap-

pearance of the NP-ZnO samples. Figures 5a and 5b show 

plots of (αcorrh)2 against h. 
 
Table 1: Typical Eg values for each of the layers involved in 

the solar cells construction 

 

Sample Eg [eV] 
SP-ZnO 3.26 

SP-ZnO/ NP-ZnO 3.23 
NP-ZnOCl-/ Zn2+ = 0 3.33 

NP-Cl:ZnOCl-/ Zn2+ = 0.5 3.45 
In2S3 2.65 
CIS 1.65 

 

The Eg values obtained for these samples were close to 

those expected for the bulk materials [1, 21, 24].In the 

particular case of SP-ZnO and SP-ZnO/NP-ZnO, both pre-

sent similar values of Eg. This is because both layers con-

sist of the same material, just with a different structure. 

For this reason, an optical characterization of NP-ZnO and 

NP-Cl:ZnO layers (without SP-ZnO) was carried out. Fig-

ure 5b shows a blue shift in the absorption edge of the NP-

ZnO when doping with chloride. This behaviour is in ac-

cordance with previously reported shifts on the absorption 

edge with the Cl-/Zn2+ ratio [21]. The shift is due to band 

filling effects (and eventual bandgap renormalization) 

originated in the excess of free electrons due to doping, i. 

e. Moss-Burstein effect [35]. 
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Figure 5: Plots for direct bandgap energy (Eg) determination 

for samples: (a) SP-ZnO (long dash line), SP-ZnO/NP-ZnO 

(dash dot line), In2S3 (dot line) and CuInS2 (short dash line); (b) 

NP-ZnO (long dash line) and NP-Cl:ZnO (dot line) 
 

Figure 6 presents the I-V curves registered for the best de-

vice of each cell in the dark and under illumination. No 

photoresponse could be detected in the absence of 

In2S3.The external cell parameters, namely the short-

circuit current density (JSC), open-circuit voltage (VOC), fill 

factor (FF) and efficiency (η) can be calculated from those 

curves and are shown in Table 2. Other internal cell pa-

rameters, such as the series resistance (Rs) and shunt re-

sistance (Rsh) were calculated from the J-V data recorded 

under illumination by linear fitting in different regions of 

the curves [36].  

Even though the parameters and results of the best devices 

are shown to simplify the analysis, the mean values and 

standard deviation keep analogous trend. The standard de-

viation related with de mean values of the measured pa-

rameters (Jsc,Voc,FF, η)  are in all cases lower than 36%.  

 

 

      

 

Table 2: Relevant electrical parameters for the best SC1, SC2, 

SC3 cells, derived from the results shown in Figures 6 and 7. 

 

Sample SC1 SC2 SC3 

JSC [mA cm-2] 

VOC  [V] 

FF 

η  % 

Rs   [Ω cm2] 

Rsh  [Ω cm2] 

τR  [ms] 

τD  [ms] 

ηcc  % 

4.0 

0.41 

0.27 

0.46 

3.3 

111 

2.0 

0.82 

59 

0.52 

0.61 

0.2 

0.1 

77 

860 

4.0 

0.84 

79 

13.3 

0.5 

0.43 

2.8 

0.9 

79 

0.24 

0.02 

92 

 

The results show interesting differences among the vari-

ous cells. The introduction of a nanostructured layer is not 

enough to produce a marked improvement in any of them 

and in fact the efficiency decreases when comparing SC1 

to SC2. However, comparing SC2 to SC3 it is clear that 

when NP-ZnO is doped with chloride (NP-Cl:ZnO), the 

short-circuit current increases markedly. In turn, this 

translates into a much better energy conversion that in-

creases from 0.1 to up to 2.8%. 

Furthermore, it can be seen that the presence of a 

nanostructured layer tends to increase both resistances, Rs 

and Rsh (i. e. higher values for SC2 than SC1) but after Cl-

doping (SC3) these values decrease again and end up be-

ing lower than for SC1. 

 

(a) 
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Figure 6: Current-voltage response of the three best cells in the 

dark (black triangle shape) and under simulated solar irradiation 

(red circle shape). (a) SC1; (b) SC2; (c) SC3. Relevant parame-

ters are summarized in Table 2. 
 

IMVS and IMPS frequency response measurements pro-

vide additional information on the internal dynamics of 

the cell. Both techniques require the excitation of elec-

trons in the conduction band of the cell due to a small in-

tensity optical modulated signal. Given that IMVS is per-

formed at open-circuit conditions it is possible to explore 

the electron lifetime and electron-hole recombination dy-

namics [26], as in open-circuit conditions the excited elec-

tron-hole pair (inside the solid state cell in present case) 

can only return to the equilibrium condition by recombina-

tion. By means of IMPS measurements (at short circuit 

conditions), information about the combined effect of 

mass transport of the charge carriers and recombination 

could be obtained. If the charge collection process is faster 

than the recombination process, then the IMPS signal 

would lead to the characteristic time constant of the 

transport process (see below the time constant defini-

tions)[26]. 

The characteristic electron recombination time (τR), elec-

tron transport time (τD), and charge collection efficiency 

(ηcc) are important factors to estimate the overall perfor-

mance of a solar cell. τR and τD can be obtained via Eq. (1) 

and Eq. (2), respectively [26, 37]: 

 

                      (1) 

 

   (2) 

 

where  and  are the frequency minima of the imagi-

nary component in the IMVS and IMPS response, respec-

tively. IMVS frequency response graphs for SC1, SC2 and 

SC3 are presented in Figure 7. These graphs are Nyquist 

plots of the response of the cell, i. e. imaginary part (quad-

rature component) against real part (in-phase component). 

The lines in Figure 7 are obtained by fitting the real and 

imaginary parts of IMVS response against frequency with 

the expression for a single time constant process [26]. The 

results for the time constant obtained from the fitting of 

the imaginary parts for each cell are summarized in Table 

2. 

The IMVS characteristic times obtained show that the life-

time or recombination time (τR) for SC1 and SC2 have the 

same order of magnitude. However, τR is much shorter for 

SC3. This can be expected due to the recombination rate 

increment originated by the defects states introduced by 

the doping.Also, the transport time (τD) calculated for SC3 

cell is much shorter than those for cells SC1 and SC2, 

which are quite similar between them. This indicates a 

faster electron transport through SC3.This higher transport 

rate may be also originated in the Cl-doping, probably due 

to an increase of the band bending in the interface, ulti-

mately acting as the driving force for charge separation. 

The reduced Rs [21] may also contribute to diminishing 

this transport time. Moreover, an increased overall mobili-

ty may contribute to a faster transport time of carriers 

through the device. For this reason the mobility of the na-

nopillars was calculated using previously measures of 

sheet resistivity and charge carrier densities [21]. The re-

sults give 9.7 cm2 V-1 s-1 for NP-ZnO and 36 cm2 V-1 s-1 

for NP-Cl:ZnO. Therefore the mobility contribution on the 

whole transport across the device should be also consid-

ered. 

Nevertheless, to weigh the electron transport and recom-

bination processes combined, charge-collection efficiency, 

ηcc can be calculated according to the Eq. (3) [26]: 

 

          (3) 

 

This is considered to be a more reliable parameter. The ηcc 

results are also displayed in Table 2. In general, a high ηcc 

value will result in high solar energy conversion, η; the 

cell SC3, which includes ZnO nanopillars doped with 

chloride exhibits the smallest τR and τD of all, and a higher 

charge collection efficiency (ηcc) than SC1 and SC2. All 

(b) 

(c) 
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of these results are in good agreement with the data de-

rived from the previously studied current-voltage curves 

(Figure 6) and demonstrate the improvement introduced 

by the Cl-doping in the nanostructured layer. 

 
Figure 7: IMVS measurements of the three cells illuminated 

through the conducting substrate. Thin lines are fittings. 
 

However, Table 2 shows a poor correspondence between 

the cell efficiency η and the charge collection efficiency 

ηcc. While SC2 has the smallest η, it has an intermediate 

value for ηcc. This may be related to the relative high se-

ries resistance Rs, and the departure of this cell from the 

single-diode model, which is not yet clearly understood.  

Figure 8 shows the measured IPCE for samples SC1, SC2 

and SC3.The current signal was chopped in order to be de-

tected by the Lock-in amplifier. The chopping frequency 

used was smaller than the one obtained from the IMVS & 

IMPS characteristics frequencies of this sample. Towards 

the infrared region the signal is very small (almost zero). 

This indicates that there is almost no photoresponse origi-

nated in subbandgap (defect) states [38, 39]. As the pho-

ton energy is increased, the IPCE signal starts to grow 

smoothly. For higher energies the IPCE signal presents an 

abrupt decay. This decrease could be attributed to the ab-

sorption in the transparent conductor (ZnO). Once the ab-

sorption of ZnO becomes important, less photons are 

available for the charge carrier generation in the absorber, 

leading to a lower IPCE. The signal for the SC3 sample is 

the greatest of all, in accordance with its better perfor-

mance (see Table 2). Moreover, both samples with NP 

(SC2 and SC3) have a greater IPCE in the visible region. 

This may be due to the light scattering capability of the 

NP [40]. The IPCE integrated short circuit current density 

was calculated. The values are 0.53, 0.72, and 2.0 mA cm-

2 for samples SC1, SC2 and SC3 respectively. The dis-

crepancy with the values on Table 2 may be due to uncer-

tainty in the IPCE measurement caused by the degradation 

of the graphite contacts. 

 
 
Figure 8: IPCE measurements for solar cells SC1, SC2 and 

SC3 
 

4 Conclusions This work reports results from a novel 

nanostructured CIS solar cell in superstrate configuration, 

totally obtained from solution-processed deposition meth-

ods. The In2S3/CIS junction was impregnated into electro-

deposited ZnO nanopillars by spray pyrolysis and spin 

coating from a precursor ink (CIS). The stacked layers 

were then annealed at low temperature to preserve the 

nanostructure. 

Our best cell (SC3) is competitive with other superstrate 

cells produced by solution-based methodologies or 

nanostructuring strategies. It is worthwhile noting that this 

cell was prepared using simple, cost-effective and benign 

processes, avoiding vacuum, toxic materials, high temper-

ature heat treatments, Cd-containing layers and KCN puri-

fication stages. 

The mere introduction of a nanostructured layer was not 

enough to improve the photoresponse of the solar cell. The 

conversion efficiency of the solar cell increased consider-

ably only when using Cl-doped nanopillars, attaining a 

maximum efficiency of 2.8%. 

A better series resistance together with a higher value for 

the charge collection efficiency, contribute to explain the 

corresponding improvement in cell efficiency. This can al-

so be verified from the IPCE measurement. 
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