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Chapter 3 

ZnO Nanotrees  
 

3.1 Introduction 

As already described in past chapters of this work, the synthesis of vertically-aligned ZnO 

nanorods (NR) prepared by the hydrothermal synthesis method is an easy, low-cost and 

scalable technique.1-5 It permits the growth of ZnO NRs on almost any substrate and on 

relatively large areas.6  While there are many advantages of the technique, recent results 

indicate that the ZnO NRs obtained by this method shows low surface area and high 

amount of defects which translates in high charge recombination and low photovoltaic 

performance when applied in DSC.7, 8 Recent reviews on the application of ZnO in DSC 

showed that the power conversion efficiencies applying bare vertically-aligned ZnO NRs 

have not been higher than 2.5-3.1%,9, 10 not even when NRs with lengths up to 40 µm11 are 

used.12 This can be observed by the analysis of Table 2.1 in Chapter 2, where we enlisted 

the photovoltaic response of DSC applying vertically aligned ZnO NRs (the NR length is 

also included). Although it is difficult to arrive to any definitive conclusion due to the 

multiple differences in synthesis conditions, we could observe that, in general,  

a) The highest PCEs correspond to DSCs applying the longest ZnO NRs. This is not 

surprising taking into account that the longer the NR the larger the amount of Dye 

adsorbed on the oxide and thus, the higher the PCE.  

 

b) Good efficiencies correspond also to synthesis methods where a modification of 

the basic hydrothermal method is used. For example, the synthesis of NRs is made 

on metallic substrates, by electrochemical methods or by the application of 

additives during synthesis, among others. This is a good indication that the PCE is 

directly related to the synthesis conditions and methods applied for the ZnO NR 

growth. 

 

Additionally, enormous research efforts are being invested to understand the causes 

behind this low PCE response and to find new ways to improve the ZnO properties. One of 

the most popular strategy is the synthesis of different nanostructures with improved 
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surface area like vertically-aligned branched nanorods, nanoforest, nanosheets, 

nanoflowers, nanorings, etc.1, 13 Recently 3-Dimensional ZnO nanostructures called 

nanoforest, have demonstrated the enhancement on PCE when applied in DSC due to the 

higher surface area.14, 15 Table 3.1 enlists the photovoltaic values obtained for DSCs 

applying all these different ZnO nanostructures. The first part of the table is ordered from 

low to high power conversion efficiency (PCE) since no electrode thickness is given. The 

second part of the table is ordered in ascending order depending on the ZnO electrode 

layer thickness. The highest performance of 7.5% PCE corresponds to a DSC applying a 

~15 µm layer of hierarchical ZnO nanocrystals prepared by spray pyrolysis.16 Other ZnO 

nanostructures synthesized by hydrothermal methods achieved also high solar cell 

performance for example nanosheets with 6.19% PCE applying an electrode of 35.6 µm 

thick,17 nanoplates with 5.05% PCE and an electrode of 12 µm thick18 or hollow spheres 

with 5.60% PCE and 12 µm electrode thickness.19 Figure 3.1 represents some of these ZnO 

nanoforms applied in DSC in function of the obtained power conversion efficiencies (PCE). 

 

Figure 3.1 Different ZnO nanoforms reported in literature vs. the obtained power conversion 
efficiency (PCE) in DSCs.  
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Table 3.1 Literature review on different ZnO nanostructures and their application in DSCs. 
Nanostruct.: Nanostructure, NW: Nanowires, H.: Hierarchical structure, NRs: Nanorods, MOCVD: Metal 
Organic Chemical Vapour Deposition, CVD: Chemical Vapour Deposition, HT: Hydrothermal, ALD: 
Atomic Layer Deposition, ECD: Electrochemical Deposition, Sonochem.: Sonochemical method, T. 
plasma: Thermal plasma. * Randomly oriented and horizontal ZnO NRs. 

Film 

Thickness 

(µm) 

ZnO 
Nanostruct. 

Synthesis 
method 

Dye 
Light 

Intensity 
(mW/cm2) 

Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
(%) 

PCE 
(%) 

Ref. 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

dendritic NWs 
 Nanocombs 
*Nanofibers 
*Nanocones 

Flakes 
Nanosheets 
Nanotubes 

H. Nanostruct. 
Branched NRs 
Nanoflowers 
Nanotubes 
Nanospikes 
Nanosheets 
Nanobelts 

H. NRs-NPs 
Nanosheets 

Nanotetrapods 
Nanosheets 
Nanosheets 

MOCVD 
CVD 

MOCVD 
HT 
HT 
HT 

ALD 
ECD 
HT 
HT 
HT 

ECD 
HT 

ECD 
HT 

ECD  
MOCVD 

HT 
ECD 

N719 
N719 
N719 
N719 
N719 

N3 
N719 
N719 
N719 
N719 
N719 
N719 
N719 
N719 
N719 

Eosyn Y 
N719 
N719 
D149 

100 
100 
100 
100 
100 
100 
90.6 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

0.74 
0.67 
0.69 
0.70 
0.67 
0.59 
0.74 
0.60 
0.69 
0.65 
0.65 
0.68 
0.56 
0.56 
0.64 

- 
0.61 
0.58 
0.69 

1.62 
3.14 
2.87 
2.29 
2.33 
2.06 
3.30 
5.10 
6.19 
5.50 
5.50 
6.07 
12.3 
17.0 
6.63 

- 
9.71 
10.9 
12.2 

38 
34 
44 
55 
59 
55 
64 
54 
39 
53 
61 
60 
48 
28 
61 
- 

55 
62 
66 

0.50 
0.68 
0.88 
0.91 
0.99 
1.56 
1.60 
1.63 
1.66 
1.90 
2.20 
2.51 
2.60 
2.60 
2.60 
2.70 
3.27 
3.90 
5.56 

20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
35 

1.0 
1.3 
2.0 
2.0 
2.0 
3.0 
3.3 
3.5 
4.0 
5.0 
5.0 
5.0 

6.0-8.0 
6.8 
7.0 
7.1 

7.0-8.0 
9.0 

10.0 
10.0 
12.0 
12.0 
13.0 
14.0 
15.0 
15.0 
20.0 
20.0 
20.0 
20.0 
21.0 
25.0 
27.0 
35.6 
42.2 

320.0 

Nanotubes 
H. NRs 

Nanotubes 
Nanosheets 
Nanotubes 

Nanoflowers 
Nanocactus 

Nanoflowers 
Nanosheets 
*Nanofibers 

H. NRs 
H. NW-nanosheets 

H. nanostruct. 
Porous film 

NRs-Nanosheets 
Porous film 

Branched NRs 
H. hollow spheres 

*Nanosheets 
*Nanoflakes 
Nanoplates 

Hollow spheres 
Nanoforest 
Nanosheets 

*Branched NRs 
H. Nanocrystallites 

H. dislike shape 
Nanosheets 

*H. microflowers 
Nanosheets 

NRs+Microflowers 
Tetrapods 

Porous nanosheets 
H. nanosheets 

Tetrapods 
Tetrapods 

HT 
ECD 
ALD 
ECD 
ECD 
HT 
HT 

Microwave 
HT 

Electrospun 
ECD 
HT 
HT 

ECD 
ECD 
ECD 
HT 

Sonochem. 
HT 
HT 
HT 
HT 
HT 

Surfactant 
HT 

Spray pyrol. 
HT 
HT 
HT 
HT 
HT 

T. plasma 
HT 
HT 

DC plasma 
CVD 

N719 
Eosyn Y 
Porph.  

N3 
N3 

D149 
D149 
N719 
N719 
N719 
D149 
N719 

N3 
N719 
N719 
D149 
N719 
N719 
Evans  
N719 
N719 
N719 
N719 
N719 
N719 
N719 
N719 
N719 
N719 
D149 
N719 
N719 
N719 
N719 
D149 

N3 

42 
100 
98 
80 
80 

100 
30-90 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

0.54 
0.52 
0.50 
0.37 
0.39 
0.52 
0.66 
0.63 
0.56 
0.57 
0.56 
0.68 
0.69 
0.58 
0.74 
0.57 
0.67 
0.73 
0.37 
0.63 
0.63 
0.63 
0.68 
0.64 
0.59 
0.64 
0.69 
0.62 
0.68 
0.56 
0.71 
0.66 
0.57 
0.69 
0.61 
0.58 

3.40 
5.39 
1.30 
4.20 
4.70 
3.35 
7.20 
4.36 
13.8 
9.14 
12.4 
10.9 
1.51 
8.00 
10.9 
10.7 
4.27 
9.56 
0.58 
7.00 
14.4 
14.2 
8.78 
7.89 
5.52 
19.8 
6.92 
9.37 
11.3 
14.1 
10.4 
10.8 
14.7 
12.7 
12.4 
3.76 

53 
57 
66 
53 
53 
48 
70 
37 
44 
58 
58 
65 
52 
69 
38 
73 
52 
62 
58 
44 
56 
63 
53 
63 
55 
59 
53 
63 
53 
54 
35 
67 
61 
70 
65 
47 

2.30 
1.60 
0.50 
1.00 
1.20 
0.84 
3.32 
1.03 
3.30 
3.02 
4.08 
4.80 
0.54 
3.20 
3.12 
4.40 
1.51 
4.33 
0.12 
3.64 
5.05 
5.60 
2.63 
3.20 
1.82 
7.50 
2.49 
3.70 
4.12 
4.27 
2.58 
4.78 
5.16 
6.19 
4.90 
1.02 

38 
39 
40 
41 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
50 
52 
53 
54 
55 
18 
19 
14 
56 
57 
16 
58 
59 
60 
61 
62 
63 
64 
17 
65 
66 
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Nevertheless, all these strategies have not unravelled the fundamental problems that 

attain the ZnO properties. The quality of ZnO NRs obtained by the low-temperature 

hydrothermal method (LT-HM) depend in great extent on many different synthesis 

parameters like temperature, reaction time, reactants concentration, among others.12, 67 

Taking into account all the above mentioned issues, the objective of this chapter is to 

understand the causes behind the low power conversion efficiency of DSCs applying 

vertically-aligned ZnO NR electrodes. In order to achieve our goal, two strategies have 

been considered: 

a) Analysis of the effect of the synthesis methodology: A slight modification of the low 

temperature hydrothermal method, LT-HM, is made by the exchange of the 

synthesis reactor from glass-base to an autoclave reactor. The latter permits the 

increase of internal pressure of the reaction during ZnO NR growth. 

 

b) The synthesis of different ZnO nanostructures in order to increase surface area. 

Increasing surface area increases the dye loading capacity and PCE of the final ZnO 

NR electrodes. 

 

3.2 Synthesis of ZnO electrodes by a modification of the Low 

Temperature Hydrothermal Method (LT-HM) 

We carried out the modification of the low-temperature hydrothermal method (LT-HM) 

described in detail in Chapter 2. The new synthesis method is similar to the LT-HM, in both 

cases the NR growth synthesis techniques use an equimolar 25 mM aqueous solution of 

Zn(NO3)2 and HMT. However, the glass PYREX bottle applied in the LT-HM was exchanged 

for an autoclave Parr Autodigestion bomb with PTFE-liner (A-HM). In this case, the 

hydrothermal solution was hermetically sealed inside the reactor at a pressure of ~1.2·107 

Pa. The reaction temperature was also modified from 96°C for the LT-HM, to  150°C for the 

A-HM.68 The comparison of the obtained ZnO nanostructures prepared by the autoclave 

hydrothermal method (A-HM) and the low temperature hydrothermal method (LT-HM) is 

presented in this section as well as a proposed growth mechanism. 
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3.2.1 Comparison of two hydrothermal syntheses methods 

Figure 3.2 shows the schematic representation of the reactors and images from both 

growth synthesis methods. A PYREX® Screw Cap bottle with capacity of 120 mL was used 

for the LT-HM and two different autoclave Parr Autodigestion Bombs with PTFE-liner of 

different capacities: 23 mL (model 4749, synthesis A-HM-1) and 45 mL (model 4744, 

synthesis A-HM-2) were used.  

 

Figure 3.2 Schematic representation of both hydrothermal reactors and their images from a) the 
low-temperature hydrothermal method (LT-HM) and b) the autoclave hydrothermal method (A-
HM). 

 

The distance between the substrate and the bottom of the flask was also different in the A-

HM due to different reactor sizes. The autoclave reactors need to be filled only 2/3 parts of 

the total volume due to the internal pressure. Autoclave 1 (total volume 23 mL) was filled 

with only 14 mL and the autoclave 2 (total volume 45 ml) with 28 mL of the hydrothermal 

solution. The PYREX® bottle reactor from LT-HM was filled with 110 mL of the 

hydrothermal solution. The optimum distance of the substrate from the bottom of the 

flask was 7 cm for the LT-HM (see details in chapter 2, section 2.2.2). New substrate 

supports were prepared for the A-HM; distances here were 1 cm for A-HM-1 and 2.5 cm 

for A-HM-2. The electrodes of ZnO NR prepared with the synthesis A-HM were grown 

continuously for 6 h, 12 h, 22 h and 28 h, changing the solution every 6 h-12 h. Figure 3.3 
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shows the cross section and top view SEM images comparison between LT-HM and A-HM 

grown for 6 h, 12 h and 22 h. NR length grown by the LT-HM increases with growth time 

and stabilizes after 22 h, as already reported.12, 67 The method A-HM had a completely 

different response, NRs increased initially from 0.4-0.7 µm at 6 h growth time to 0.9-1 µm 

after 12 h and stabilized at about 1 µm at 22 h. The NR length and diameter are 

represented in Figure 3.5. 

 

Figure 3.3 Lateral view and top view (inset) SEM images of the ZnO NRs grown for 6h, 12h and 22h 
with different methods: a) the Low temperature hydrothermal method -LT-HM, b) the Autoclave 
hydrothermal method 1- A-HM and c) the A-HM-2.  

 

After 28 h growth time under the A-HM synthesis, a change in morphology was observed, 

the electrode length increased drastically from 1.1 µm to 3.5 µm for A-HM-1 and from 1.7 

µm to 3.8 µm for A-HM-2. This drastic increase in length is due to the formation of an 

opened structure on top of the NRs, we called this new nanostructure, ZnO nanotrees 

(NTr). This new nanostructure, called NTr, is shown in the SEM image of Figure 3.4b and 

also schematically represented in Figure 3.4a. The bottom part of the electrode maintains 

the NR structure while the top of the electrode presents an open flower-like 

nanostructure. In combination, both bottom and upper parts of the electrode conforms a 
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nanotree-like structure. An advantage of this nanoform is that the NR confers good 

electron transport, while the top open structure boosts the harvesting of light. It is also 

remarkable the high homogeneity of the electrode (Figure 3.4c and d), which is obtainable 

in large areas. The top-view image in Figure 3.4e revealed clearly that changing the 

synthesis reactor from the glass bottle for the LT-HM to the autoclave reactor for the A-HM 

synthesis (Figure 3.2) the NR structure of the ZnO is no longer maintained, and the new 

NTr nanostructure appears.   

 

Figure 3.4 ZnO electrode growth by the A-HM-2: a) Schematic representation of the ZnO nanotrees 
(NTr) structure and SEM images of the NTr b) lateral view at 90°, c) lateral view tilted 85° and d)-e) 
top view images.   
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3.2.2 Evolution of the ZnO NR dimensions: length, diameter and aspect ratio 

The length and diameter evolution of the ZnO NRs for the two hydrothermal methods are 

depicted in Figure 3.5. The measured dimensions are the average value obtained from the 

measurement of 10 NR of different sizes calculated from SEM images.68-70 Comparison of 

the ZnO NR length obtained from both methods revealed that, for the same growth time, 

ZnO NRs obtained by the A-HM synthesis were 1/5 shorter than the NRs obtained by the 

LT-HM (Figure 3.5a). In the case of the diameters of the ZnO NRs obtained by the LT-HM, 

two different sizes were measured by SEM as a function of the growth time and a an 

hexagonal-shape diameter was observed as the main form, and was maintained constant 

after increasing the growth time. One diameter was found at between 200 - 500 nm and a 

smaller one between 50 - 80 nm. Different result was observed for the NRs obtained by 

the A-HM. In the case of the A-HM, these two different NR sizes were observed at 6h 

growth time. After which the NRs became thinner with more homogeneous NR diameters 

as the growth time increases, especially for the A-HM-1. At 22 h very thin and 

homogeneous NRs of about 60 nm were obtained for the A-HM-1, while the A-HM-2 and 

the LT-HM showed two NR diameter sizes. The latter is an indication of the effect of the 

distance between the bottom of the reactor and the substrate. The homogeneity of the ZnO 

NR diameters is indicated by the small error bars of the graph, an indication that the A-HM 

permits the synthesis of ZnO NRs with more reproducible and homogeneous ZnO NR 

dimensions.  

 

Figure 3.5 Evolution of the ZnO NR dimensions with growth time for the LT-HM (black line), the A-
HM-1 (red line) and the A-HM-2 (blue line) hydrothermal methods: a) NR length, b) NR diameter. 
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Analysing the NRs evolution path, we observed that the NRs length completes its growth 

and stabilizes at about 5 µm for the LT-HM after 22 h of growth time, and between 0.9-1.1 

µm, for the A-HM-1 and A-HM-2 respectively, after 12 h growth time. In the case of the 

synthesis A-HM, the new NTr structure appears after 22 h of growth time.  

A schematic representation of the changes observed on the ZnO NRs with growth time for 

each syntheses methods, is shown in Figure 3.6. An interesting observation was the 

needle-tip morphology observed for the ZnO NRs obtained by the A-HM (see Figure 3.3b 

and Figure 3.6b and c). This needle-tip morphology is believed to be the responsible for 

the growth of thinner NRs with time, since the tip is probably acting as a seed for the 

growth of the following NR. At 28 h growth time and independently of the type of 

synthesis, the NRs ceased their growth, and a new nanostructure is formed for the A-HM, 

the NTr.  Since almost all the synthesis conditions are maintained the same for both 

methods, we can conclude that the pressurized container (autoclave) used for the growth 

of the NR by the A-HM, is clearly the responsible for the formation of the needle-shape and 

the NTr morphology. 

 

Figure 3.6 Schematic representation of the ZnO NR evolution for both hydrothermal methods: a) 
the LT-HM, b) the A-HM-1 and c) the A-HM-2. Lengths and diameters were calculated from SEM 
images. The diameters in parenthesis are the minority of NRs. 
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3. 3 Characterization of the modified ZnO nanostructures  

The ZnO electrodes prepared by the A-HM for all the different growth times (6 h, 12 h, 22 

h and 28 h) were characterized with different techniques presented in this section. 

 

3.3.1. ZnO nanostructure morphology and aspect ratio by electronic 

microscopy analyses (SEM and TEM)  

The different ZnO morphologies applying the A-HM synthesis grown at different reaction 

times and using the autoclave reactor 1 and 2 observed by SEM analyses are presented in 

Figure 3.3 and Figure 3.4. The scanning electron microscopy (SEM) images showed the 

needle shape and the different NR lengths compared with the LT-HM as commented in 

section 3.2.2. The new nanostructure, nanotrees (NTr), obtained at 28 h growth time by 

the A-HM-1 and the A-HM-2 is shown in Figure 3.4. 

The ZnO morphology of the different nanostructures could be also observed by 

transmission electron microscopy (TEM) analyses. The ZnO electrodes were scratched and 

the ZnO nanostructures were suspended in ethanol, then one drop of this dispersion was 

placed on the TEM grid. Figure 3.7 shows TEM images of ZnO NTr obtained by the A-HM 

using the autoclave reactor 1 (a) and 2 (b). We could see from the latter images two types 

of nanostructure: a NR structure and an open ZnO nanostructure, which we also observed 

by SEM images (Figure 3.4). The comparison of the bottom part of the ZnO NTr, the NR 

structure, with the NRs obtained by the LT-HM at 28 h is shown in Figure 3.8. Thinner NRs 

were observed for the A-HM-1 synthesis with a diameter ~60 nm (Figure 3.8d) compared 

to ~400 nm for the LT-HM (Figure 3.8a). The NTr top structure is presented in Figure 3.9a. 

 

Figure 3.7 TEM images of scratched ZnO electrodes grown for 28 h prepared by a) the A-HM-1 and 
b) the A-HM-2. 
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Figure 3.8 High resolution-TEM images of ZnO NRs prepared by the LT-HM (a-c) and the A-HM-1 
(d-f) with low magnification (a, d), high magnification (b, e) and Selected-area electron diffraction 
(SAED) pattern (c, f). 

 

Figure 3.9 HR-TEM images of the ZnO top structure from an electrode prepared with the A-HM-1 at 
28h growth time, a) low magnification and b) high magnification. 

 

The aspect ratio defined as the NR length divided by the NR diameter was measured from 

the obtained SEM images of each ZnO growth condition.3, 71 The larger the aspect ratio the 

larger will be the surface area of our ZnO NRs, which means more available area to adsorb 

dye to enhance the exciton formation in DSCs, thus, the aspect ratio is an important 

parameter to take into account.1 Figure 3.10 shows the aspect ratio in function of the NR 

length for the LT-HM and the A-HM-1 and 2. No aspect ratios were measured on the ZnO 

NTr structure (prepared by the A-HM at 28 h) due to the presence of the top structure that 
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made not possible the measurement of the NR diameters from the SEM images. The aspect 

ratio was observed to increase when the NR length increased, however, decreased for the 

LT-HM grown at 28 h and the A-HM-2 grown at 22 h. This aspect ratio decrease was 

caused by the large NR diameters respect to a stabilized ZnO NR length. The synthesis A-

HM-1 did not present the aspect ratio decrease given that the NR diameters were 

maintained small with homogeneous sizes (see section 3.2.2).  

 

Figure 3.10 Aspect ratio in function of the NR length for each ZnO NR growth condition. 

 

3.3.2. Crystalline structure by XRD and HR-TEM analyses 

All the ZnO electrodes presented an hexagonal wurtzite crystalline structure characterized 

by X-rays (XRD), with peaks at 31.7°, 34.5°, 36.4°, 47.7°, 56.8°, 62.9°, 81.6° and 104.9° that 

correspond respectively with the planes: (1010), (0002), (10-11), (10-12), (1100), (10-

13), (10-14) and (10-15) of the wurtzite structure, see Figure 3.11. The preferential 

orientation is observed by the higher intensity of the peak at 34.5° which indicates a 

vertical growth along c-axis, the direction [0001] perpendicular to the FTO substrate. 

Figure 3.11 shows the XRD graphs for electrodes prepared at 28 h growth time for the 

three synthesis methods. The ZnO electrodes grown by the A-HM show the same wurtzite 

peaks as the LT-HM, yet, the intensity of the peak (0002) was inferior due to the presence 
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of the new NTr structure with no vertical growth orientation. In addition, the peaks from 

FTO substrates can also be seen on the XRD diffractograms of the ZnO electrodes obtained 

by the A-HM, probably due to the thinner of the ZnO layer. Reported studies where the 

ZnO is obtained at higher pressures (above 10 GPa), presented a change in crystalline 

structure from the wurtzite form (the more stable in ambient conditions), into the rock 

salt structure (NaCl).72 In our case, the crystalline ZnO structure was always the wurtzite 

form and not changes in the crystalline structure was observed in any case. The latter 

implies that the maximum pressure inside the autoclave of 1.2·107 Pa, is not high enough 

as to provoke the modification of the ZnO crystalline structure.  

 

Figure 3.11 XRD pattern of ZnO electrodes grown for 28 h by the synthesis methods: the LT-HM, 
the A-HM-1 and the A-HM-2.  

 

Further crystalline structure characterization of the different ZnO nanostructures was also 

carried out by high resolution TEM analyses. The comparison of the NR structure obtained 

by the LT-HM and the A-HM-1 at 28 h growth time is shown in Figure 3.8. The HR-TEM 

images confirm the highly crystalline structure of the ZnO nanostructures for both 
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synthesis methods. Figure 3.8b and e show a lattice spacing of 2.6 Ȧ for the ZnO NRs, 

which corresponds to the distance between two (0002) planes of hexagonal ZnO, 

indicating that the NRs grow along the [0001] direction. The corresponding selected-area 

electron diffraction (SAED) patterns from the HR-TEM images are shown in Figure 3.8c 

and f and confirm the single-crystal nature of the ZnO nanostructures. On the other hand, 

the top structure from the NTr obtained by the A-HM at 28 h growth time, presents also 

the hexagonal wurtzite crystalline structure but the growth direction in this top structure 

is different than the [0001] direction, such as [10-11] or others depending on the area 

from the structure observed (Figure 3.9b). 

 

3.3.3. Optical quality of the ZnO nanostructures: Photoluminescence (PL) and 

Time Resolved Photoluminescence (TRPL) 

The optical properties of the electrodes obtained by the A-HM method were measured by 

photoluminescence (PL) and also by time resolved photoluminescence (TRPL).68 These 

electrodes presented the same two emission bands as described in chapter 2, section 2.3.3, 

for the LT-HM method. One band at UV range attributed to the near-band-edge (NBE) at ~ 

380 nm and a band at the visible range called orange band around ~ 650 nm. Figure 3.12 

shows the PL spectra of the electrodes obtained by the A-HM-1 and the A-HM-2, and the 

intensity ratio between the orange band/NBE. The most interesting aspect observed in 

these graphs was the completely different behaviour of the orange band presented for the 

A-HM in comparison to the LT-HM (Figure 2.13). When the hydrothermal growth time 

increased, the intensity of the orange band for the A-HM electrodes decreased, which 

means the surface defects also decrease. The latter response was the opposite of the LT-

HM electrodes. Figure 3.13 shows this different behaviour between the LT-HM and the A-

HM-1, the surface defects increase from 6 h to 22 h growth time for the LT-HM, while for 

the A-HM-1 decrease. The intensity ratio between orange band and NBE in the A-HM 

increased from 6 h to 12 h growth time but decreased for 22h and 28h growth time, an 

indication of the relation between surface defects and NR length. The observed NR length 

for the A-HM increased from 6 h to 12 h growth time but stabilized at 22 h with similar NR 

length than the electrodes grown at 12 h, while at 28 h the new ZnO NTr structure 

appeared (Figure 3.5a). The formation of the ZnO NTr did not increase the surface defects 

on the ZnO electrodes. The surface defects comparison of both synthesis methods is 
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presented in Figure 3.14, the PL intensity of the peak at ~380 nm was normalized at 1 in 

order to compare the intensity of the orange band. Higher surface defects were observed 

on the electrode grown at 6 h by the A-HM-1 compared with the L-HM electrode at the 

same growth time, electrodes grown at 12 h for both methods have similar surface defects 

and lower surface defects were observed for the A-HM-1 electrodes grown at 22 h and 28 

h compared to the L-HM electrodes with the same growth time (Figure 3.14). The same 

behaviour as the A-HM-1 was observed for the A-HM-2. 

 

Figure 3.12 Room-temperature photoluminescence (PL) spectra for a) the A-HM-1 and b) the A-
HM-2 electrodes and also the intensity ratios between orange band/NBE of the c) A-HM-1 and d) A-
HM-2 electrodes. 
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Figure 3.13 Room-temperature PL spectra of ZnO electrodes grown at 6 h and 22 h by a) the LT-
HM and b) the A-HM-1. 

 

 

Figure 3.14  Room-temperature PL spectra of the LT-HM (solid line) and the A-HM-1 (dashed line) 
electrodes grown at 6 h (black), 12 h (red), 22 h (green) and 28 h (blue).  

 

TRPL measurements allowed a more detailed and quantitative analysis of the free exciton 

lifetime on the different ZnO nanostructured electrodes from both synthesis methods. 

Figure 3.15a shows the TRPL spectra of the ZnO electrode obtained by the A-HM-2 at 22 h 

growth. When the dye was adsorbed on the ZnO NRs, the lifetime of the free exciton 

decreased as was also observed for the LT-HM electrode (see chapter 2, section 2.3.3). 

This lifetime decrease was attributed to the presence of more recombination channels. 
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The latter lifetime decrease when the dye was applied was also observed for all the other 

ZnO electrodes prepared by the A-HM. The TRPL measurements revealed that the electron 

lifetime for the ZnO NR obtained by the A-HM is considerable larger (between 50 and 140 

ps depending on the NR length) than those obtained for the synthesis with the LT-HM 

(about 20-30 ps)68 see Figure 3.15b. The latter is in agreement with the presence of less 

oxygen vacancies on the surface of the ZnO NRs grown by the A-HM for longer NR growth 

times (Figure 3.14). Higher surface defects indicate higher amount of electron traps and 

higher electron recombination. For this reason, the electron lifetime is shorter when 

higher surface defects exist. This difference on surface defects can be explained by the 

growth mechanisms on both methods. Temperature and pressure were the two different 

conditions between the LT-HM and the A-HM, however, as the post treatment annealing 

temperature of the electrodes was the same for both synthesis, only the pressure was the 

responsible for the surface defects. The pressurized atmosphere observed from the 

different reactors can saturate the solution with ions on the ZnO growth surface. Other 

groups observed the reduction of surface defects like oxygen vacancies by the introduction 

of doping elements with similar electronegativity as the oxygen ion, like chlorine73 or 

fluorine.74 They also observed a decrease of the visible band intensity at around 530 nm 

when the concentration of the ions in the precursor increases. We propose a similar 

phenomenon in our ZnO NRs prepared by the A-HM, though, in our synthesis the 

electronegative ions must be oxygen from the solution in the form of –OH or HCHO 

(formaldehyde) and can occupy the free sites of the Ovac reducing the surface defects. Thus, 

the pressurized reactor of the A-HM synthesis apply higher pressure when the NR length 

increases, rising the saturation of –OH or HCHO on the surface of the NR, and this explains 

why at 12 h growth time the surface defects increase but decrease at longer NR growth 

times.   
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Figure 3.15 Time resolved Photoluminescence (TRPL) studies: a) for the ZnO NR electrode grown 
at 22 h obtained by the A-HM-2 without dye N719 and with N719 (3 h DLT) b) dependence of the 
electron lifetime with the NR length for the LT-HM and the A-HM-1 and the A-HM-2. 

 

3.4 Application in Dye-sensitized Solar Cells 

In this section we present the application of the ZnO electrodes prepared by the A-HM 

method in DSCs (the response of the ZNO NRs obtained by the LT-HM have been described 

in Chapter 2). First, the cells were optimized for each growth time of the A-HM synthesis 

and then, compared with the obtained results of the LT-HM electrodes. The study of the 

linkage between the dye and the ZnO is presented and also the effect of the different 

surface defects on this linkage.  

3.4.1 Optimization of dye loading time 

The optimization of the dye loading was carried out to the electrodes by their immersion 

in a solution of N719 dye using the same dye-loading time (DLT) as the optimum 

calculated for the LT-HM synthesis (chapter 2, section 2.4.3). The optimum DLT for the LT-

HM electrodes at each growth time were: 2 h (6 h growth time), 3 h (12 h growth time), 6 

h (22 h growth time) and 8 h (28 h growth time). The performances obtained for the A-HM 

were slightly lower than the ones of the LT-HM electrodes. However, when shorter dye-

loading times were used for the A-HM electrodes, the power conversion efficiencies 

increased. The latter was not surprising since the A-HM electrodes have a thinner ZnO 

layer thickness and are usually shorter than the corresponding ZnO electrodes grown by 

the LT-HM. Figure 3.16 presents the best power conversion efficiency obtained for each 

ZnO electrode grown for 6 h, 12 h, 22 h and 28 h applying the A-HM-1 and the A-HM-2 
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methods at different dye-loading times. In general, the cells applying the ZnO NRs made by 

the A-HM-1 exhibited higher efficiencies compared to the A-HM-2, but graphs presented 

the same trend. The optimum DLT for both the A-HM (synthesis 1 and 2) electrodes 

measured were: 1 h (6 h growth time), 2 h (12 h growth time), 3 h (22 h growth time) and 

3 h (28 h growth time). 

 

Figure 3.16 Dye loading time Vs. DSC power conversion efficiency for ZnO NRs obtained by the A-
HM synthesis method and grown at different reaction times: a) 6 h, b) 12 h, c) 22 h and d) 28 h. The 
cells were measured at 100 mW·cm-2 (AM 1.5) light intensity and 72°C. Pt counter electrode from 
Solaronix (60 nm). Active area ~0.2 cm2. 

 

3.4.2 Performance comparison between the LT-HM and the A-HM 

Several DSCs of each ZnO electrode with their optimum DLT were prepared and measured. 

The average photovoltaic response of the best 5 cells is shown in Figure 3.17a and Table 

3.2. All the cells presented an increase on power conversion efficiency when the NR length 

increases, independently of the synthesis method (Table 3.2). Moreover, the cell 

performances improved after being measured the first day and kept some days in the dark 

at room temperature (see Table 3.2) due to the UV-light effect on the ZnO semiconductor, 

as commented in chapter 2, section 2.5.3. On the other hand, the A-HM-1 electrodes 
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showed a solar cell efficiency enhancement in comparison to the LT-HM electrodes grown 

for 22 h and 28 h. The A-HM-2 had also a slightly increase on the performance when the 

electrode was grown for 28 h. The latter is an unexpected result taken into account that 

the NR length of the A-HM electrodes is about 1/5 of the size of the NRs prepared by the 

LT-HM (Figure 3.17a). The current–voltage graphs of the best cells obtained in each 

condition are depicted in Figure 3.17b and the DSCs data for these cells are in Table 3.3. 

The DSC efficiencies obtained by both synthesis methods have a good correlation with the 

orange peak in the PL graph of Figure 3.14. The better results observed with shorter NR 

length when the A-HM is applied, were attributed to the lower surface defects observed in 

the ZnO electrodes grown by this method. These lower surface defects allowed higher 

solar cell efficiencies as result of an increase of the FF and Voc values for the existence of 

lower recombination processes.  

 

Figure 3.17 a) Average performance of DSCs (of 5) showing the effect of the ZnO NR length and the 
different synthesis methods the LT-HM, the A-HM-1 and the A-HM-2 and b) JV-curves of the best 
DSCs with the different hydrothermal methods and different growth time. Light intensity 100 
mW·cm-2 (AM 1.5) and 72°C. Active area ~0.2 cm2. Pt CE from Solaronix (~60 nm thickness). 

 

 

 

 

 

 



 

 

ZnO Nanotrees 

 

131 
 

Table 3.2 Average of DSCs performances of the LT-HM synthesis and the A-HM (of 5 cells) for each 
growth time. Light intensity 100 mW·cm-2 (AM 1.5) and 72°C. Active area ~0.2 cm2. Pt CE from 
Solaronix (~60 nm thickness). 
 

Measure 
Growth 

Time 
HT 

method 

ZnO NR 
Length 

(µm) 

Optimum 
DLT (h) 

Voc 

(V) 
Jsc 

(mA·cm-2) 
FF 

(%) 
PCE 
(%) 

At start 
 

6 h 
LT-HM 1.6 ± 0.2 2 0.49 ± 0.04 2.30 ± 0.34 44 ± 3 0.46 ± 0.05 
A-HM-1 0.4 ± 0.1 1 0.48 ± 0.02 1.74 ± 0.28 47 ± 2 0.39 ± 0.07 
A-HM-2 0.7 ± 0.2 1 0.47 ± 0.05 1.61 ± 0.28 46 ± 3 0.35 ± 0.07 

12 h 
LT-HM 3.2 ± 0.5 3 0.49 ± 0.02 3.98 ± 0.32 41 ± 1 0.73 ± 0.05 
A-HM-1 0.9± 0.1 2 0.55 ± 0.06 2.20 ± 0.32 38 ± 6 0.46 ± 0.06 
A-HM-2 1.1 ± 0.1 2 0.52 ± 0.03 2.01 ± 0.33 45 ± 4 0.47 ± 0.06 

22 h 
LT-HM 5.1 ± 0.2 6 0.52 ± 0.06 3.53 ± 0.22 43 ± 2 0.78 ± 0.08 
A-HM-1 1.1 ± 0.2 3 0.58 ± 0.06 3.65 ± 0.76 43 ± 4 0.92 ± 0.25 
A-HM-2 1.7 ± 0.3 3 0.53 ± 0.04 2.29 ± 0.24 46 ± 7 0.56 ± 0.16 

28 h 
LT-HM 5.0 ± 0.4 8 0.54 ± 0.05 3.92 ± 0.46 38 ± 5 0.79 ± 0.06 
A-HM-1 3.5 ± 0.1 3 0.61 ± 0.03 4.65 ± 0.31 39 ± 3 1.11 ± 0.08 
A-HM-2 3.8 ± 0.1 3 0.56 ± 0.05 3.86 ± 0.35 40 ± 3 0.86 ± 0.09 

At 
Max. 

 LT-HM 1.6 ± 0.2 2 0.55 ± 0.03 2.23 ± 0.31 44 ± 3 0.56 ± 0.04 
6 h A-HM-1 0.4 ± 0.1 1 0.56 ± 0.03 1.91 ± 0.32 48 ± 2 0.51 ± 0.07 

 A-HM-2 0.7 ± 0.2 1 0.56 ± 0.07 1.77 ± 0.21 49 ± 1 0.48 ± 0.06 
 LT-HM 3.2 ± 0.5 3 0.56 ± 0.01 3.19 ± 0.56 41 ± 1 0.76 ± 0.12 

12 h A-HM-1 0.9± 0.1 2 0.61 ± 0.06 2.33 ± 0.40 44 ± 5 0.63 ± 0.10 
 A-HM-2 1.1 ± 0.1 2 0.57 ± 0.08 2.18 ± 0.81 47 ± 4 0.55 ± 0.10 
 LT-HM 5.1 ± 0.2 6 0.54 ± 0.04 3.83 ± 0.30 44 ± 1 0.92 ± 0.10 

22 h A-HM-1 1.1 ± 0.2 3 0.64 ± 0.06 3.55 ± 0.46 48 ± 5 1.08 ± 0.16 
 A-HM-2 1.7 ± 0.3 3 0.57 ± 0.05 2.66 ± 0.54 46 ± 3 0.69 ± 0.11 
 LT-HM 5.0 ± 0.4 8 0.58 ± 0.05 4.12 ± 0.50 39 ± 3 0.89 ± 0.09 

28 h A-HM-1 3.5 ± 0.1 3 0.68 ± 0.02 4.67 ± 1.00 43 ± 5 1.32 ± 0.13 
 A-HM-2 3.8 ± 0.1 3 0.60 ± 0.04 3.89 ± 0.38 42 ± 4 0.96 ± 0.09 

 

 

Table 3.3 DSCs performances of the best cells obtained for each hydrothermal synthesis and 
growth time at the maximum performance (after some days of being prepared) and also the 
quantity of dye N719 adsorbed on the ZnO electrode and shunt and series resistances (Rsh and Rs). 
Light intensity 100 mW·cm-2 (AM 1.5) and 72°C. Active area ~0.2 cm2. Pt CE from Solaronix (~60 
nm thickness). 

Growth 
Time 

HT 
method 

ZnO NR 
Length 
(µm) 

DLT 
(h) 

Voc 

(V) 
Jsc 

(mA·cm-2) 
FF 

(%) 
PCE 
(%) 

Dye adsorbed 
(10-8 mol·cm-2) 

Rsh 

(Ω·cm2) 
Rs 

(Ω·cm2) 

6h 
LT-HM 1.6 2 0.528 2.67 41 0.61 2.5 2318 68 
A-HM-1 0.4 1 0.586 2.11 47 0.58 3.7 1417 83 
A-HM-2 0.7 1 0.594 1.96 49 0.57 2.9 3210 83 

12h 
LT-HM 3.2 3 0.561 3.62 41 0.87 3.4 1123 60 
A-HM-1 0.9 2 0.557 2.88 49 0.78 5.5 1468 62 
A-HM-2 1.1 2 0.493 3.45 42 0.71 3.4 1426 58 

22h 
LT-HM 5.1 6 0.603 3.72 45 1.01 6.1 796 48 
A-HM-1 1.0 3 0.705 3.50 50 1.24 7.4 1439 49 
A-HM-2 1.7 3 0.522 3.28 47 0.81 4.8 1490 50 

28h 
LT-HM 5.0 8 0.526 4.64 38 0.93 7.7 612 58 
A-HM-1 3.5 3 0.656 6.15 38 1.53 9.1 299 43 
A-HM-2 3.8 3 0.530 4.36 47 1.08 5.8 2565 41 
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The IPCE spectra of the DSC prepared by both hydrothermal methods at different growth 

time conditions are depicted in Figure 3.18. The IPCE peak at ~550 nm corresponds to the 

N719 dye, and it is similar for both syntheses methods, with values between 10-20 %. 

These IPCE values increased when the growth time increases as is expected for the 

presence of a thicker ZnO layer and more dye can be adsorbed. However, the IPCE peak 

corresponding to ZnO at ~380 nm was observed to be higher for the cells prepared by the 

A-HM (Figure 3.18) independently of the growth time. This IPCE peak at ~380 nm had no 

relation with the growth time; still, the higher values for the A-HM method explain its 

higher power-conversion efficiencies compared to the LT-HM due to a better charge 

transfer. The higher the IPCE peak at ~380 nm, the more efficient is the charge transfer 

from the ZnO to the FTO and lower the back transfer, recombination process, from the ZnO 

to the electrolyte.75, 76 

 

Figure 3.18 IPCE spectra obtained for the DSC applying a) the LT-HM, b) the A-HM-1 and c) the A-
HM-2 at different growth times. Pt CE from Solaronix (~60 nm thickness). Growth time: 6h (black 
line), 12h (red line), 22h (green line) and 28h (blue line). 

 

3.4.3 ZnO surface defects and dye binding 

The quantity of dye adsorbed on the ZnO electrodes for the best solar cells was measured 

by a desorption technique described in chapter 6, section 6.6 (UV-visible analyses), results 

are shown in Table 3.3. An increase of dye adsorbed was observed when the NR length 

increases, which is an expected result due to a larger ZnO surface area available.  

Moreover, a larger amount of dye adsorbed on the ZnO electrode is observed when the A-

HM-1 electrodes were used, in comparison with the LT-HM electrodes with the same NR 

growth times. We have attributed the latter response to the different surface defects 

observed on each electrode. The way the dye attaches to the semiconductor oxide surface 

determines the charge injection process taking place at the interface. This process 
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depends on the quality of the semiconductor oxide surface and also to the anchoring 

groups of the dye. The anchoring group between the dye and the surface of the oxide is 

usually made through physisorption (hydrogen bonding) or chemisorption (chemical 

bond formation) between the group –COOH of the dye and the –OH of the oxide surface. 

Figure 3.19 shows a schematic representation of all the possible types of bonding between 

the dye and the ZnO surface. The carboxylate group is known to anchor by unidentate, 

bidentate and bridging bidentate modes.77-79 The type of binding between dye-ZnO 

depends on the structure of the dye, the pH and the semiconductor surface properties.80 

Recent works report that the presence of Ovac reduces the amount of dye adsorbed on the 

oxide due to the less –OH groups available.81 Another possible linkage observed is with the 

presence of defects, like oxygen vacancies by the insertion of the O atom form the –COOH 

into the vacancy position (Figure 3.19e). The linkage through the defects of the oxide is 

highly stable and enhances electron injection, unfortunately at the cost of lower Voc, FF and 

higher electron recombination.82, 83 The latter corresponds with our DSC results, the A-HM 

electrodes grown at 6 h and 12 h have higher amount of defects than the LT-HM grown at 

the same growth time. Consequently, lower amount of dye is anchored through the Ovac 

resulting in lower power conversion efficiency. On the other hand, ZnO electrodes grown 

by the A-HM at 22 h and 28 h show lower surface defects, more dye is adsorbed by 

physisorption and/or chemisorption using the –OH from the ZnO surface and thus, a 

higher Voc was obtained which produce higher power conversion efficiencies compared to 

the LT-HM electrodes (Figure 3.19g). In literature similar dye-loadings were obtained with 

ZnO nanostructures.17, 34, 51  
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Figure 3.19 Schematic representation of the anchoring method between the dye and the ZnO 
surface, a) Physisorption by hydrogen bonding and chemisorption by hydrogen bond formation in 
different modes: b) unidentate, c) bidentate, d) bridging bidentate or e) oxygen vacancies. ZnO-
based DSCs measurements in function of the ZnO NR length: f) dye adsorbed on the ZnO electrodes, 
g) Voc and h) FF. 

 

ATR-FTIR analyses of the ZnO electrodes/dye N719 were carried out in order to 

determine the type of bond obtained for each type of syntheses. Figure 3.20 shows the 

ATR-FTIR graphs for the pure dye N719 powder (a) and the ZnO electrodes grown for 12 h 

by the LT-HM (b) and the A-HM-1 (c), both ZnO electrodes (b and c) were dye-loaded with 

N719 dye solution for 2 h. From the IR spectra we can establish that the broad peak at 

3400 cm-1 related to the –COOH group from the dye is not present in either of the 

electrodes (Figure 3.20a). Besides, the splitting carboxylate stretching bands: 

antisymmetric νas (–COO-) at 1380 cm-1 and symmetric νs (–COO-) at 1610 cm-1 can be used 

to determine the type of linkage between the dye and the oxide surface. The measurement 

of Δ= νas (–COO-) – νs (–COO-) has been used in vibrational spectroscopic studies of metal 
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complexes of carboxylic acids to distinguish between possible modes of coordination. 

Unidentate complexes present a larger Δ value respect the ionic species, bidentate have a 

lower Δ, and bridging complexes should have a similar value of Δ compared with the ionic 

species.77, 78  In our case, the ionic specie is the pure dye and presents a Δ value of 255 cm-1, 

the ZnO electrodes obtained by the LT-HM and the A-HM-1, have Δ values of 242 cm-1 and 

230 cm-1 respectively. The slightly lower values compared to the Δ of the dye suggest a 

bidentate coordination and some bridging coordination. The different Δ value for the LT-

HM and the A-HM points out the presence of a different oxide surface as we already 

observed by PL studies and with DSC results. Moreover, the band at 1720 cm-1 related to 

C=O stretch mode of the protonated carboxylic acid was almost not observed in the FTIR 

spectra of the electrodes. Therefore, the presence of mainly carboxylate groups 

demonstrate that the complex is being adsorbed on the surface using the two carboxylic 

groups (that are trans to the NCS ligands).84 Table 3.4 show all the IR peaks for the 3 

samples and their assignment. 

 

Table 3.4 ATR-FTIR data for the dye N719 powder, and ZnO NR electrodes grown by the LT-HM 
and the A-HM at 12 h. Both ZnO NRs electrodes were dye loaded for 2 h.  

IR band (cm-1) 
IR band 

assignment  Dye 
N719 

ZnO NR/Dye  
12h – LT-HM 

ZnO NR/Dye  
12h – A-HM 

3400    O-H stretching 

2098 2105  2105  -NCS 

  2053  1053  -NCS 

1712    -C=O 

1612 1616 1616 -COO- stretching 

1357 1374 1370  -COO- 

asymmetric  

1228  1171  C-O 
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Figure 3.20 ATR-FTIR spectra for a) pure dye N719 powder, b) ZnO electrode of 12h growth time 
by the LT-HM and 2h of dye-loading time and c) ZnO electrode of 12 growth time by the A-HM-1 
and 2h of dye-loading time. 
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3.5 Conclusions 

A new hydrothermal synthesis method applying an autoclave reactor (A-HM) has been 

presented and compared with the standard low temperature hydrothermal method (LT-

HM), carried out in a Pyrex glass reactor. Electrodes of ZnO NR were prepared maintaining 

the same synthesis conditions except for the slight pressure applied in the A-HM and high 

temperature as well as the distance from the substrate to the bottom of the flask due to 

different size reactors. Characterization of the A-HM electrodes by electron microscopy 

SEM and TEM, show NRs with lengths 1/5 shorter than those obtained by the LT-HM. The 

resulted NRs have also smaller and more homogeneous diameters than the NRs obtained 

with the LT-HM. Moreover, a new ZnO nanostructure, that we called it nanotrees (NTr) 

was obtained at 28h growth time by the A-HM. X-rays (XRD) analyses and selected-area 

electron diffraction (SAED) from TEM of these electrodes showed that the resulting ZnO 

NRs present a highly crystalline hexagonal wurtzite structure in all cases. Analyses by 

photoluminescence (PL) and time resolved photoluminescence (TRPL) of the A-HM 

electrodes grown at 22 h and 28 h showed less surface defects than the LT-HM electrodes 

and hence, have less electron traps and recombination centres. Higher power conversion 

efficiencies were obtained when the A-HM electrodes (growth time 22 h and 28 h) were 

applied in DSCs, confirming the improvement of the ZnO surface properties. A growth 

mechanism is proposed for the A-HM synthesis to explain the obtained ZnO morphology. 

Oxygen vacancies (Ovac) play an important role in the mechanism as anchoring points for 

the residual –OH and HCOH anions from the hydrothermal solution. The slightly higher 

pressure in the A-HM increases the concentration of –OH and HCOH on the surface of the 

NR and facilitates the anchoring of the anions. Therefore, A-HM electrodes (growth time 

22 h and 28 h) have low quantity of Ovac and then, present higher FF, Voc and low 

recombination processes compared to LT-HM electrodes. We demonstrated in this chapter 

that improved ZnO electrodes were prepared with a modified hydrothermal synthesis (A-

HM), which has higher performance in DSCs compared with the LT-HM electrodes. 

However, ZnO NRs prepared by the LT-HM can be a good choice in other applications 

where recombination is important such as OLEDS or mechanical energy harvesting 

(piezoelectric) devices.  
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Chapter 4 

Core-shell ZnO/InxSy Nanorods 
 

4.1 Introduction 
Among the recent innovative strategies to improve the ZnO nanorods (NR) properties for 

their application in DSC is the preparation of ZnO core-shell structures. The ZnO NRs 

functions as the skeleton or the core of the final nanostructure, and an inorganic 

semiconductor is deposited on its surface as an outer shell layer.1-3 Shells of Al2O3, MgO, 

SiO2, TiO2, ZnS, CdSe or CdS as a thin layer, nanoparticles (NPs) or quantum dots (QDs) 

coated on ZnO electrodes for solar cells have been used.4-11 A general overview of the 

different core-shell nanostructures find in the literature applied in DSC is summarized in 

Table 4.1. The table it is strictly focused on ZnO NRs and no other nanostructures, like 

tetrapods, nanoparticles, nanoflowers, etc., are included. We should mention at this point 

that the application of a thin outer layer of inorganic nanoparticles working as the 

replacement of the dye (the absorbed) in DSC has also been reported.12, 13 These 

nanoparticles,  usually of a few nanometers in size and therefore called quantum dots 

(QD), like CdS14, 15 or CdSe,16-21 can also be find as the outer shell for ZnO nanorods.  

Nevertheless, when these electrodes are part of a solar cell, usually called Quantum dots 

solar cells (QDSCs),22 do not apply a dye for the fabrication of the final device. 

Consequently, these types of electrodes are beyond the main purpose of this work, and 

thus, are not included in Table 4.1. A schematic representation of vertically-aligned core-

shell ZnO/InxSy NRs and the SEM and TEM images of the core-shell structures obtained in 

our laboratory are shown in Figure 4.1. 

 

Figure 4.1 a) A schematic representation of vertically-aligned ZnO NRs covered with a shell layer of 
InxSy, b) SEM image of the core-shell ZnO/InxSy NRs and c) TEM images of the same core-shell 
ZnO/InxSy NRs obtained in our laboratory.  
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Table 4.1 Literature review on vertically-aligned ZnO NRs-core shell inorganic nanomaterials and 
their application as electrodes in DSC. HT: Hydrothermal, PS: Plasma sputtering, CVD: Chemical 
Vapor Deposition, SILAR: Successive Ionic Layer Adsorption and Reaction, ALD: Atomic Layer 
Deposition, SAM: Self-Assembled Monolayer, NP: Nanoparticle, QD: Quantum dot, Merc: 
Mercurochrome. *Solid-state Dye-sensitized Solar Cell (ss-DSC).  

 

 

The advantage of applying core-shell nanostructures of ZnO resides in the improvement of 

the surface structure.34, 41 The dye attaches to the ZnO surface though a carboxylic acid 

group which degrades the ZnO nanostructure and decreases the solar cell efficiency (see 

chapter 2, section 2.4.3 and 2.5.4). The coverage of the ZnO surface could avoid the latter 

degradation and, additionally, could increase the electron injection from the dye to the 

ZnO semiconductor due to the reduction of recombination processes.24, 26, 31, 41  
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An inorganic semiconductor that attracted our attention as possible shell for ZnO NRs is 

InxSy.  In a In:S ratio of 2:3, the In2S3 is well-known for its stability,42, 43 non-toxicity,43, 44 

and good photoconductivity.42, 45, 46 It has a band gap of 2.0-2.3 eV, suitable for the injection 

of photogenerated electrons from In2S3 to ZnO,45 and the alignment of its conduction band 

with respect to the N719 Dye is suitable for charge injection from the dye. Figure 4.2 

illustrates the energy band diagram of a DSC with a ZnO/In2S3 core-shell electrode and the 

electron charge transfer path. When a photon is absorbed by the dye N719, the excited 

electron can be transfer to the conduction band of the In2S3 shell layer and then to the ZnO 

NRs.47  

 

Figure 4.2 Energy diagram of a DSC based on core-shell ZnO/In2S3 thin film electrode, the dye 
N719 and an iodine redox electrolyte vs. Vacuum and vs. NHE (Normal Hydrogen Electrode).47 

 

The synthesis of In2S3 can be carried out by several methods, such as spray ion layer gas 

reaction (ILGAR)48-50, atomic layer deposition (ALD)46, 51 or successive ion layer adsorption 

and reaction (SILAR).23, 52 The deposition of In2S3 by the ILGAR technique consists of 

spraying an InCl3 solution and a sulfurization in Ar:H2S at 200 °C. The ALD method also 

uses the InCl3 (or indium acetylacetonate) and H2S as precursors, which are deposited on 

the substrate by evaporation. Among all the latter techniques, the SILAR technique is the 

most advantageous since it avoids the use of toxic H2S gas and is also a low cost technique.  

The SILAR technique applies two aqueous solutions, one of InCl3 and the other of Na2S. 

Dittrich et al.52 adapted the In2S3 SILAR technique using the same concentrations of 

precursors from the reported preparation of ZnS, CdS and Zn1-xCdxS.53 The mechanism for 
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the In2S3 SILAR deposition takes place by the following chemical reactions described in 

equation 4.1 to 4.3. First, the solution of Na2S dissociates in water (equation 4.1), the 

presence of HCl controls the pH at 7-8, and is the responsible for the formation of HS- 

anions (equation 4.2). These HS- anions can be adsorbed on the In3+ surface, and not the S2- 

anions, due to their less-strongly solvated character (equation 4.3).53   

    Na2S + H2O  2Na+aq + S2-aq  (4.1) 

      S2-aq + H2O  HS-aq + OH-aq  (4.2) 

      2InCl3 + 3HS-  In2S3 + 3HCl  (4.3) 

 

We present in this chapter the synthesis and characterization of vertically-aligned core-

shell ZnO/InxSy NR electrodes and their application in DSC. The shell layer was deposited 

on ZnO NRs electrodes obtained by the hydrothermal methods LT-HM (described in 

chapter 2)54, 55 and the A-HM (applying the reactor 1, as described in chapter 3).56 The 

synthesis of the InxSy shell layer was made employing the SILAR technique.52 Different 

InxSy shell thicknesses were prepared on the ZnO NRs electrodes, the synthesis was 

optimized and characterized, and finally the as-prepared electrodes were applied in DSCs 

applying the N719 Dye and liquid electrolyte.57 As will be explain in detail in this chapter, 

the initial application of the as-prepared electrodes in solar cells revealed good power 

conversion efficiency when the In:S ratio of the InxSy shell was not the stoichiometric 2:3 

expected for a In2S3 layer. In order to study this effect, the InxSy shell on the ZnO NR was 

synthesized applying two different concentrations of the Na2S solution, resulting in a shell 

layer with an stoichiometric In:S ratio of 2:3 and, with a low-sulfur content with In:S ratio 

of 10:3. 

 

4.2 Synthesis and Characterization 

In this section we describe the synthesis and characterization of the core-shell ZnO/InxSy 

nanorods. The nanostructure was obtained by the deposition of a layer of InxSy on top of 

the vertically-aligned ZnO NRs. The ZnO NRs were first prepared by the low-temperature 

hydrothermal method (LT-HM, chapter 2)54, 55 and the autoclave hydrothermal method 

using the reactor 1 (A-HM, chapter 3).56 The difference between the ZnO nanorods 

synthesized by these methods resides in the dissimilar optical quality of the ZnO NRs, 
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being the ZnO NR obtained by the LT-HM the ones with lower quality (higher amount of 

surface defects) in comparison with the A-HM. Another difference is that the NRs obtained 

by the A-HM are shorter in length, an important effect that will be detailed during this 

chapter. After the core-shell ZnO/InxSy nanostructures were prepared, these were 

characterized by SEM, TEM, XRD, EDS and FT-IR analysis. 

    

4.2.1 InxSy shell preparation and characterization  

The InxSy shell layer was deposited by the Successive Ion Layer Adsorption and Reaction 

(SILAR) technique reported by T. Dittrich et al.52 who adapted the synthesis of ZnS, CdS 

and Zn1-xCdxS53 for In2S3. The method consists of two aqueous solutions of InCl3 and Na2S 

with a concentration of 0.1 M and 0.03 M respectively. The ZnO NRs electrode is first 

dipped in the InCl3 solution. In a second step, the electrodes are immersed in the Na2S 

solution and finally washed with distilled water. The process encompassing these three 

steps is called a SILAR cycle. In order to vary the shell thickness, several SILAR cycles must 

be applied to the ZnO NR electrodes. The ZnO electrodes used (described in Table 4.2) 

were grown for 6 h (electrode A) and 12 h (electrode B) both prepared by the LT-HM 

method. Figure 4.3 shows the top and the lateral view of the electrode A and electrode B 

after 3, 5 and 10 SILAR cycles. The final length of each core-shell ZnO/InxSy NR electrode 

was: 2.4 µm (3 cycles), 2.3 µm (5 cycles), 1.9 µm (10 cycles) for electrode A and 3.2 µm (3 

cycles), 3.1 µm (5 cycles) and 3.0 µm (10 cycles) for electrode B as observed by the SEM 

images shown in Figure 4.3. A decrease in NR length is observed after the InxSy layer is 

deposited from 2.4 and 3.2 µm to 1.9 and 3.0 µm, for samples A and B respectively. This 

decrease in NR length was observed when the number of SILAR cycles was increased. The 

latter has been attributed to the acidity of the InCl3 (pH=1-3) solution that can dissolve the 

ZnO semiconductor. From SEM top view image of the sample with 10 SILAR cycles (Figure 

4.3c) we observed that the core of the ZnO NRs seems to be empty, resembling ZnO 

nanotubes (NTs).  
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Figure 4.3 Lateral and top view SEM images of core-shell ZnO NRs prepared by the LT-HM and 
grown for 6h-electrode A (a-c) and 12h-electorde B (d-f) with different SILAR cycles: 3 (a, d), 5 (b, 
e) and 10 (c, f). The scale for the top images is 1 µm each side of the square. 

 

In order to analyze the core-shell ZnO/InxSy nanostructure we used the SEM back-

scattered electron (BSE) detector which applies high-energy electrons originated in the 

electron beam of the SEM microscope. The elastic scattering interactions of the atoms are 

then reflected and analyzed. The technique permits the characterization of different atoms 

since the heavy elements (with higher atomic number) backscatter electrons in a stronger 

way than light elements (lower atomic number). Thus, heavy metals appear brighter in the 

BSE image than light elements, such as organic materials, which appear with a dark color. 

In our samples, the InxSy shell should appear brighter than the ZnO. Our results, shown in 

Figure 4.4, demonstrate that increasing the SILAR cycles on these electrodes (20 and 40 

cycles) resulted on almost all the ZnO NRs converted to nanotubes. The latter has been 

attributed to the presence of HCl from the acid InCl3 solution which dissolves the ZnO NRs. 

As a consequence, not only the core of the ZnO NR is eliminated but also the NR length 

decreases when increasing the SILAR cycles. For example, for electrode A, the NR length 

for 20 SILAR cycles was about 1.4 µm, while increasing to 40 cycles resulted in 1.3 µm 

length (see Figure 4.4). We can also state that the vertical-aligned structure is partially 

destroyed and converted into a randomly distributed InxSy nanostructure after prolonged 

SILAR cycles, as we can see in Figure 4.4d. 
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Figure 4.4 Lateral and top view SEM images (a, b) and backscattered electron images (c, d) of core-
shell electrode A with 20 (a, c) and 40 (b, d) SILAR cycles. The scale for the top images is 1 µm each 
side of the square.  

 

4.2.2 InxSy shell layer thickness 

The InxSy layer thickness was measured by TEM analyses. Figure 4.5 shows the TEM 

images of the core-shell ZnO/InxSy NR prepared by the SILAR technique applying 3 (a, d), 5 

(b, e) and 10 cycles (c, f). The thin film shell thickness increased from 3-9 nm for 3 cycles, 

to 4-12 nm for 5 cycles and 20-50 nm for 10 cycles. The crystalline structure of the core-

shell electrodes was also investigated by TEM presenting in all cases a hexagonal wurtzite 

structure for the core ZnO NRs and an amorphous shell layer (Figure 4.6). Due to the 

amorphous nature of the shell layer, the x-ray analysis shows only the corresponding 

peaks of the wurtzite structure of the ZnO and the FTO substrate (Figure 4.7).  
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Figure 4.5 TEM images of ZnO NRs scratched from the electrode A with 3 (a, d) and 5 (b, e) SILAR 
cycles and the electrode B with 10 cycles (c, f). 

 

 

Figure 4.6 TEM and High resolution TEM images of ZnO NRs from electrode A with 5 SILAR cycles. 

 

TEM analyses demonstrate an uniform formation of the InxSy shell layer covering all the 

ZnO NRs with different thicknesses depending on the number of SILAR cycles applied. This 

shell layer was observed to be amorphous.  
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Figure 4.7 X-rays diffraction analyses (XRD) of electrodes: a) FTO/ZnO NRs and FTO/ZnO/InxSy 
NRs applying b) 3 SILAR cycles, c) 5 cycles and d) 10 cycles. The ZnO NRs were grown by the LT-
HM at 6h. The inset figure is an amplification of a small part of the XRD spectra. 

 

4.3 Application in Dye-sensitized solar cells 

In this section we present the application of the core-shell ZnO/InxSy NR electrodes in DSC. 

The ZnO electrodes applied were synthesized by the LT-HM and the A-HM (as described in 

Chapter 2 and 3).  The electrodes were labelled as it is shown in Table 4.2. 

Table 4.2 Summary of the electrodes prepared with an InxSy shell layer. 

 

 

 

 

 

 

ELECTRODE ZnO NR  

 
synthesis  
method 

Growth 
time 

Length 
(nm) 

A LT-HM 6h 1.6 

B LT-HM 12h 3.2 

C LT-HM 22h 5.1 

D A-HM 6h 0.4 

E A-HM 12h 0.9 

F A-HM 28h 1.1 
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The initial analyses of the as-prepared electrodes revealed improved power conversion 

efficiency when the InxSy shell was used in comparison with the bare ZnO electrodes. 

Nevertheless, we notice that the best power conversion efficiency was not achieved in 

samples where the In:S stoichiometric ratio of 2:3, expected for an In2S3 layer, was used.  

Only when a low S content was used during synthesis we were able to achieve improved 

efficiency. In order to study this effect, the InxSy shell on the ZnO NR was synthesized 

applying two concentrations of Na2S: the first one to get the 2:3 stoichiometric ratio 

(In2S3) and a second one, of lower Na2S concentration (based on the work from Dittrich et 

al.- ref 52), corresponding to a 10:3 ratio (In10S3). Thus, in this section we initiate 

describing the photovoltaic response observed when these two different Na2S solutions 

are applied during shell deposition. Then, a description of the optimization of the DSCs 

applying always the low concentration of Na2S is presented which results in best 

photovoltaic response. Finally, the end of this chapter debates on the reasons behind the 

improved solar cell performance when low concentration of S is used and the effect of the 

shell layer on the final photovoltaic devices.  

 

4.3.1 Effect of the Na2S concentration 

Electrodes made of core-shell ZnO/InxSy nanostructures, obtained with two different Na2S 

concentrations, 0.15 and 0.03 M, were analyzed in DSCs. This InxSy shell layer was freshly 

prepared before each DSC fabrication due to an observed power conversion decrease 

when the electrodes were kept some days under ambient atmosphere in air. The InxSy 

shell was deposited on the ZnO NR electrodes prepared by the LT-HM and the A-HM (see 

Table 4.2). For comparison purposes, the bare vertically-aligned ZnO electrodes obtained 

in the same conditions, without the InxSy shell, were also analyzed. The best results (of a 

series of 4 samples) for each type of electrode are shown in Table 4.3. In general, we have 

observed that devices with an InxSy layer deposited with the low Na2S concentration 

solution (0.03 M), showed the best solar cell performance if compared with the DSCs 

without the InxSy shell. Whereas electrodes obtained with higher Na2S solution 

concentration (0.15 M) presented the lowest power conversion efficiency, mainly due to 

the low current density observed.  
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Table 4.3 DSC parameters applying ZnO NRs with and without core-shell prepared with low (0.03 
M) and high (0.15 M) Na2S solution concentration. 100 mW·cm-2 illumination, AM 1.5G. Pt-CE 
prepared by EBPVD (50 nm).  

ZnO 
electrode 

Na2S 
conc. (M) 

SILAR 
cycles 

Voc  
(V) 

Jsc 
(mA·cm-2) 

FF  
(%) 

PCE  
(%) 

 - - 0.48 2.06 40 0.40 
A 0.03 3 0.58 2.11 64 0.79 

 0.15 3 0.41 0.97 51 0.20 
 - - 0.56 2.29 42 0.54 

B 0.03 5 0.59 4.11 61 1.50 
 0.15 5 0.46 0.86 52 0.21 

 

4.3.2 Optimization of the solar cell parameters 

Based on the previously described results, the optimization of the solar cell parameters 

was carried out with core-shell ZnO/InxSy electrodes prepared with the low concentration 

of the Na2S (0.03M), which correspond to a theoretical In:S ratio of 10:3. Thus, the 

synthesis of the InxSy layer was carried out applying the SILAR method for different cycles, 

with solution concentrations of 0.1 M for the InCl3 solution and 0.03 M for the Na2S 

solution.  

The optimization of the photovoltaic properties was carried out by analyzing the effect 

that the shell layer thickness and the dye loading time (DLT) have on the solar cell 

performance. The shell layer thickness was modified by the deposition of different SILAR 

cycles (from 1 up to 20 cycles). The best solar cell results obtained applying electrode A 

are presented in Figure 4.8. For electrode A the highest power conversion efficiency was 

observed for samples obtained with 3 SILAR cycles of the InxSy shell (Figure 4.8a). The 

dye-loading time (DLT) was also optimized and found that, for electrode A, increasing the 

DLT from 2h to 4h increases the solar cell performance. Longer DLT resulted in the 

decrease of the power conversion efficiency of the device as observed in Figure 4.8b. The 

other electrodes B to F (Table 4.2) were optimized following the same procedure as 

electrode A. Nevertheless, the InxSy shell thicknesses applied to the electrodes B to F were 

prepared applying between 3 and 15 SILAR cycles as the solar cell performance was 

observed to decrease for thicker InxSy shells.  

The best power conversion efficiency of 2.32% was obtained for the ZnO electrode B with 

an InxSy shell made with 5 SILAR cycles. Moreover, the best response for electrode B was 

observed after 6h of DLT, after this time the power conversion efficiency decreased. The 
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rest of the samples (electrodes C to F) showed, in general, low performance. Table 4.4 

shows the best InxSy shell thickness, DLT and the photovoltaic performance observed for 

all the electrodes analyzed. In general, we have observed that the length of the ZnO NR 

electrodes is directly related to the number of the SILAR cycles required to obtain the best 

photovoltaic performance. The longer the ZnO NRs the larger the amount of SILAR cycles 

needed, as expected. Short ZnO NRs are prone to faster degradation due to the acidic 

condition of the shell deposition bath. Thus, it is not surprising that ZnO NRs obtained by 

the LT-HM (lengths between 1.6 and 5.1 µm), present higher power conversion efficiency 

if compared to those obtained by the A-HM (lengths between 0.4 and 3.5 µm). The latter 

problem was resolved by lowering the concentration of the solution applied during InxSy 

synthesis. The application of a more dilute SILAR solution (0.025M of InCl3 and 0.0075M of 

Na2S) for the shorter ZnO NR electrodes, those obtained by the A-HM, resulted in an 

effective improvement of the power conversion efficiency. Nevertheless, for the A-HM 

electrodes the optimum number of SILAR cycles was not directly related to the ZnO NR 

length, as observed for the LT-HM electrodes (see Table 4.4).  The latter can probably be 

attributed to the higher complexity for the ZnO dissolution (easy to degrade) found in 

short NRs. 

 

Figure 4.8 The power conversion efficiency (PCE) of the DSCs applying the ZnO/InxSy core-shell 
electrode A depending on the number of SILAR cycles (a) and different dye loading times, DLTs (b).  
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Table 4.4 The Solar Cell performance of the optimized core-shell ZnO/InxSy electrodes prepared by 
the LT-HM grown for 6h (A), 12h (B) and 22h (C) and prepared by the A-HM grown for 6h (D), 12h 
(E) and 28h (F). Applying 0.1 M InCl3 and 0.03 M Na2S SILAR concentrations for electrode A,B and C, 
while other SILAR concentrations: 0.025 M InCl3 and 0.0075 M Na2S were applied for electrodes D, 
E and F. Measured at 100 mW·cm-2 illumination, AM 1.5G. Pt-CE prepared by EBPVD (50 nm). 

ZnO 
electrode 

HT 
Method 

NR growth 
time (h) 

NR length 
(µm) 

SILAR 
cycles 

DLT 
(h) 

Voc 
(V) 

Jsc 
(mA·cm-2) 

FF 
(%) 

PCE 
(%) 

A LT-HM 6 1.6 3 4 0.59 5.21 56 1.71 
B LT-HM 12 3.2 5 6 0.70 5.46 60 2.32 
C LT-HM 22 5.2 10 6 0.61 6.38 54 2.13 
D A-HM 6 0.4 5 2 0.66 2.63 53 0.91 
E A-HM 12 0.9 3 1 0.68 2.61 52 0.93 
F A-HM 28 3.5 3 3 0.61 5.18 54 1.70 

 

 

The dye adsorbed on the ZnO electrodes of the DSCs was calculated by the dye-desorption 

method (described in chapter 6: experimental techniques, section 6.6.1). UV-vis 

absorption analysis of the solution was used to calculate the quantity of dye adsorbed per 

cell area. An important aspect to take into account is the time needed to obtain a 

completely dye desorption for the different electrodes. In the case of the bare ZnO NRs, 

less than one hour was required to desorb the dye from the electrode, while 2-3 h were 

needed for the core-shell NRs electrodes. The latter indicates that the interaction between 

the dye and the core-shell ZnO/InxSy NRs electrode is stronger, obtaining higher Jsc values 

with core-shell DSCs in comparison to the bare ZnO NRs. The quantity of dye adsorbed is 

in well agreement with the cell performance, solar cells with high power conversion 

efficiencies present the highest quantity of dye adsorbed (Figure 4.8a). The comparison 

between ZnO NRs electrodes grown under the same conditions (6h growth time, LT-HM) 

with and without the InxSy shell layer, showed higher dye quantity adsorbed for the core-

shell electrode (8.9·10-8 mol·cm-2) than for the bare ZnO electrode (2.5·10-8 M·cm-2). We 

attribute this mainly to the porosity of the core-shell electrodes which results in higher 

surface area and higher amount of dye adsorbed on the core-shell NRs in comparison with 

the bare ZnO NRs. Figure 4.9 represents the average of the power conversion efficiencies 

obtained with the 3 best DSCs applying electrode A and B with different shell layer 

thicknesses.  
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Figure 4.9 Average power conversion efficiencies (PCE) of the best 3 DSCs applying the electrode A 
and B with different SILAR cycles. 

 

The IV-curves of the best cells from each electrode are shown in Figure 4.10a. Higher 

current densities were observed for electrodes prepared by the LT-HM (A, B and C). The 

highest Voc and FF were measured with the electrode B obtaining a 2.32% efficiency (3.0 

µm length) that is to our knowledge one of the highest obtained for core-shell electrodes 

of this type. Only longer core-shell NR length nanostructures DSCs achieved higher 

efficiencies using other shell layers (see Table 4.1). 

 

 

Figure 4.10 IV-curves and IPCE spectra of the best cells from table 4.5. Measured at 100 mW·cm-2 
illumination, AM 1.5G. Pt-CE prepared by EBPVD (50 nm). 
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The IPCE spectra are represented in Figure 4.10b. The IPCE peak at ~530 nm corresponds 

to the dye N719, and present a trend that is identical with the current density shown in 

Figure 4.10a. The latter observation indicates that higher amount of dye in the cell gives 

higher current density which is the expected behavior. Electrode C (22h, LT-HM) presents 

the higher current density and IPCE value, with a peak at ~530 nm. This response is due to 

the larger length of the ZnO (around 5 µm) capable to adsorb higher amount of dye on its 

surface (as also described in chapter 3, see table 3.3). The IPCE peak at ~360 nm is related 

to the ZnO. The higher ~360 nm IPCE peak was measured for electrode F (28h, A-HM-1) 

and it was similar to the one measured with bare ZnO electrodes in chapter 3, Figure 3.18.  

 

The comparison between bare and core-shell samples for electrode B (12h, LT-HM) is 

presented in Table 4.5, where the average DSC parameters from the best 5 cells are 

shown. All the photovoltaic parameters improved with the application of the core-shell 

ZnO/InxSy NR structure and hence, a 3 times higher efficiency was obtained.   

 

Table 4.5 Average DSCs data using the electrode B (12h growth time by LT-HM) from the best 5 
cells with bare ZnO NRs and core-shell electrodes (5 cycles, SILAR method 1). 100 mW·cm-2 
illumination, AM 1.5G. Pt-CE prepared by EBPVD (50 nm). 

Electrode B 
NR length 

(µm) 
Voc  
(V) 

Jsc 
(mA·cm-2) 

FF  
(%) 

PCE  
(%) 

Max PCE  
(%) 

Bare ZnO NRs 3.2 ± 0.5 0.54 ± 0.03 3.59 ± 0.61 41 ± 1 0.80 ± 0.09 0.87 
Core-shell ZnO NRs 3.0 ± 0.1 0.64 ± 0.04 5.91 ± 0.49 57 ± 3 2.15 ± 0.12 2.32 

 

 

4.3.3 Composition of the shell InxSy layer 

EDS analyses of each core-shell ZnO/InxSy electrodes were carried out after different 

SILAR cycles in order to determine the relative quantity of the elements present in the 

shell layer. The analyses were carried out to the electrodes which showed the best 

photovoltaic properties: electrodes A and B (see Table 4.4). The EDS spectra of electrodes 

A and B revealed that increasing the number of SILAR cycles, the indium content increases 

together with a reduction on the Zn content (Figure 4.11). The latter is in well agreement 

with the formation of the inorganic InxSy shell layer and the dissolution of the ZnO NR due 

to the acidity of the reaction media, in agreement with the observations from the 

SEM/TEM analyses (section 4.2.1).  Moreover, some chlorine atoms from the InCl3 solution 
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were also observed. The presence of Cl in indium sulfide thin films has been also reported 

before applying the ILGAR technique.58 Barreau et al., pointed out that residual precursor 

elements are common when using chemical deposition techniques.59 Figure 4.12 

represents the atomic percentage of oxygen, zinc, indium, chlorine and sulfur on electrode 

A and B for 3, 5 and 10 SILAR cycles (the average of 4 different electrodes at each 

condition). These medium atomic percentage data is represented also in Table 4.6. 

 

 

Figure 4.11 EDS graphs of electrodes A and B with 3, 5 and 10 SILAR cycles measured with the 
SEM instrument at 10 kV. 

 

 

Figure 4.12 Atomic percentage graph of O, Zn, In, S and Cl measured by EDS analysis from the SEM 
instrument of ZnO/InxSy NR core-shell electrodes A and B at different SILAR cycles at 10 kV from 4 
different electrodes for each condition. 
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Table 4.6 Medium EDS data from 4 ZnO NRs core-shell electrodes A and B of each condition (3, 5 
and 10 cycles) using concentrations of 0.1 M and 0.03M for InCl3 and Na2S respectively. 

 

 

A significant factor observed from the EDS analyses, was that the best photovoltaic 

performance corresponded to electrodes where the In:S ratio is 10:1, lower S quantity 

than the theoretical ratio 10:3 (~3.3) during the In:S synthesis (Table 4.6).52 The latter 

sulfur deficient InxSy shell formation was also observed by Barreau et. al. applying a 

chemical bath deposition method (CBD).60 They compared two synthesis methods for In2S3 

film preparation, chemical bath deposition (CBD) and physical vapor deposition (PVD), 

and found out higher film crystallinity for the PVD synthesis and lower oxygen and 

hydroxyl contamination than for the CBD. These reported results agree with our InxSy shell 

layer, we obtained an amorphous shell layer with deficient sulfur content than the 

theoretical expected data (Table 4.6). Moreover, the concentration of the oxygen was 

maintained almost constant or slightly increased when the number of SILAR cycles 

increased that is probably due to the oxygen or hydroxyl contamination mentioned in the 

Barreau et. al. paper.60 Nevertheless, and as explained in section 4.3.1., this is not the 

stoichiometry In:S ratio of 2:3 expected for the formation of In2S3. 

The synthesis formation of the In2S3 can be described as in equation 4.4.  

 

   2 InCl3 + 3 Na2S                      In2S3 + 6 NaCl  (4.4) 

 

For an In:S ratio of 2:3, a 0.1 M concentration of InCl3 is used, together with a Na2S 

concentration of 0.15 M.  

 

 

Medium values Ratio 
ZnO 

electrode 
SILAR 
cycles 

O  
(% at) 

Zn  
(% at) 

In  
(% at) 

S  
(% at) 

Cl  
(% at) 

Zn:In In:S S:Cl 

 3 49.9 ± 0.9 42.6 ± 7.5 6.2 ± 2.4 0.9 ± 0.1 0.8 ± 0.1 6.9 6.9 1.1 
A 5 46.2 ± 2.2 39.5 ± 7.2 9.7 ± 4.4 1.2 ± 0.9 1.2 ± 0.8 4.1 8.1 1.0 
 10 48.0 ± 3.8 28.2 ± 7.3 17.9 ± 6.9 1.5 ± 0.8 2.6 ± 1.3 1.6 11.9 0.6 
 3 44.8 ± 0.9 45.4 ± 1.4 7.4 ± 3.4 0.7 ± 0.3 0.8 ± 0.3 6.1 10.6 0.9 

B 5 45.5 ± 2.5 40.1 ± 7.4 11.3 ± 5.6 1.0 ± 0.6 1.5 ± 0.4 3.5 11.3 0.7 
 10 47.5 ± 2.3 29.1 ± 9.7 18.7 ± 8.3 1.6 ± 0.9 2.3 ± 0.5 1.6 11.7 0.7 

Theoretical 
In:S ratio 

 44 43 10 3 0  10:3  
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EDS analyses of the SILAR reaction applying concentrations of 0.1 M InCl3 and 0.15 M Na2S 

solutions were performed on the electrode A. The electrodes presented now an In:S ratio 

between 0.6-0.9 that corresponds with the In2S3 semiconductor (theoretical value = 0.7) in 

Table 4.7. In addition, the ratio between S and Cl is much higher with the concentration 

0.15 M of Na2S, which highlight the difference between S and the residual element of the 

reaction, Cl. The oxygen in these samples was maintained at the same values indicating a 

less oxygen contamination of the InxSy shell layer.  

 

Table 4.7 EDS results of tested core-shell electrodes A with 3, 5 and 10 cycles using concentrations 
of 0.1 M and 0.15M for InCl3 and Na2S solutions respectively. 

 

 

In order to investigate the oxygen content on the InxSy shell layer, infrared ATR-FT-IR 

analyses were carried out on electrode B with ZnO NR and core-shell ZnO/InxSy NR 

applying the two concentrations of Na2S (InxSy shell layer freshly prepared samples). The 

FT-IR spectra are shown in Figure 4.13, and the corresponding peak assignment for these 

3 samples is presented in Table 4.8. A broad an asymmetric band at 3429 cm-1, assigned to 

the stretching vibration hydroxyl O-H, is observed in the IR spectrum of the core-shell 

ZnO/InxSy NR obtained by the low Na2S concentration of 0.03 M. The other samples, the 

ZnO NRs and the core-shell ZnO/InxSy NR (0.15 M of Na2S) also present this peak but in 

lower intensity. The latter is probably due to the formation of In(OH)3 shell layer when 

low Na2S concentration was applied. These results explain the low sulfur content and the 

increase of oxygen content when the number of SILAR cycles increase (Table 4.6).  

 

 

 Ratio 
ZnO 

electrode 
SILAR 
cycles 

O 
(% at) 

Zn 
(% at) 

In 
(% at) 

S 
(% at) 

Cl 
(% at) 

Zn:In In:S S:Cl 

 3 31.5 38.7 4.0 4.7 0.4 9.7 0.8 11.8 
A 5 31.6 41.1 4.6 7.74 0.4 8.9 0.6 19.4 
 10 29.5 38.3 6.2 6.52 0.2 6.2 0.9 32.6 

Theoretical 
In:S ratio 

 45 45 4 6 0  2:3  
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In general, the application of high Na2S concentration during synthesis permits the 

formation of the InxSy shell layer with a In:S ratio of 2:3, Table 4.7.  This stoichiometric 

ratio of In:S explains the low concentration of hydroxyl groups if compared to the rest of 

the samples. Two other peaks attributed to the O-H bending modes at ~1560 cm-1 and 

~1428 cm-1 were observed for the three samples and the intensities observed correlate 

well with the intensity of the respective 3429 cm-1 band. This variety of O-H bending 

modes at the IR region between 1300 and 1650 cm-1 is in well correspondence to those 

observed for a bare ZnO film.61 The peak at 2644 cm-1 corresponds to the thiol S-H 

vibration mode and was observed on both core-shell ZnO/InxSy NR samples. The IR bands 

at 1124 and 1051 cm-1 only present in the core-shell ZnO/InxSy NR (0.03 M of Na2S) are 

assigned to the In-OH deformation modes as was reported before when In(OH)3 was 

prepared.62, 63 The IR region from ~900 to ~660 cm-1 is assigned to the Zn-O bond,64 whose 

peaks were the same for the 3 samples.  

 

Figure 4.13 ATR-FTIR of a) ZnO NRs, b) core-shell ZnO/InxSy NR applying high Na2S concentration- 
5 cycles and c) core-shell ZnO/InxSy NR applying low Na2S concentration- 5 cycles. 
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Table 4.8 ATR-FTIR data for the ZnO NRs, and both core-shell ZnO/InxSy NR (5 SILAR cycles) 
applying a 0.15 M and 0.03 M concentration of Na2S and the band assignment. 

IR band (cm-1) 
IR band 

assignment  ZnO NRs ZnO/InxSy (0.15M) 
NR Core-shell 

ZnO/InxSy (0.03M) 
NR Core-shell 

3429  3429  3429  O-H stretching 

 2663  2664  S-H stretching 

1567  1555  1560  O-H bending 

1414  1441  1428  O-H bending 

  1124  In-OH 

  1051  In-OH  

986  985  979  Zn-O 

909  926  913  Zn-O  

777  774  774  Zn-O  

691  662   Zn-O  

 

Comparison of the FTIR analyses of the freshly prepared and the 3-day aged in air core-

shell ZnO/InxSy NR electrodes (obtained with the Na2S concentration) is presented in 

Figure 4.14. Both samples show similar peaks: similar band and intensity of the O-H band 

at ~3410 cm-1. For the wavelength peaks at ~980 and ~910 cm-1 a decrease in peak 

intensity was observed, and new peaks appeared at 1242, 865 and 834 cm-1 , attributed to 

the ZnO degradation. These results indicate that the degradation of the core-shell 

ZnO/InxSy NR after 3 days exposure to air is related to an increase in the hydroxide 

concentration and sample hydration. Unfortunately, these new –OH sites are not linked to 

any Dye molecule and thus, it could be the reason of the decrease in power conversion 

efficiency when applied in a DSC, as indicated in section 4.3.1.     
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Figure 4.14 ATR-FTIR of core-shell ZnO/In2S3 NR (0.03 M of Na2S and 10 SILAR cycles) a) freshly 
prepared and b) after 3 days kept in air for electrode B. 

 

All the IR results observed for the samples indicate that a more complex nanomaterial is 

present as part of the electrode, than a simple ZnO and InxSy combination. The clear ZnO 

degradation, together with the formation of indium hydroxide, In(OH)3, indium 

hydroxide–sulfide, In(OH)xSy, or a mixture of both is possible. We rule out the presence of 

In2O3 since the conversion of In(OH)3 to In2O3 can only take place after thermal annealing 

at high temperatures,62, 65 or after the sample is irradiated by an electron beam (e.g. form a 

TEM microscope).66 The quantification of the exact amount of each compound is, however, 

rather difficult due to the thickness of the shell layer which is only of a few nm.60  

 

4.3.4 Proposed working mechanism behind the core-shell ZnO/InxSy NR  

 

Thus as a summary, our results indicate that  

a) For the same ZnO NR length and SILAR cycles, the best photovoltaic response, 

2.3% efficiency, is observed for low S content on the In:S ratio (10:1) in the shell of 

the ZnO NRs, followed by the application of the bare ZnO NRs with no core-shell, 

0.87 % efficiency. The application of a stoichiometric In2S3 shell (2:3 In:S ratio) on 

the ZnO NRs results in the lowest photovoltaic performance, 0.21 % efficiency.  
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b) For the low S content (10:1, In:S ratio) the higher presence of -OH and S-H 

stretching  bands in the FTIR spectra, indicates the possible presence of In(OH)3 or 

indium hydroxide–sulphide, In(OH)xSy, or the combination of both. 

c) The decrease on power conversion efficiency observed on the DSC after 3 day 

exposure of the electrodes to air is related to an increase in the hydroxides 

concentration and sample hydration. 

 

The relation between electrode composition and power conversion efficiency of the DSC is 

represented in the energy band diagram of the DSCs with the different electrodes, as 

depicted in Figure 4.15 . We represent the three possible scenarios: a) The 2:3 ratio of In:S 

or the stoichiometry composition, In2S3 (obtained with high concentration of Na2S during 

synthesis) which results in an electrode composition close to ZnO/In2S3, b) The bare ZnO 

electrode without shell layer, and c) The 10:1 ratio of In:S (obtained with low 

concentration of Na2S during synthesis) with a final electrode composition closed to 

ZnO/In(OH)xSy  or ZnO/In(OH)3. Table 4.9 shows the photovoltaic parameters observed 

for DSC applying comparable ZnO electrodes (all grown for 12 h by the same synthesis 

method). In the case of the shell layer, the synthesis was also made by the same number of 

SILAR cycles.    

 

Table 4.9 Average DSCs data using the electrode B (12h growth time by LT-HM) from the best 5 
cells with bare ZnO NRs and core-shell electrodes (5 cycles, SILAR method 1). 100 mW·cm-2 
illumination, AM 1.5G. Pt-CE prepared by EBPVD (50 nm). 

In:S ratio 
Electrode 

composition 
NR length 

(µm) 
Voc  
(V) 

Jsc 
(mA·cm-2) 

FF  
(%) 

PCE  
(%) 

Max PCE  
(%) 

2:3 ZnO/In2S3 - 0.46 0.86 52 0.21 0.21 
- ZnO 3.2 ± 0.5 0.54 ± 0.03 3.59 ± 0.61 41 ± 1 0.80 ± 0.09 0.87 

10:3 ZnO/In(OH)xSy 3.0 ± 0.1 0.64 ± 0.04 5.91 ± 0.49 57 ± 3 2.15 ± 0.12 2.32 
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Figure 4.15 Energy diagram for a DSC applying ZnO as electron transport layer and a shell layer of 
In2S3 (left) and In(OH)xSy or In(OH)3 (right). The dye N19 acts as the light harvesting material, an I-

1/I3
- electrolyte as the hole transport layer. Values (eV) vs. Vacuum and vs. NHE (Normal Hydrogen 

Electrode). 

 

From the energy diagrams in Figure 4.15, we can observe that  electron injection from the 

Dye N719 to any of the inorganic semiconductors (ZnO or InxSy, In(OH)xSy  or In(OH)3), 

should be possible, since the HOMO level of the dye lies above the valence band (VB) of the 

inorganic materials (ref:10). The latter is correct since photovoltaic response is observed 

in all cases. Nevertheless, different recombination processes could be taking place in each 

electrode and could be the reason of the different power conversion efficiencies obtained.   

In the case of the 2:3 ratio of In:S (In2S3) synthesized with high concentration of Na2S, the 

power conversion efficiency is the lowest, and we ascribe this response to the SILAR 

synthesis method applied which has been proved to form an outer layer of the inorganic 

semiconductor (instead of high surface area quantum dots for example), and thus fast 
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internal recombination and low quantum efficiencies have been observed.18 Another 

possibility that can contribute to the low power conversion efficiency is the low amount of 

–OH sites for the anchoring of the Dye, resulting in poor dye loading and low (but not null) 

photovoltaic response. 

In the case of low concentration of S during synthesis, the formation of the indium 

hydroxide, In(OH)3, indium hydroxide–sulfide, In(OH)xSy, or a mixture of both is possible. 

The band gap of the intermediate indium hydroxide–sulfide, In(OH)xSy, is located in 

between the band gap of In2S3 at 2.0 eV and the band gap of In(OH)3 at 5.2 eV.67, 68 The 

band gap broaden as the amount of sulfur (-S) content decreases and the concentration of 

hydroxide (–OH) increases.67-69 A similar response has been observed for In2S3-3xO3x as 

reported by Robles70, et al.: when the oxygen content of In2S3 increases, its band gap 

increases from 2 eV to 2.9 eV. Nevertheless, our FTIR analyses revealed high concentration 

of –OH, which indicates more probability for the presence of In(OH)xSy or/and In(OH)3 

than a compound similar to In2S3-3xO3x. In this case a high insulating layer of an inorganic 

semiconductor is part of the shell of the ZnO NR. The formation of an outer layer of an 

insulating oxide in between the ZnO and the Dye is a strategy already used to improve 

power conversion efficiency in DSCs. Coating of the oxide electrode with oxides such as 

Al2O3, Nb2O5, SnO2, ZrO2 or SiO2 among others,71-74 is known to improve dye adsorption and 

increase the sensitized photocurrent. The Voc and the FF are observed to be strongly 

improved71-74 just as observed for our DSC (see Figure 4.15, and Table 4.6). The shell layer 

must be of a few nm thick and present a wide band gap. All these characteristics are 

present in the shell layer synthesized in our work, where a thickness between 3-50 nm 

(depending on the SILAR cycles), is obtained for the shell layer, and a wide band gap above 

5 eV is known for In(OH)xSy  and for In(OH)3 (see  Figure 4.15). Thus, the good power 

conversion efficiency could probably be ascribed to the inhibition of the electron back 

transfer from the oxide to the redox electrolyte by the insulating oxide.62, 75 Finally, the 

presence of higher amount of hydroxide groups, which facilitate dye attachment through 

its carboxylic acid group, could also enhance power conversion efficiency by increasing 

the linking sites available for the attachment of the Dye.  
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4.4 Conclusions 

Vertically-aligned core-shell ZnO/InxSy NR electrodes were prepared by the SILAR method 

and applied in DSCs. The electrodes were fully characterized by SEM, TEM, DRX, EDS and 

FT-IR. Six different core-shell electrodes were prepared: A (6h, LT-HM), B (12h, LT-HM), C 

(22h, LT-HM), D (6h, A-HM), E (12h, A-HM) and F (28h, A-HM). The InxSy shell layer was 

obtained applying two different concentrations of Na2S (0.03 M and 0.15 M), maintaining 

the InCl3 at a constant concentration of 0.1 M. The best DSCs results were obtained 

applying low concentration of Na2S with an In:S ratio of ~10:1, which was sulphur 

deficient (theoretical ratio of 10:3). EDX and FTIR analyses of the electrodes confirmed the 

sulphur-deficient shell layer, as well as a high –OH content of the shell layer, probably due 

to the formation of  In(OH)xSy or/and In(OH)3. The presence of high amount of –OH can 

probably enhance power conversion efficiency by increasing the sites for dye attachment, 

increasing the dye-loading capacity of the core-shell ZnO/InxSy NR electrodes. The 

presence of In(OH)xSy or/and In(OH)3  shell layer can act as an electron blocking layer 

improving the DSC performance. An enhanced efficiency of 2.32% was achieved with the 

core-shell ZnO/InxSy NR electrode B (3.0 µm NRs length, 5 SILAR cycles and 6h of 

immersion dye-loading time). 
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Chapter 5 

Polymer solar cells with ZnO nanostructures 

 
 

5.1 Introduction 

Organic solar cells (OSC) or also known as polymer solar cells (PSC) are promising devices 

characterized by their flexibility and low-cost production, with power conversion efficiencies 

reaching now the 11%.1 The application of organic materials with high optical absorption 

coefficients permits their fabrication as thin films and compatible with flexible plastic 

substrates. Furthermore, PSCs can be fabricated in large area and scalable production 

techniques such as the roll-to-roll process.2-4 The active layer of the PSCs consist of a mixture 

of a donor material, normally a polymer such as P3HT and an acceptor material, a soluble 

form of fullerene (C60 derivative, such as PCBM).5 Both organic materials are interconnected 

together in a bulk heterojunction (BHJ) layer to enhance the exciton dissociation formed at 

the interface. Since organic materials have short exciton lifetime and low mobility, the use of 

the BHJ allows a layer thickness increase from 20 nm for a bi-layer structure to 100-200 nm.5-

9 However, thicker organic layers would increase the light absorption and the device 

efficiency. Nevertheless, thicker active layers results in higher series resistance and electron 

recombination.10 An innovative strategy to increase the active layer thickness is the 

application of new nanostructured oxides characterized by their good electron extracting 

properties. An optimized semiconductor oxide interface can enhance the charge generation 

and the electron transport while reducing the recombination processes within the BHJ 

layer.11, 12 One attractive semiconductor oxide is ZnO and especially the vertically-aligned ZnO 

nanorods (NR). These nanostructures exhibit direct electron pathways, high electron 

mobility13 and can be prepared by low cost fabrication techniques14 and they are air stable 

nanostructures.15 Another advantage is their longer photoinduced polaron lifetimes 

compared to PCBM.8, 16, 17 Moreover, vertically-aligned ZnO NRs are well known to increase 

the interfacial area and to avoid the incomplete exciton dissociation observed in the BHJ layer 

due to isolation of the active materials.18 ZnO NR electrodes with high surface-area-to-volume 

ratio are valuable nanostructures to enhance the charge generation and charge extraction in 

PSCs. 

In this chapter, we apply vertically aligned ZnO NRs as the electron transport layer (ETL) in 

PSCs with P3HT:PCBM as the active layer in an inverted configuration of the type: 
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FTO/ZnONRs/P3HT:PCBM/PEDOT:PSS/Ag. Figure 5.1 shows a schematic representation (a) 

and the band energy diagram for the PSCs prepared in this chapter (b). When the polymer 

P3HT absorbs photons from the light, the exciton electron-hole occurs at the P3HT:PCBM  

ZnO interface. The charge separation takes places when the electrons flow to the PCBM 

followed by ZnO and then to the TCO electrode, while the holes formed in the P3HT instantly 

move to the PEDOT:PSS layer and Ag electrode.19 In this configuration, the PEDOT:PSS act as 

the hole transport layer (HTL). The ZnO NR electrodes applied in this chapter were prepared 

by two similar synthesis techniques, the low temperature hydrothermal method (LT-HM 

described in chapter 2)20, 21 and the autoclave hydrothermal method (A-HM described in 

chapter 3).22 The main difference between them is the pressure imposed throughout the 

synthesis of the ZnO NRs when the autoclave method is applied. The application of these two 

synthesis permits the preparation of ZnO NRs with different electrode morphologies, surface 

areas and optical quality (surface defects).18-20 ZnO NRs with lengths between 400 nm and 5 

µm were chosen to carry out the photovoltaic studies presented in this chapter. These two 

types of ZnO NRs were also modified with an outside layer of InxSy, resulting in core-shell 

ZnO/InxSy NRs. These nanostructures were also analyzed in PSCs.  

 

Figure 5.1 a) Schematic representation of a PSC with ZnO NRs and b) the band energy diagram vs. 
vacuum and vs. NHE (Normal Hydrogen Electrode) of the same PSC.23, 24 

 

The application of vertically-aligned ZnO NRs as the electron transport material (ETM) has 

been reported in PSCs with P3HT:PCBM active layer. Table 5.1 summarizes the most recent 

photovoltaic results obtained from the literature. Many of the papers in literature used MoO3 

as hole transport layer (HTL), some others V2O5 and in other cases, the HTL layer was not 
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employed. An Ag thin film was the most applied back metal electrode; however, some works 

replaced the silver by gold or aluminum. An important aspect is the ZnO NRs length, most of 

the reported works apply NR lengths around 100-500 nm. Only two papers presented NRs of 

2 µm in length.25, 26 The data from Table 5.1 is ordered in function of the ZnO NR length, in an 

ascending order. The highest efficiency obtained was 4.1% applying a 400 nm length ZnO NRs 

electrode covered with ZnO NPs. When no NPs were added on top of the NRs, an efficiency of 

1.42% was obtained. Power conversion efficiencies (PCE) of 3.56%27 and 3.90%28 were 

achieved for 100 nm and 450 nm ZnO NRs lengths respectively. Both cells had a HTL of V2O5 

and this could be the reason for the high FF observed in those cells (60% and 65% 

respectively). Other groups that used a HTL of MoO3 reported FF around 37-52% and the FF 

were ~34-50% when no HTL was applied in the cells (Table 5.1). Only one group reported 

PSCs with ZnO NRs and PEDOT:PSS as the HTL, achieving a FF of 47% and a power 

conversion efficiency of 1.23%.25  

 

Table 5.1 Reported data of PSCs using ZnO NRs as electron acceptor and P3HT:PCBM as organic active 

layer. The cells were measured at 100 mW·cm-2. CB= Chlorobenzene, o-DCB= o-Dichlorobenzene, 

CHCl3=Chloroform, HTL=Hole Transport Layer, CE=Counter-electrode, 2-NT= 2-Naphthalenethiol. 

ZnO NR 
Length 
(nm) 

P3HT:PCBM 
concentration 

and solvent used 
(mg/mL) 

P3HT:PCBM 
Deposition 

speed 
(rpm) 

Comments 
Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
(%) 

PCE 
(%) 

Ref. 

100 
100 
100 
120 
120 
120 
200 
200 
200 
220 
250 
300 
400 
400 
450 
500 

2000 
2000 

30:30 in CB 
20:20 in 0-DCB 
20:20 in 0-DCB 
40:32 in 0-DCB 
40:32 in 0-DCB 
25:15 in 0-DCB 

12:9.6 in CB 
12:9.6 in CB 

40:40 in CHCl3:CB 

15:12 in CB 
Ratio (1:1) in CB 

30:18 in CB 
25:25 in CB 
25:25 in CB 
30:24 in CB 

20:20 in CHCl3 
20:20 in CHCl3 

Ratio (1:0.6) CHCl3 

- 
- 
- 

400 
400 
400 

- 
- 
- 
- 

2000 
- 

By Dr Blade 
By Dr Blade 

- 
800 
800  

- 

HTL= MoO3 

No HTL 
HTL= V2O5 

No HTL 
No HTL/ C60 

No HTL/ 2-NT 

No HTL 
HTL= MoO3 

No HTL 
HTL= MoO3 /CE=Al 
HTL= MoOx /CE=Au 

No HTL 
HTL= MoO3 

HTL= MoO3/NR+NP 
HTL=  V2O5 

No HTL/CE=Ag 
No HTL/CE=Ag 

HTL= PEDOT:PSS/ CE=Au 

0.51 
0.50 
0.55 
0.46 
0.53 
0.61 
0.40 
0.44 
0.48 
0.55 
0.27 
0.57 
0.43 
0.57 
0.58 
0.42 
0.30 
0.45 

5.70 
10.21 
10.75 
8.20 

11.60 
12.10 
7.29 
8.55 

10.00 
9.02 
9.92 
9.60 
8.34 

13.75 
10.40 
12.77 
6.35 
6.76 

38 
49 
60 
34 
34 
50 
35 
45 
43 
44 
37 
50 
40 
52 
65 
19 
12 
47 

1.11 
2.52 
3.56 
1.28 
2.09 
3.71 
1.02 
1.71 
2.03 
2.15 
0.98 
2.70 
1.42 
4.10 
3.90 
1.73 
0.51 
1.23 

29 
27 
27 
24 
24 
30 
31 
31 
32 
33 
34 
8 

35 
35 
28 
26

 
26

 
25 
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5.2 Application of ZnO nanostructures in PSCs   

Polymer solar cells (PSC) with ZnO NR electrodes were prepared with an inverted 

configuration of FTO/ZnO NRs/P3HT:PCBM/PEDOT:PSS/Ag. The electrodes of ZnO NRs were 

synthesized by the LT-HM and the A-HM (using autoclave reactor 1) with and without an 

InxSy shell layer as already described (chapters 2, 3 and 4).20-22 Then the ZnO NRs substrates 

were annealed for 5 min at 140°C and the active layer solution was spin-coated on top at 

different spin velocities. Afterwards, the PEDOT:PSS layer was spin-coated and annealed at  

140°C for 5 min. The deposition of the hole conductor PEDOT:PSS layer for all the cells was 

fixed at 1000 rpm. Finally, a ~100 nm silver counter electrode, used as the back contact, was 

deposited by thermal evaporation (Figure 5.2).  

 

Figure 5.2 Scheme representation of all the PSC preparation steps. First, a spin-coating process of 
P3HT:PCBM solution was made on the ZnO NR electrode, then the deposition of PEDOT:PSS and finally, 
the Ag counter electrode evaporation. 

 

Eight PSCs, used as reference devices, were fabricated applying a layer of ZnO NPs of ~100 

nm thickness (prepared by sol-gel and the Pacholski et al. method).20 For these reference 

devices, the P3HT:PCBM concentration used was 24 mg:24 mg, in chlorobenzene (CB) and 

deposited by spin coating at 1500 rpm. Figure 5.3 shows the front and back images of a PSC 

before and after optimization of the active area, this is, the elimination of extra organic 

material outside and at the edges of the solar cell. All the solar cells showed an improvement 

in the Voc and FF, and a reduction of the Jsc. The latter is a well described phenomenon36, 37 
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attributed to the effect of the residual active material which is known to increase the shunt 

resistance of the device affecting Voc and FF. The decrease of the Jsc is due to the reduction of 

the amount of material that adsorbs photons from light. Thus, the best reference solar cell 

showed an increase of the Voc and FF from 0.21 V to 0.44 V for the Voc, and from 28% to 36% 

for the FF, after removing the extra organic material. At the same time, the Jsc of the device 

was reduced from 11.95 mA·cm-2 to 5.99 mA·cm-2. These changes on the photovoltaic 

parameters affect directly the power conversion efficiency of the PSC, which increased from 

0.68% to 0.92%.  The active areas of all the solar cells reported in this chapter were 

optimized to 0.25-0.3 cm2.  

 

Figure 5.3 PSC images of a cell from the front and back side a) as prepared and b) after being 
scratched the extra active area and cleaned. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

The efficiency of inverted PSC cells applying ZnO as the electron transport layer is known to 

improve after several hours stored in the dark or after being submitted to UV light 

irradiation. This effect has been attributed to the activation of ZnO when the UV light strikes 

the cell. UV light desorbs O2 from the ZnO surface and produces electron traps by 

photogenerated holes. The later process recovers the rectification properties of ZnO 

improving the efficiency of the device.38, 39 The solar cells analyzed in this chapter were 

measured at time zero (right after preparation) and also after 24 h and 48 h stored in the 

dark. We observed an increase of the solar cell performance after kept in the dark at room 

temperature for 24 h. Some cells presented a slightly higher performance after 48 h, but for 

comparison purposes, only the data obtained after 24 h is presented in this chapter. 
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5.2.1 Optimization of the P3HT:PCBM solution conditions         

The deposition of the active layer P3HT:PCBM solution applied on the ZnO NRs, was first 

optimized for best solar cell performance. We studied the effect of materials concentration, 

type of solvent and spin-coating deposition velocity. In the first set of experiments, three 

concentrations of the mixture P3HT:PCBM were analyzed: 24:24 mg/mL, 40:24 mg/mL and 

40:40 mg/mL. All other parameters were maintained the same: the solvent used was 

chlorobenzene (CB), the spin coating velocity was fixed at 400 rpm and the ZnO NR 

electrodes used were all grown for 6h (~1.6 µm length) by the LT-HM method.  

We noticed that the photovoltaic performance of the PSCs improved when the solution was 

placed on top of the FTO/ZnO electrode before the spin coating was started. The latter has 

been attributed to the better infiltration of the polymer solution inside the NRs. Best results 

were obtained for the 40:40 mg/mL solution concentration of P3HT:PCBM (Table 5.2). 

Increasing the concentration from 24:24 to 40:40 mg/mL increases the current density of the 

cell linearly, due to the presence of higher quantity of active material to harvest light. 

Although other groups used ratios of (1:0.8)24 or (1:0.6)8, 25, 40 with lower quantity of PCBM, 

our cells presented better performances when a ratio of (1:1) is used, in agreement with 

previous reported results.34, 35 The concentration of P3HT:PCBM was fixed at 40:40 mg/mL in 

chlorobenzene and deposited at 1500 rpm, 800 rpm, 400 rpm and at 2 x 400 rpm spin coating 

velocities. The application of different velocities permitted the fabrication of the active layer 

with different thickness. The best photovoltaic response was obtained for the thickest active 

layer with 2 x 400 rpm deposition speed (Table 5.2). 
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Table 5.2 Effect of the different P3HT:PCBM solution conditions on the PSCs parameters with ZnO 
~1.6 µm NR length electrodes. At the start (time 0 h) and after 24 h kept in the dark at room 
temperature. AM1.5 light irradiation of 1000 W·m-2. CB= Chlorobenzene. 

Cells 
Measured 

P3HT:PCBM 
Concentration 

(mg/mL) 
solvent 

Deposition 
speed (rpm) 

Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
(%) 

PCE 
(%) 

At 
start 
(0 h) 

24:24   0.21 2.08 26 0.39 
40:24 CB 400 0.33 8.20 31 0.85 
40:40   0.45 8.59 32 0.91 

  1500 0.22 4.19 30 0.28 
40:40 CB 800 0.35 5.03 24 0.43 

  400 + 400 0.37 9.29 32 1.12 
40:40 m-xylol 400 + 400 0.25 3.17 30 0.24 

 chloroform 400 + 400 0.33 7.16 29 0.68 

After 
24 h 

24:24   0.30 5.44 26 0.43 
40:24 CB 400 0.47 8.67 29 1.18 
40:40   0.42 9.61 33 1.48 

  1500 0.40 4.65 30 0.44 
40:40 CB 800 0.38 7.09 28 0.75 

  400 + 400 0.49 9.65 32 1.51 

40:40 
m-xylol 400 + 400 0.25 2.84 27 0.19 

chloroform 400 + 400 0.36 7.45 28 0.74 

 

 

It is well-known that the intrinsic morphology of the active layer affects directly the power 

conversion efficiency of the solar cell. The morphology is greatly affected by the different 

solvent or mixture of solvents used to disperse the P3HT:PCBM mixture. The modification of 

the solvent can introduce order or disorder on the side-chains of the polymer and change 

their optical properties.41 Thus, solvents with different polarity, like chloroform and m-xylol, 

were also analyzed and compared with the results obtained applying chlorobenzene. 

Moreover, the use of these solvents could also help the infiltration of the solution into the ZnO 

NRs electrode. Nevertheless, the photovoltaic response of the solar cells applying 

chlorobenzene was always higher than those applying chloroform or m-xylol as shown in 

Table 5.2.  
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5.2.2 ZnO NRs electrodes obtained by two synthesis methods: application in 

PSCs 

After the optimization of the active layer concentration, PSCs were fabricated applying the 

vertically aligned ZnO electrodes obtained by the two synthesis methods prepared in this 

thesis: the LT-HM (in a PYREX glass bottle) and the A-HM (in an autoclave reactor, model 

4749 from Parr). We have reported the careful analyses of the NRs by photoluminescence 

(PL) and Time resolved photoluminescence (TRPL) in chapter 2 and 3.22 Our results have 

shown faster PL decay observed for the ZnO NR obtained by the LT-HM (time constant, EFF = 

20-40 ps) in comparison with the ZnO NRs obtained by the A-HM (time constant, EFF = 40-

140 ps). The latter has been attributed to a larger contribution of the nonradiative 

recombination (surface defects). These results underline superior optical quality of the NR 

obtained by the A-HM.20 The latter affected the photovoltaic response of Dye sensitized Solar 

Cells (DSCs) when applied as electrodes: the ZnO NRs obtained with less surface defects (by 

the A-HM) resulted in superior power conversion efficiencies. For this reason, in this chapter 

we analyzed the effect that these two types of ZnO NRs have on the photovoltaic properties of 

PSCs.  

For each synthesis method, four different ZnO NR morphologies were analyzed. The different 

morphologies were obtained by modifying the growth time during synthesis (6 h, 12 h, 22 h 

and 28 h) resulting in ZnO NR lengths between 400 nm and 5.0 µm and different diameters 

shown in Table 5.3. The concentration of the active layer solution was fixed at 40:40 mg/mL 

in chlorobenzene. The deposition speed of the active organic blend was tuned to different 

spinning velocities (800 rpm, 400 rpm and 2 x 400 rpm) and applied on each ZnO electrode. 

Here, we present a complete study with different ZnO NR lengths, ranging from 400 nm up to 

5 µm. Some other studies have reported PSCs applying ZnO NRs of a fixed length, usually 

between 100 –500 nm,24, 27-29, 31-35 and only two works applied 2 µm ZnO NRs25, 26 (Table 5.1). 

Table 5.3 shows the best photovoltaic response obtained for each ZnO electrode. Values are 

shown at start and after 24h of being prepared and stored in the dark at room temperature. 

Best solar cell response was observed for ZnO NR lengths shorter than 1 µm, and applying 

deposition speed of 800 rpm for the BHJ blend. The thickness of the active layer, P3HT:PCBM, 

must be increased when the ZnO NR length increases. Thus, for ZnO NR lengths between 1-

1.5 µm NR the spinning speed of 400 rpm improved the results. Above 1.5 µm NR lengths, the 
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optimum active layer deposition was made applying two consecutive coatings of the active 

layer at 400 rpm.  

 

Table 5.3 Application of different ZnO NR electrodes in PSCs with a solution concentration 40:40 
mg/mL of P3HT:PCBM in chlorobenzene. At the start (time 0 h) and after 24 h kept in the dark at room 
temperature. AM1.5 light irradiation of 1000 W·m-2.   

Growth 
synthesis 

Cells 
Measured 

ZnO NR 
growth 
time (h) 

Average 
NR length 

(µm) 

Average NR 
diameter 

(nm) 

Deposition 
speed 
(rpm) 

Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
(%) 

PCE 
(%) 

LT-HM 

At start 
(0 h) 

6 1.6 ± 0.2 115 ± 8 400 + 400 0.37 9.29 32 1.12 
12 3.2 ± 0.5 198 ± 23 400 + 400 0.32 7.53 27 0.65 
22 5.2 ± 0.2 279 ± 55 400 + 400 0.33 9.78 29 0.94 
28 5.1 ± 0.4 293 ± 89 400 + 400 0.35 7.32 28 0.72 

After 
24 h 

6 1.6 ± 0.2 115 ± 8 400 + 400 0.49 9.65 32 1.51 
12 3.1 ± 0.5 198 ± 23 400 + 400 0.48 8.83 28 1.17 
22 5.2 ± 0.2 219 ± 55 400 + 400 0.40 10.36 31 1.28 
28 5.1 ± 0.4 293 ± 89 400 + 400 0.45 9.69 28 1.23 

A-HM 

At start 
(0 h) 

6 0.4 ± 0.1 83 ± 17 800 0.36 10.66 31 1.21 
12 0.9 ± 0.1 58 ±  9 800 0.32 8.51 27 0.74 
22 1.1 ± 0.2 59 ± 18 400 0.28 8.09 29 0.66 
28 3.5 ± 0.1 - 400 + 400 0.23 5.71 30 0.39 

After 
24 h 

6 0.4 ± 0.1 83 ± 17 800 0.49 11.63 35 1.96 
12 0.9 ± 0.1 58 ±  9 800 0.49 10.24 30 1.53 
22 1.1 ± 0.2 59 ± 18 400 0.50 10.27 31 1.59 
28 3.5 ± 0.1 - 400 + 400 0.46 8.25 28 1.07 

 

 

Figure 5.4a shows the direct relation observed between the power conversion efficiencies 

(PCE) and the NR length. Shorter NR show higher photovoltaic performance. Below 0.5 µm 

NR length an efficiency of 2.0 % was obtained, while ZnO NR lengths between 0.5-2.0 µm 

achieved efficiencies around 1.5 %, and above 3 µm the efficiencies were lower than 1.3 % 

(Figure 5.4a). The calculated aspect ratio (defined as the NR length divided by the NR 

diameter)42 of each ZnO NR electrode was also represented as a function of the power 

conversion efficiency (Figure 5.4b). There is a general acceptance that increasing the aspect 

ratio of the NR results in high power conversion efficiency.43, 44 In our work, the ZnO NR 

electrodes with the lowest aspect ratio presented the highest performance, corresponding to 

the NRs obtained by the A-HM synthesis method. The comparison of the power conversion 

efficiency of devices applying ZnO NR with similar aspect ratios (see Figure 5.4b) shows that 

the ZnO NRs synthesized by the LT-HM present lower power conversion efficiency that the 

NRs obtained by the A-HM. These results are in agreement with the presence of different 
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surface defects for the ZnO NRs obtained by different synthesis methods as already described 

in chapter 3. The optical quality of the NRs (surface defects) is directly related to the 

interaction between the ZnO and the P3HT:PCBM active layer at the interface. Thus, it can 

also alter the BHJ blend solution infiltration into the ZnO NRs resulting in low power 

conversion efficiency as observed in this work when increasing NR length. Other groups also 

reported a poor penetration of the blend P3HT:PCBM solution, only covering the top surface 

of the ZnO NRs.35 These results are an indication that the factors affecting the ZnO NR 

properties and solar cell performance are the result of the combination of many and variable 

issues, and not only limited by the aspect ratio (dimensions) or density of the ZnO NRs. 

The lowest photovoltaic performance was observed for the ZnO electrode grown for 28h by 

the A-HM synthesis. The latter has been attributed to the change in morphology observed for 

this ZnO sample. The ZnO electrode shows a NR morphology for the bottom part, while an 

open form, similar to nanosheets, is observed on top (see Figure 3.4). This sheet-like 

structure is believed to prevent the infiltration of the P3HT:PCBM active layer solution in to 

the ZnO electrode, resulting in low power conversion efficiency. The FF of these cells are very 

low, 28-35 % and an important aspect is that the FF decreases when the NR length increases 

(Table 5.3). The decrease of FF values is a direct consequence of the increase of 

recombination processes due to electrical shorts. Figure 5.4c represents the shunt resistances 

(Rsh) defined as Rsh=dV/dI(V=0) and series resistances (Rs) defined as Rs=dV/dI(I=0).45, 46 Rsh and 

Rs were measured from the IV- curves of the best solar cells under illumination. A decrease on 

the Rsh from 120 to 60 Ω·cm2 was observed when the NR length increased, while the Rs was 

maintained constant (around 20-40 Ω·cm2). The decrease in solar cell performance have been 

attributed to the Rsh (recombination loses) and has been observed by other groups with 

resistivity values of 50-390 Ω·cm2 (Rsh) and 22-47 Ω·cm2 (Rs),33 or  250-620 Ω·cm2 (Rsh) and 

2-6 Ω·cm2 (Rs)27 for similar PSCs. 
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Figure 5.4 a) Representation of PSC power conversion efficiencies (PCE) in function of ZnO NR length, 
b) aspect ratio of each ZnO NR electrode in function of power conversion efficiencies (PCE) and c) 
Shunt resistances (Rsh) and series resistances (Rs) as a function of the ZnO NR length for both synthesis 
methods. 

 

Figure 5.5a depicts the current-voltage curves of two cells prepared applying the LT-HM and 

the A-HM methods with similar NR length around 1.1-1.6 µm and similar aspect ratios (6h L-

HM and 22h A-HM). A slightly increase of the Jsc value for A-HM cell can be observed, while 

similar Voc and FF values were measured. The IPCE measurement of the devices was 

performed both with and without bias light (bias light is used to simulate the actual operating 

condition for the device during IPCE measurements). The IPCE measured under bias light 
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revealed significantly lower values despite the fact that only intensities corresponding to 0.5 

Sun were used to simulate biasing (Figure 5.5b). This is ascribed to the presence of a poor 

conducting layer or interface in the device, which results in space charge limitation causing 

device saturation and hence, the decrease of IPCE during illumination.47, 48 The limiting layer 

(low conductivity) could be the interface between ZnO NR and the organic blend due to the 

problems encounter during infiltration of the active layer. This effect is reflected by the low 

fill factors presented in these cells. Figure 5.5b represents the IPCE spectra with and without 

bias light for two cells with similar NR length and aspect ratio from both hydrothermal 

methods (6h L-HM and 22h A-HM) where the decrease under bias light can be observed. 

 

Figure 5.5 a) JV-curves and b) IPCE spectra of the two cells with similar ZnO NR lengths between 1.1-
1.6 µm grown by the LT-HM (6h) and the A-HM (22h) syntheses. 

 

5.2.3 Core-shell ZnO/InxSy electrodes obtained by the two synthesis methods: 

application in PSCs 

The application of core-shell ZnO NRs/InxSy electrodes on PSCs was more challenging. ZnO 

NR electrodes with a core-shell layer prepared by the SILAR technique with precursor 

concentrations of 0.1 M of InCl3 and 0.03 M of Na2S (see chapter 4 for details) and different 

number of deposition cycles (3, 5 and 10) were applied in PSCs. All the obtained PSCs 

efficiencies were lower than using bare ZnO NR electrodes. We observed that the PSC 

performance increased when a lower concentration of the SILAR precursors was applied (25 

mM of InCl3 and 7.5 mM of Na2S). Therefore, these PSCs were optimized with the core-shell 

ZnO/ InxSy electrodes prepared by the LT-HM and the A-HM synthesis methods (grown for 

6h, 12h, 22h and 28h) using the SILAR reaction with low concentration. The organic blend 
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deposition, P3HT:PCBM, was optimized at spin coating velocities of 800 rpm, 400 rpm, and 2 

depositions at 400 rpm for each ZnO electrode. Table 5.4 represents the best PSCs results 

obtained. Almost all the electrodes presented higher efficiencies when thin shell layers were 

deposited (3 cycles), only one cell presented a better performance for 5 SILAR cycles. The A-

HM-1 electrodes improved with deposition speeds at 800 rpm while the LT-HM electrodes 

presented higher results with two depositions at 400 rpm. 

 

Table 5.4 Best PSCs performance obtained applying core-shell ZnO/ InxSy NRs electrodes prepared by 
the LT-HM and the A-HM synthesis methods and different growth times. The P3HT:PCBM solution 
concentration was 40:40 mg/mL in chlorobenzene. Cell measured at start. Measurements at start (0h) 
and AM1.5 light irradiation of 1000 W·m-2.   

Hydrothermal 
growth 

synthesis 

ZnO NR 
growth time 

(h) 

Average NR 
length (µm) 

SILAR 
cycles 

Deposition 
speed 
(rpm) 

Voc 
(V) 

Jsc 
(mA/cm2) 

FF 
(%) 

PCE 
(%) 

LT-HM 

6 1.6 ± 0.2 3 400 + 400 0.54 10.91 31 1.83 
12 3.2 ± 0.5 3 400 + 400 0.52 10.66 29 1.60 
22 5.2 ± 0.2 5 400 + 400 0.39 9.85 34 1.31 
28 5.1 ± 0.4 3 400 + 400 0.43 10.48 28 1.25 

A-HM 

6 1.6 ± 0.2 3 800 0.55 10.37 31 2.14 
12 3.1 ± 0.5 3 800 0.54 11.68 33 2.06 
22 5.2 ± 0.2 3 800 0.54 10.93 33 1.94 
28 5.1 ± 0.4 3 800 0.54 11.37 32 1.98 

 

 

The performance comparison between PSCs applying bare ZnO NRs and core-shell ZnO /InxSy 

NRs is presented in Figure 5.6a. Power conversion efficiency enhancement was observed for 

the core-shell ZnO/InxSy NRs electrodes due to the increase of the Voc, from ~0.47 V to ~0.54 

V (Table 5.3 and Table 5.4). Only the ~5 µm length NRs electrodes had exactly the same 

power conversion efficiencies and present the same Voc values (Table 5.4 and Figure 5.6a). 

The latter Voc improvement was attributed to the application of InxSy shell thickness, which 

acts as electron blocking layer (as commented in chapter 4, section 4.3.3). Moreover, ZnO 

nanotrees with the core-shell ZnO/InxSy structure presented a higher performance than bare 

nanotrees, due to the Voc and Jsc increase. Figure 5.6b represents the shunt resistances (Rsh) 

and series resistances (Rs) for the different core-shell ZnO/ InxSy NR electrode thickness. The 

values of Rsh for core-shell PSCs were similar than the values for the bare NRs based PSCs 

(around 60 and 110 Ω·cm2). In this case, however, the decrease in efficiency when increasing 

NR length, was not observed. Furthermore, the Rs values were slightly lower and hence, the 

performance of core-shell PSCs improved. This response is probably due to the modification 
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of the surface defects of the ZnO NRs when a shell of InxSy is deposited on its surface. The 

latter can also improve the bonding with the active organic blend, as already reported for 

dyes when applied in DSCs (see chapter 3 and chapter 4). On the other hand, most of these 

core-shell PSCs measured and kept in the dark showed a performance decrease after the 

preparation and first measurement. The same effect was also observed in core-shell ZnO 

NRs/InxSy applied in DSCs and commented in chapter 4 (section 4.3).  

 

Figure 5.6 a) Performance comparison between bare ZnO NRs (black) and core-shell ZnO/ InxSy NRs 
(grey) in PSCs in function of the NR length and b) representation of the Rsh and Rs for PSCs with core-
shell structure with different ZnO layer thickness.  

 

Figure 5.7 shows the JV-curves and IPCE spectra of two PSCs applying core-shell ZnO/InxSy 

electrodes with similar NR lengths (between 1.1-1.6 µm) prepared by the LT-HM (6h) and the 

A-HM-1 (22h). Both JV-curves show the same Voc values and almost the same Jsc and FF 

values, thus, similar power conversion efficiencies were obtained (Table 5.4). The IPCE 

spectra were surprisingly different for both PSCs. This IPCE difference is probably due to the 

stability problems of the core-shell structure also observed in DSCs (see section 4.3). Some of 

the core-shell ZnO/InxSy cells showed different degradation behavior, which was more 

evident when a bias light was applied. The IPCE measured under bias light for both cells 

presented a decrease as it was observed for bare ZnO NRs PSCs shown in Figure 5.5. 

However, the decrease was higher for the PSC with core-shell ZnO/InxSy prepared by the LT-

HM grown for 6h.  As indication of the low stability of the core-shell ZnO/InxSy electrodes as 

was also mentioned in chapter 4, see section 4.3. 
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Figure 5.7 a) JV-curves and b) IPCE spectra of PSCs applying core-shell ZnO NRs-Indium sulfide 
electrodes with similar NR lengths between 1.1-1.6 µm grown by the LT-HM (6h) and the A-HM (22h). 

 

5.2.4 Device characterization by SEM microscopy and EDS analysis 

Cross-section SEM images of the PSCs applying different NR lengths and synthesis methods 

with and without the InxSy shell layer were studied. The cross-section SEM images of two 

PSCs with NRs grown for 12 h by the LT-HM (a) and the A-HM (b) methods are compared in 

Figure 5.8. Using the backscattered electrons (BSE) we can distinguish the different 

composition of the layers. Since heavy atoms with high atomic number are stronger scatters 

than light ones, a back scattering electron (BSE) image can reveal different intensity 

brightness related to the compositional information of the sample. For example, heavy metals 

appear brighter in the BSE image than light elements such as organic materials which appear 

with a dark color. From Figure 5.8 we can see the different NR length obtained for each 

hydrothermal synthesis at the same growth time (12 h in this case) that corresponds with the 

already measured length values before the cell preparation (Table 5.3, Figure 3.3). We can 

also observe that in Figure 5.8-a, the part of the ZnO NRs (bright grey) with the P3HT:PCBM 

blend (dark grey) has some black parts which means there was no blend infiltration in those 

points, corroborating the penetration problems commented before. On the other hand, the 

cell in Figure 5.8-b did not present parts with a dark color in the BSE image pointing out that 

longer NRs difficult the blend penetration. 
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Figure 5.8 Cross section SEM images of two PSCs with bare ZnO NRs grown for 12h by a) the LT-HM 
and b) the A-HM. 

 

A cross-section SEM comparison between PSCs applying the same bare ZnO NR electrode 

(LT-HM- 12h growth time) but with different deposition velocities of the organic blend 

P3HT:PCBM, 800 rpm and 2 x 400 rpm is presented in Figure 5.9. A better blend penetration 

was observed using two organic blend depositions at 400 rpm (Figure 5.9-b). The spin-

coating process of the organic blend solution at 800 rpm, hardened the solution infiltration 

that only covered the top of the NRs (many black holes can be seen on the bottom of the NRs) 

(Figure 5.9-a). The latter explains the better PSC performance observed when the organic 

blend was deposited at 2 x 400 rpm on this electrode (Table 5.3). 

 

Figure 5.9 Cross section SEM pictures of 2 cells with ZnO NRs prepared by the LT-HM grown for 12h 
a) blend deposition at 800 rpm and b) 2 x 400 rpm.  

 

Figure 5.10 shows two cross-section SEM images of two PSCs applying bare ZnO NR (a) and 

core-shell ZnO/InxSy NRs (3 cycles) (b) both prepared by the LT-HM grown for 12h. The 

images of the backscattered electrons detector from the SEM microscope showed organic 

blend infiltration difficulties within the ZnO NRs for both cells (Figure 5.10). Therefore, the 
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slightly enhancement in the PSCs applying the core-shell electrodes is due to the Voc values 

improvement as was commented before.  

 

Figure 5.10 Cross section SEM images of two PSCs with a) bare ZnO NRs and b) core-shell (3 cycles) 
ZnO NRs grown for 12h by the LT-HM. Deposition of the organic solution at 2 x 400 rpm for both cells. 

 

Analyses of energy dispersive X-ray spectroscopy (EDS) along the cross-section area of the 

cells made in the SEM microscope allowed us to analyze the infiltration properties of the 

organic active materials within the ZnO NR electrode. Figure 5.11 presents the EDS cross line 

along several solar cells with ZnO NRs with different thicknesses grown by the LT-HM and 

the A-HM methods. We can easily observe from the EDS graph the composition of each part 

from the device, the elements represented are: silver (from counter-electrode), carbon (from 

PEDOT:PSS and P3HT:PCBM), sulfur (from PEDOT:PSS and P3HT), oxygen (from organic 

materials and ZnO), zinc (from ZnO) and silicon (from the glass of FTO substrate). The carbon 

element from organic materials decrease in the ZnO NRs area and did not arrive to the 

bottom of the NRs showing the low blend penetration for long NRs of 5.0 µm (LT-HM), 3 µm 

(LT-HM) and 3.4 µm (A-HM-1) shown in Figure 5.11. Only shorter NRs of ~1.3 µm (A-HM) 

presented a slightly active layer penetration reaching the FTO and hence, the performance 

achieved for this PSC was higher than the rest of the samples (Figure 5.11-d). The same EDS 

cross-section experiments were also measured on PSCs with an InxSy core-shell layer, but the 

quantity of indium was too low to be detected by the EDS analyses. The core-shell PSCs 

presented the same behavior as bare ZnO NRs PSCs, the infiltration of the organic blend was 

improved for short ZnO NR layers.  
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Figure 5.11 Cross-section SEM image and the EDS analysis along the PSCs with different electrodes of 
ZnO NRs grown by LT-HM method and NR length of a) ~5 µm and b) ~3 µm and grown by A-HM with 
NR lengths of c) ~3.4 µm and d) ~1.3 µm. Inset graphs: the power conversion efficiencies (PCE) 
measured for the corresponding PSCs. 
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5.3 Conclusions 

In this chapter polymer solar cells with different ZnO electrodes prepared by the LT-HM and 

the A-HM-1 methods with and without an indium shell layer were applied in PSCs. An 

inverted cell configuration was applied: FTO/ZnO NRs/P3HT:PCBM/Ag. First, different 

parameters of the active layer (concentration, spin coating speed and solvent) were 

optimized to improve the performance of bare ZnO NRs PSCs. A concentration of 40 mg: 40 

mg of P3HT:PCBM in chlorobenzene achieved the best results. The blend deposition speed is 

dependent on the NR length, longer NR required slower deposition speeds to allow thicker 

active layers. The best performance obtained was 2.0 % efficiency using short NR length (400 

nm) grown by the A-HM synthesis due to the difficulty of the organic blend infiltration. IPCE 

measurements resulted on a reduction of the performance under bias light showing the 

presence of a poor interface in the device that corroborates the blend infiltration problems.  

Electrodes of ZnO NRs covered with the indium sulfide layer were then applied in the same 

PSCs. The SILAR deposition of the shell layer was carried out using the precursor 

concentrations: 25 mM InCl3 and 7.5 mM NasS. The latter core-shell structure allowed a 

slightly increase on power conversion efficiency compared to the bare ZnO NRs based PSCs. 

This enhancement of the performance was due to the higher Voc obtained since the 

introduction of the indium sulfide layer modified the energy levels of the cells. The highest 

power conversion efficiency obtained was 2.14% for the shorter ZnO NR electrode ~400 nm 

(6h A-HM) with 3 SILAR cycles due to the organic blend infiltration problem.  

The active blend solution penetration was studied in more detail using cross section SEM 

images with backscattered electrons and EDS analysis showing long NRs only covered on top 

by the active blend solution. Therefore, the highest PSC performance was obtained with short 

NRs, the increase of the NR length produced a decrease on the cell efficiency.  

Degradation studies under continuous solar light irradiation at different atmospheres 

showed a faster performance decrease under O2 and N2 for both types of PSCs, with and 

without the shell layer. The cells under humid atmospheres of N2 and air were degraded 

slower. The latter was attributed to the self-diffusion of oxygen into the ZnO layer that 

accelerated the degradation of the polymer. Dry N2 atmospheres allowed the production of 

oxygen vacancies in the ZnO layer decreasing the performance. The degradation of the core-

shell based PSCs was slower under dry N2 and O2 but faster under humid N2 and air compared 

with bare ZnO NRs PSCs.  
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Chapter 6 

Experimental Section 
 

6.1 Materials 
All chemicals were commercially available and used without further purification.  

6.1.1 Solvents: Methanol (99.8% Aldrich), ethanol (99.5% Panreac), 2-propanol or 

isopropanol (99.5% Sigma-Aldrich), acetone (99.5% Panreac), chlorobenzene (99.9% 

Sigma-Aldrich), 2-(2-methoxyethoxy) acetic acid (MEA) (technical grade Aldrich), 

chloroform (CHCl3) (≥99% Sigma-Aldrich), m-xylol or m-xylene (≥99% Sigma-Aldrich), 

hydrochloric acid fuming (37% Fluka), acetonitrile (ACN, 99.995% Panreac), valeronitrile 

(99.5%, Sigma-Aldrich), tert-buthyl alcohol (tBuOH, 99.5% Sigma-Aldrich). All the aqueous 

solutions were prepared using double distilled and ion-exchange water. 

6.1.2 Transparent conductive oxide (TCO) substrates: Indium-tin oxide (ITO) or 

Fluorinated indium tin-oxide (FTO) slides were purchased from SOLEMS. The ITO 

properties: R=30-50 ohms, ITO layer produced by sputtering 1000Å, 1.1 mm thick glass. 

The FTO properties: R=70-100 ohms, FTO layer produced by CVD 800Å, 1.1 mm thick 

glass. They were cleaned by standard procedures prior to use (sonication for 10 min with 

H2O + soap, 2 x H2O, acetone, and ethanol) and finally cleaned for 20 min in a UV-surface 

decontamination system (Novascan, PSD-UV) connected to an O2 gas source.  

6.1.3 Materials for the ZnO electrode preparation: Zinc acetate dehydrate (99% 

Riedel-de Haën), potassium hydroxide (KOH, Na<0.002% Fluka), hexamethylenetetramine 

(HMT) (99% Aldrich), zinc nitrate hexahydrate (Zn(NO3)2·6H2O) (98% Sigma–Aldrich), 

diethanolamine (≥98% Sigma–Aldrich). The reactor for the low-temperature 

hydrothermal method (LT-HM) was a glass PYREX® Screw Cap bottle (Sigma-Aldrich) and 

two different autoclave Parr Autodigestion Bombs with PTFE-liner of different capacities 

were used for the autoclave hydrothermal method (A-HM): 23 mL (model 4749, synthesis 

A-HM-1) and 45 mL (model 4744, synthesis A-HM-2). 

6.1.4 Materials for the InxSy shell layer preparation: Indium (III) chloride (98% 

Aldrich) and sodium thiosulfate (≥98%, Sigma-Aldrich). 
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6.1.5  Dye-sensitized solar cells (DSC) materials: Iodolyte AN-50 (50 mM tri-iodide in 

acetonitrile), dye (Bu4N)2Ru (debpyH)2(NCS) (Ruthenium 535-bisTBA also known as N-

719), Pt-paste Pt-catalyst T/SP and hot melt sealing foil (SX1170) were from Solaronix. 

The Pt source for the counter electrode preparation by electron beam physical vapor 

deposition (EBPVD) was 99.95% from Goodfellow (50 nm thickness). Organic dyes used: 

eosin B and Y (Panreac), D149 (Mitsubishi Paper Mills Limited) and mercury 

dibromofluorescein disodium salt or also known as mercurochrome (Sigma). The 

alternative electrolyte for the dye D149 was prepared with: iodine (I2) (99.8% Sigma-

Aldrich), 1-butyl-3-methylimidazolium (BMII) (98 % BASF), guanidine thiocyanate 

(GuSCN) (99% Sigma).  

6.1.6 Polymer solar cells (PSC) materials: Zn powder (≥99%, Aldrich), poly(3,4-ethy-

lenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS from Agfa, Orgacon EL-P 5010) 

diluted with 2-propanol (2:1) with a viscosity around 200 mPa·s, polymer Poly(3-

hexylthiophene) (P3HT, Sepiolid P200 from BASF), [60]PCBM (99% purchased from 

Solenne BV), silver flakes (≥99.9%, Aldrich).  

 

6.2 Preparation and characterization of ZnO buffer-seeds layer  

 

6.2.1 ZnO buffer layer preparation: ZnO electrodes were prepared on FTO and ITO 

slides (Solems). First, A ZnO buffer layer of about 80-100 nm thick was prepared by spin 

coating a sol-gel layer of ZnO on top of the clean TCO slides. The sol-gel was prepared 

using the method previously reported.1, 2 Briefly, 2.0 g of zinc acetate and 1.07 g of 

diethanolamine (DEA) were dissolved in 10 mL of isopropanol and heated at 60°C for 

about 10 min until total dissolution. Then, the solution was diluted with ethanol (1:1) and 

filtered through a 0.45 µm filter pore (Albet).This sol-gel solution was spin-coated on the 

TCO substrates and finally the substrates annealed at 450°C for 2 h (heating ramp 

3°C/min).  

6.2.2 ZnO seed layer preparation: ZnO nanoparticles (NP) were used as seeds to grow 

the ZnO NRs, and were deposited on top of the buffer layer prepared before. The NPs were 

synthesized by Pacholski et. al. method:3 a solution of 0.03 M KOH was added dropwise in 

a refluxing mixture of zinc acetate 0.01 M in methanol at 65°C. After 2 h of reflux, the 
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solution was allowed to cool down. Then the ZnO NPs were spin spin-coated at 1000 rpm 

on top of the ZnO buffer layer, between layers the slides were dried at 150ºC for 10 min.4  

6.2.3 Characterization instruments  

Transmission electron microscopy (TEM, 120 kV-JEOL 1210 equipped with Energy 

dispersive X-rays spectroscopy EDS analyzer LINK QX 2000 X). 

 

6.3 Preparation and characterization of ZnO NRs by the LT-HM  

The growth of ZnO NRs by the low temperature hydrothermal method (LT-HM) was 

carried out in an equimolar aqueous solution of 25 mM zinc nitrate hexahydrate and HMT 

at 96ºC between 1h and 28h. The aqueous solution was changed every 4-6 hours. A 

PYREX® Screw Cap bottle was used as the growth reactor. The substrates with the ZnO 

buffer and seed layer from section 6.2 were placed up-side down, the distance between 

the substrate and the bottom of the flask was optimized. Handmade plastic supports to 

place the substrates up-side down in the reactor were made with 3 positions between 6 

and 8 cm from the bottom of the flask.  Since thermal treatment to the as-synthesized 

electrodes is known to improve power conversion efficiency, the samples were rinsed 

with deionized water, dried under N2 and sintered at 450ºC for 30 min. The ZnO NR 

synthesis can be made on indium-tin oxide (ITO) or fluorinated indium-tin oxide (FTO) 

without affecting the final NR dimensions or properties. Nevertheless, since ITO 

conductivity is well known to be susceptible to temperatures above 450°C, the FTO slides 

were used to growth the NRs and applied as electrodes in dye-sensitized solar cells (DSC) 

and polymer solar cells (PSC).4-6 

6.3.1 Characterization instruments 

Scanning electron microscopy (SEM, HITACHI-S-570 and QUANTA FEI 200 FEG-ESEM 

equipped with Energy dispersive X-rays spectroscopy EDS analyzer detector Oxford 

INCA). 

Transmission electron microscopy (TEM, 120 KV- JEOL 1210 equipped with EDS analyzer 

LINK QX 2000 X and 200 kV JEM 2011 equipped with EDS detector Oxford Linca).  
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X-ray powder diffraction (XRD) analyses between 5 and 120 degrees were carried out in a 

RIGAKU Rotaflex RU200 B instrument, using CuKα1 radiation.  

Profilometry measurements were performed with Dektak 3030 from Berkeley basic.  

AFM measurements were performed to determine the Pt thickness using the microscope: 

Agilent 5500 AFM/SPM microscope, formerly Molecular Imaging PicoPlus AFM, from 

Agilent Technologies. The measurements were carried out with the large scanner. 

Additionally, Agilent 5500 is equipped with an X-Y nanopositioning stage designed to 

integrate with Agilent’s 5500 microscope (NPXY100E from nPoint, USA) that utilizes 

closed-loop capacitive feedback to ensure scanning linearity and position accuracy. 

Room-temperature photoluminescence (PL) measurements were made with a Kimmon IK 

Series He-Cd CW laser (325 nm and 40 mW). Fluorescence was dispersed through an Oriel 

Corner Stone 1/8 74000 monochromator, detected with a Hamamatsu R928 

photomultiplier, and amplified through a Stanford Research Systems SR830 DSP Lock-in 

amplifier. 

The time resolved photoluminescence (TRPL) was carried out with a micro-PL setup to 

ensure that only a couple of nanowires were excited within the laser spot and, thus, to 

avoid inhomogeneous broadening in the photoluminescence spectra. Up to 10 different 

spots were investigated in each sample for statistical purposes. The excitation energy was 

set to 4.66 eV (266 nm) and focused onto the samples using a 20 (NA= 0.4) microscope 

objective, mounted on a XYZ piezoelectric stage, which allowed minimum steps of 100 nm. 

The spatial resolution of the system is estimated to be about 1 μm. In this set up, PL and 

TRPL measurements were performed using the fourth harmonic of a Nd:YAG Coherent 

laser as excitation source with a quasi-cw power of about 100 μW and pulse widths of 20 

ps. A Hamamatsu microchannel- plate (MCP) was employed as detector for the PL and 

TRPL measurements. For the TR measurements we used the time-correlated single-

photon counting technique with a lower time resolution of about 20 ps. 
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6.4 Preparation and characterization of ZnO electrodes by the 

A-HM  

ZnO nanostructured electrodes were also synthesized by an autoclave hydrothermal 

method (A-HM). The difference between the LT-HM and the A-HM is the pressure added 

into the synthesis when an autoclave reactor is used. Two autoclave reactors for the A-HM 

synthesis were applied, a 4749 (synthesis 1) and another 4744 (synthesis 2) both Parr 

Autodigestion Bombs with PTFE-liner. The substrates FTO/ZnO buffer-seeds layer (from 

section 6.2) were placed up-side down inside the PTFE liner reactor using the same 25 

mM equimolar solution of Zn(NO3)2 and HMT at 150°C between 6h and 28h. The pressure 

during the growth process inside the autoclave reactor was approximately 1.2·107 Pa. The 

distance between the substrate and the bottom of the flask was kept at 1 cm (synthesis A-

HM-1) and 2.5 cm (synthesis A-HM-2). After the growth synthesis, the slides were rinsed 

with deionized water, dried under N2 and sintered at 450ºC for 30 min.7  

6.4.1 Characterization instruments.  

Scanning electron microscopy (SEM, QUANTA FEI 200 FEG-ESEM equipped with Energy 

dispersive X-rays spectroscopy EDS analyzer detector Oxford INCA) 

Transmission electron microscopy (TEM, 200 kV JEM 2011 equipped with EDS detector 

Oxford Linca).  

X-ray powder diffraction (XRD) analyses between 5 and 120 degrees were carried out in a 

RIGAKU Rotaflex RU200 B instrument, using CuKα1 radiation.  

Profilometry measurements were performed with Dektak 3030 from Berkeley basic.  

Room-temperature photoluminescence (PL) measurements were made with a Kimmon IK 

Series He-Cd CW laser (325 nm and 40 mW). Fluorescence was dispersed through an Oriel 

Corner Stone 1/8 74000 monochromator, detected with a Hamamatsu R928 

photomultiplier, and amplified through a Stanford Research Systems SR830 DSP Lock-in 

amplifier.  

The time resolved photoluminescence (TRPL) was carried out with a micro-PL setup to 

ensure that only a couple of nanowires were excited within the laser spot and, thus, to 

avoid inhomogeneous broadening in the photoluminescence spectra. Up to 10 different 
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spots were investigated in each sample for statistical purposes. The excitation energy was 

set to 4.66 eV (266 nm) and focused onto the samples using a 20 (NA= 0.4) microscope 

objective, mounted on a XYZ piezoelectric stage, which allowed minimum steps of 100 nm. 

The spatial resolution of the system is estimated to be about 1 μm. In this set up, PL and 

TRPL measurements were performed using the fourth harmonic of a Nd:YAG Coherent 

laser as excitation source with a quasi-cw power of about 100 μW and pulse widths of 20 

ps. A Hamamatsu microchannel- plate (MCP) was employed as detector for the PL and 

TRPL measurements. For the TR measurements we used the time-correlated single-

photon counting technique with a lower time resolution of about 20 ps. 

Attenuated total reflectance infrared (ATR-FTIR) spectroscopy of the powder dye N719 

and the FTO/ZnO NR-dye N719 substrates were measured using a Perkin Elmer 

spectrometer, doing 10 min scans for the substrates and 32 scans for the powder dye 

N719 in the range of 600-4000 cm-1. 

 

6.5 Preparation and characterization of the InxSy shell layer  

A core-shell structure of ZnO NR/InxSy was synthesized. The InxSy layer was deposited 

following the Successive Ion Layer Absorption and Reaction (SILAR) technique reported 

by T. Dittrich et. al.8 The ZnO electrodes are dipped first in InCl3 aqueous solution then in 

Na2S aqueous solution and at the end in distilled water to do a SILAR cycle. The 

concentration of the InCl3 solution was maintained at 0.1 M and two different Na2S 

solution concentrations were used: 0.03 M and 0.15 M. The pH of the Na2S solution was 

controlled between 7-8 adjusted with a 0.2 M solution of HCl. Different shell layer 

thicknesses were prepared by the SILAR method applying 3, 5, 10, 15, 20 and 40 cycles. 

After the shell deposition, the substrates were dried with N2 and annealed at 200ºC for 30 

min. The ZnO electrodes used for the core-shell fabrication were the following: electrodes 

grown by the LT-HM (section 6.3) for 6h-electrode A, 12h-electrode B, 22h-electrode C 

and grown by the A-HM (section 6.4) for 6h-electrode D, 12h-electrode E and 28h-

electrode F.9  

6.5.1 Characterization instruments 

Scanning electron microscopy (SEM, QUANTA FEI 200 FEG-ESEM, equipped with EDS 

detector Oxford INCA) 
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Transmission electron microscopy (TEM, 200 KV- JEM 2011 equipped with EDS detector 

Oxford LINCA).  

X-ray powder diffraction (XRD) analyses between 5 and 120 degrees in a RIGAKU Rotaflex 

RU200 B instrument, using CuKα1 radiation.  

Attenuated total reflectance infrared (ATR-FTIR) spectroscopy of the powder scratched 

ZnO NR and the core-shell ZnO/InxSy powder were measured using an instrument Tensor 

27 from Brüker.  The measures were made with 32 scans, resolution of 4 cm-1 in the range 

of 550-4000 cm-1. 

 

6.6 Dye-sensitized solar cells preparation and characterization 

The FTO/ZnO nanostructured electrodes prepared by the LT-HM (section 6.3), the A-HM 

(section 6.4) and the core-shell ZnO/InxSy electrodes (section 6.5) were applied in dye-

sensitized solar cells (DSC). First, they were sensitized in a 0.5 mM/L solution of 

(Bu4N)2Ru(debpyH)2(NCS) (N-719 dye) at different times and temperatures in order to 

obtain the optimal dye loading conditions. Platinized FTO counter electrode was prepared 

with the Pt-catalyst by doctor blade and annealed at 450ºC/30 min (2 thicknesses, 50 nm 

and 60 nm). The doctor blade technique or also known as tape casting is a widely used 

technique to prepare thin films on large areas. This technique consists of coating a paste 

on a substrate fixed by tape. The film thickness depends on the thickness of the tape. 

When 1 tape was used a Pt layer of 50 nm was obtained and for 2 tapes, the Pt thickness 

was 60 nm. Another platinized FTO counter electrode was applied in DSCs, the Pt was 

evaporated on the FTO substrates by electron beam physical vapor deposition (EBPVD) 

(thicknesses: 20 nm, 50 nm, 100 nm and 150 nm). Then, the ZnO electrodes and the Pt 

counter electrodes were bounded thermally together using a hot melt sealing foil. The 

liquid electrolyte was introduced through a small hole on the Pt counter-electrode by 

capillary forces applying vacuum. Finally, the DSCs were hermetically sealed with a small 

piece of glass to close the filling hole.4-6, 9 Different organic dyes were used. All the dye 

concentrations were 0.5 mM in ethanol for Eosin Y and Eosin B, methanol for 

Mercurochrome and acetonitrile (ACN)/tert-buthyl alcohol (tBuOH) 1:1 for D149. The dye 

D149 was applied in DSC using another electrolyte that was prepared with 0.6 M BMII, 

0.03 M I2 and 0.1 M GuSCN in a solvent mixture of ACN/valeronitrile (85:15).10 
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6.6.1 Characterization instruments  

The solar simulation at CIN2 was carried out with a Steuernagel Solarkonstant KHS1200 

equipped with an AM1.5 filter for all characterisation (1000 W/m2, AM1.5G, 72ºC). The 

calibration was made according to ASTM G173. IV-curves were measured using a Keithley 

2601 multimeter. Light intensity was 1000W/m2 calibrated, a Zipp & Konen CM-4 

pyrometer is used constantly during measurements to set light intensity and a calibrated 

S1227-1010BQ photodiode from Hamamatsu is also applied for calibration before each 

measurement.  

IPCE analyses were carried out with a QE/IPCE measurement System from Oriel at 10 nm 

intervals between 300 and 700 nm. The results were not corrected for intensity losses due 

to light absorption and reflection by the glass support.  

Measurements at different conditions were carried out in a home-made solar cell holder as 

described in reference.11 The solar cell holder is a two-piece glass reactor with a cooling 

jacket for temperature control, with a home-designed o-ring sealed cap. It has ports for 

thermocouple, inlet and outlets for low pressure gas flow, quartz window (5 cm diameter) 

and cable connections (see Figure 6.1). An UV Filter can be placed on top of the quartz 

window. The holder can analyze up to two 1 cm by 2.5 cm solar cells, but larger reactors, 

with 15 cm diameter quartz window, can hold larger solar cells.11 The temperature of the 

experiments was monitored with a digital thermo hygrometer (HD2301/01, Afora). 

Measurements were carried at temperatures between 25º to 75º C with incident power 

light variation from 800 to 1800 W/m2. Moreover, measurements with and without a UV-

light filter (< 400 nm, Thorlabs) were also carried out. Before measurements, cells were 

allowed to stabilize at the desired temperature for 10 min and for 5 min more at each 

incident light. All the DSCs were carefully sealed to avoid electrolyte losses and device 

degradation. 



 

 

Experimental 

 

207 
 

 

Figure 6.1 Home-made glass reactor with a cooling jacket for water cooling, thermo hygrometer 
and UV Filter included. a) Side View, b) Top view, c) and d) different configurations mounted under 
the sun simulator.11 

 

UV-Visible analyses of solutions and thin films were made in a Shimadzu 1800 

spectrophotometer. Desorption of the dye from the ZnO electrode was performed after 

DSC fabrication and characterization. The two electrodes were separated by applying heat 

and then the ZnO electrode was immersed in a basic 1 mM KOH aqueous solution until 

total dye desorption. The indication of the effective dye desorption is when the ZnO 

electrode appeared colourless and the solution presented a pink colour from the dye. 

Then, the solution was measured by UV-vis absorption. The quantity of dye adsorbed on 

the surface of the ZnO electrode was measured.12 
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6.7 Polymer solar cells preparation and characterization 

Two third parts of the FTO conductive layer were covered with tape to be protected and 

the other third part was etched with Zn powder and a 2M HCl solution. Then, the 

substrates were rinsed with water and cleaned by standard procedures prior to use 

(sonication for 10 min with H2O + soap, 2 x H2O, acetone and ethanol). The electrodes 

were then covered with a ZnO buffer layer prepared by sol-gel solution and the ZnO seeds 

layer as described in section 6.2. Then the ZnO NR and NTr were prepared with and 

without InxSy layer (see section 6.3, 6.4 and 6.5). The ZnO electrodes were annealed at 

140°C for 5 minutes before the active layer solution P3HT:PCBM was spin-coated on top 

(some drops of chlorobenzene were added on the ZnO electrode to improve the 

adherence). The concentrations of the P3HT:PCBM blends were, 24:24 mg/mL, 40:24 

mg/mL and 40:40 mg/mL using different solvents (chlorobenzene, chloroform or m-

xylol). The active layer solution was placed on top of the FTO/ZnO substrate before the 

spin coater was started. The spinning speeds used for blend deposition were 1500 rpm, 

800 rpm, 400 rpm and 2 x 400 rpm. The following step was the deposition of the hole 

transport layer, PEDOT:PSS. The solution was spin coated at 1000 rpm after a 

pretreatment of the surface with isopropanol to improve adhesion. The substrate was then 

annealed at 140°C for 5 minutes. The silver counter-electrode was deposited by vacuum 

evaporation at a ~10-6 Torr pressure. The extra active area from outside the silver 

deposited counter-electrode was scratched and cleaned with chlorobenzene and 2-

propanol to remove the organic components. Active areas were around ~0.25-0.3 cm2 

(after scratch).13  

6.7.1 Characterization instruments 

Cross-section images of the PSCs were carried out in a scanning electron microscopy 

(SEM) (QUANTA FEI 200 FEG-ESEM equipped with and Oxford Inca Energy Dispersive X-

ray spectroscopy (EDS) analyzer).  

A solar simulator KHS 575 providing AM1.5G illumination (1000 W·m-2, 49°C) from 

Steuernagel Lichttechnik GmbH was used for the solar cell characterization. The intensity 

was calibrated using a reference diode. A Keithley 2400 source-measure unit was used for 

the IV-characteristics.   
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IPCE measurements were recorded using a solar cell spectral response measurement 

system model QEX10 from PV measurements, Inc.  The instrument uses a xenon arc lamp 

source, monochromator, filters and reflective optics to provide stable monochromatic light 

to a photovoltaic test device. A broadband bias light also illuminates the test device to 

simulate end-use conditions. The system uses a detection circuit designed to maximize 

measurement speed and accuracy in solar cell research.  
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Chapter 7 

General Overview and Conclusions 

 

The thesis work described in this manuscript encompasses partial conclusions and results 

about different nanostructured materials based on vertically-aligned ZnO nanorods and 

their application in Dye sensitized solar cells and Organic solar cells. This chapter 

summarizes the general conclusions for each chapter, and gives a brief discussion on the 

most significant results obtained. We also present the future work that can lead to more 

significant and interesting results or that could support the work presented here. 

 

7.1 Solution processed water-based ZnO Nanorods 

 

The initial aim of this work was focused on the synthesis of ZnO NR. We chose this 

material due to the need for photoactive electrodes for excitonic solar cells able to be 

obtained by low-temperature, water-based and solution processable methods. These 

characteristics are highly compatible with high speed fabrication; large area and low-cost 

production of excitonic solar cells (Dye sensitized solar cells and organic solar cells).  

Moreover, the possibility to obtain ZnO as nanorods (NRs) in a vertically-aligned 

architecture, added up to the requirements of high power conversion efficiency, since NRs 

were known for their good electron transport (in comparison with other nanostructures, 

like nanoparticles). Throughout the experimental work developed in this thesis, we found 

out that many are the parameters required for the optimization of the synthesis of the ZnO 

NRs and that it is critical the careful optimization of the synthesis methods for 

reproducibility. Surface quality of the ZnO NRs (as will be explained below) is observed to 

be highly important for good power conversion efficiency.  
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7.2 Surface quality of ZnO Nanorods and its effect on Dye sensitized solar cells 

 

Only after a careful analysis of the literature on the 

photovoltaic properties of ZnO NRs obtained by the low-

temperature hydrothermal method, we were able to realize 

that the synthesis methodology is an important factor in 

order to obtain high power conversion efficiency in DSCs.  

Surprisingly, our findings revealed that the lowest power 

conversion efficiency in DSC are obtained when the ZnO 

NRs are synthesized by the method employed in this work, the 

low temperature hydrothermal method (LT-HM), in comparison with other techniques 

like electrochemistry, vapor deposition, etc.  A slight modification of the synthesis method, 

this is, the application of a pressurized autoclave during synthesis resulted in the 

modification of the final ZnO NR quality improving the power conversion efficiency of the 

final DSC. PL and TRPL analysis showed that many are the possible parameters that affect 

the final quality of the NRs during synthesis, but low crystal quality is in all cases 

observed. The surface of the ZnO NRs obtain by the LT-HM are characterized by high 

amount of surface defects, like oxygen vacancies or similar resulting in low power 

conversion efficiency. Unfortunately, the later means that this method is probably not the 

best choice for the fabrication of vertically aligned ZnO NRs for excitonic solar cells.  The 

high amount of surface defects are recombination centers, thus the obtained electrodes 

could probably be more suitable for other optoelectronic applications like OLEDS.  

 

7.3 New ZnO Nanostructure: Nanotrees 

 

A different strategy was employed in order to 

improve the power conversion efficiency of the 

DSC applying vertically aligned ZnO NRs: the 

surface area of the electrode was increase. To do 

this, the opening of the top of the NR by a 

modification of the synthesis method was 

possible and a true enhancement of the power 

conversion efficiency was achieved. We called the 

new nanostructure “nanotree” due to its physical similarity with a real tree. The new 
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nanostructure was observed to be beneficial for the enhancement of the power conversion 

efficiency of excitonic solar cells where a liquid electrolyte was used like in a Dye 

sensitized solar cells. Yet, it was a disadvantage for solar cells where a viscous active layer 

is used, like in an organic solar cell, due to infiltration problems of the active polymeric 

layer.  

 

7.4 Core-shell inorganic nanostructures for ZnO Nanorods: Oxide vs. hydroxide 

shells 

 

The best power conversion efficiency was 

obtained when a thin shell layer of an inorganic 

material based on Indium Sulfide was applied 

on the ZnO NR surface. The composition of the 

shell layer was tuned by the variation of the 

reactants used during synthesis. Thus, the 

inorganic shell composition was varied from 

high S content, In2S3, to its low S-content and 

hydroxide form, In(OH)xSy. The composition 

with higher amount of –OH and low -S content resulted in the highest power conversion 

efficiency of 2.3 % for a 3 µm NR length. The good response was attributed to two main 

factors: 

1) The thin shell layer of a few nm, together with the wide band gap value of the 

hydroxide of more than 5 eV, are two characteristics that permit the shell layer to 

act as an insulating layer, similar to the application of oxide barrier layers in Dye 

sensitized solar cells, probably reducing the recombination rate. 

2) The higher amount of –OH sites available in the shell layer of the ZnO can be used 

as linkers between the oxide and the N719 Dye, increasing the amount of dye 

adsorbed.  
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7.5 Future work 

 

This thesis work has been focused on the synthesis of different ZnO nanostructures and 

their application in excitonic solar cells. The work for the future must be focused on more 

specialized characterization of the electrodes applying well-known physical or 

physicochemical techniques such as impedance spectroscopy, electron lifetime, transient 

spectroscopy, XPS, UPS, etc. Especially for the electrodes made by core-shell materials, 

that resulted in the highest power conversion efficiency. We expect that these analyses, 

together with the results obtained with these techniques, will permit to prove the idea of 

the application of the electrodes in different optoelectronic devices like OLEDS, or small 

molecule Organic solar cells. Moreover, there is much to be done with respect to the 

application of these electrodes with different dyes in Dye sensitized solar cells or their 

possible application in solid state dye sensitized solar cells.  

 

7.6 Conclusions 

The objectives of this thesis: study of vertically-aligned ZnO nanostructures and their 

application in excitonic solar cells (XSC) have been achieved. The syntheses of the different 

ZnO nanostructures: two types of nanorods (NR), nanotrees (NTr) and core-shell 

ZnO/InxSy (CS) structures have been studied, together with their full characterization: 

 The low-temperature hydrothermal method (LT-HM) was used to prepare ZnO NR 

electrodes. The effect of different synthesis conditions were studied on the 

obtained NRs. The NR length and diameter were controlled modifying the 

synthesis growth time.  

 

 A modified synthesis method, autoclave hydrothermal method (A-HM), was 

introduced. The NRs obtained with the A-HM had different morphologies than by 

the LT-HM, they were shorter for the same growth time and had a needle top 

shape. A new nanostructure was obtained after 28h growth time, ZnO nanotrees 

(NTr).  

 

 A shell layer of InxSy was deposited on top of the ZnO NRs and NTrs. These core-

shell InxSy layers were prepared by a low-cost synthesis method: the successive ion 

layer adsorption and reaction (SILAR) method. Two different Na2S concentrations 

and SILAR cycles were applied on the vertically-aligned ZnO nanostructures. 
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 All these ZnO nanostructures were characterized by SEM, TEM, XRD, UV-vis, ATR-

FTIR, PL and TRPL measurements. The ZnO nanostructures had a wurtzite 

hexagonal crystalline structure. Different surface properties were observed for the 

LT-HM and the A-HM. Lower surface defects were measured and longer free 

exciton lifetimes for the A-HM electrodes on the A-HM electrodes. 

The vertically-aligned ZnO nanostructures were applied in Dye-sensitized solar cells (DSC) 

and Polymer solar cells (PSC). The solar cells parameters were optimized in order to 

enhance the power conversion efficiency. Error! Reference source not found. shows the 

highest power conversion efficiencies obtained in DSC and PSC applying the different ZnO 

nanostructures.  

 In both types of XSCs, the CS electrodes achieved the highest performance, 2.1% in 

PSC and 2.3% in DSC. The CS structures acted as blocking electron barrier, helping 

the electron transport and avoiding the electron recombination. 

 

 The application of the modified NRs using the A-HM improved the solar cell 

performance for both XSCs even though these NR lengths were shorter than the 

obtained by the LT-HM (see Figure 7.1).  

 

 The effect of several testing parameters such as temperature was analyzed on the 

ZnO NRs based DSCs prepared by the LT-HM.  The application of UV-light 

irradiation showed a large dependence on the power conversion efficiency due to 

the surface defects present on the ZnO structure that modified the ZnO-dye 

interaction. 

 

 The NTrs enhanced the DSC performance but decreased the PSC performance. The 

latter was attributed to the top structure that avoided the polymer blend 

infiltration in PSCs and thus, reduced the power conversion efficiency. 
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Figure 7.1 DSC and PSC power conversion efficiency vs. the ZnO nanostructure. 
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