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Abstract  

A ZnO-nanorod/In2S3/CuSCN radial hetero structure has recently shown promising photovoltaic conversion efficiencies. In this work, the charge 

separation and recombination in single ZnO/ In2S3 and In2S3/CuSCN interfaces as well as the complete ZnO/In2S3/CuSCN structure were studied 

by time resolved microwave photoconductivity. Photoconductivity transients were measured for different thicknesses of the In2S3 light absorbing 

layer, under variation of the exciting light flux and before and after annealing of the ZnO nanorods at 450°C. Upon excitation with 532nm light,  

a long lived (ms) charge separation at the In2S3/ZnO interface was found, whereas no charge separation was present at the In2S3/CuSCN interface. 

The presence of the CuSCN hole conductor  increased the initial amplitude of the TRMC signal of the In2S3/ZnO interface by a factor of 8 for a 

6nm thick In2S3 layer, but the enhancement in amplitude dropped strongly for thicker films.  The measurements show that the primary charge 

separation is located at the In2S3/ZnO interface but  the charge injection yield into ZnO depends critically on the presence of  CuSCN.  

 

 

Keywords: annealing; charge injection; copper compounds; II-VI semiconductors; indium compounds; nanorods; 

photoconductivity; photovoltaic effects; semiconductor-insulator-semiconductor structures; sulphur compounds; wide 

band gap semiconductors; zinc compounds 

 

 

1. Introduction  

 

The combination of different nanoscale materials in-

to one composite macroscopic material opens a wide area 

of  novel applications. Within the field of photovoltaics 

several such composite materials are currently under devel-

opment. The prototype for this new class is certainly 

Grätzel's dye sensitized solar cell (1) where organic dyes 

and anorganic nanoparticles form a 3D assembly of charge 

separating heterostructures. The bulk heterojunction organ-

ic solar cell (2) follows the same idea using polymers as a 

light absorber. Even in recent silicon solar cell concepts  

heterostructures on a sub micron scale play a role, such as 

in microcrystalline Si having a 3D internal interface to 

amorphous Si. In the composite materials mentioned,  the 

morphology of the microstructure has been found to be one 

of the key issues but  it is generally hard to control. By 

starting with one material that already templates an appro-

priate structure, this problem can be overcome. Currently, 

arrays of vertical nano wires, rods or tubes seem to be the 

most promising candidate for this task (3-7). For low cost 

solar cell designs, ZnO nanorod arrays that can be grown at 

low temperatures by either chemical bath deposition (8) or 

electrodeposition are particularly promising (7). Recently, 

we have shown 3.4% conversion efficiency for a nanorod  

ZnO/In2S3/CuSCN solar cell (9).   In theory, with a surface 

enhancement by a factor of 10 (roughness factor) efficien-

cies of about 10%–15% can  reasonably be achieved with 

an absorber thickness of only about 20–30 nm (10). 

The  nanorod ZnO/In2S3/CuSCN solar cell consists 

of arrays of ZnO nanorods grown on a conductive glass 

substrate with a thin (<50nm) conformal layer of In2S3 on 

top that acts as the light absorber. This structure is filled 

with the p-conducting CuSCN by impregnation, before the 

final metalization is applied. In previous work,  the photo-

voltaic properties of this solar cell as a function of the na-

norod length (11), In2S3 absorber thickness (9) and sample 

annealing (12) were studied. In particular it was found that 

the In2S3 thickness plays a crucial role for the cell perfor-

mance. Although the light absorption could be increased 
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with increasing In2S3 thickness, a drastic drop in the short 

circuit current was observed for thicker films (9). For very 

thin films (<10nm) a strong reduction of the open circuit 

voltage Voc was found. For an optimum cell efficiency, a 

thickness on the order of 20nm was required. The details of 

the charge separation and recombination processes in-

volved are not well known. To further improve the cell 

efficiency, the processes that are limiting need to better 

understood.  Time resolved microwave conductivity 

(TRMC) is  an excellent tool for probing charge carrier 

dynamics without the need for electrical contacts (13). In 

this work we have employed the TRMC method to study 

the photo generation of charges and their recombination 

dynamics for the ZnO/ In2S3 and the In2S3/CuSCN hetero 

structure separately as well as for the full 

ZnO/In2S3/CuSCN hetero structure as used in the solar cell. 

Since TRMC is a contactless method we could grow the 

hetero structures directly on glass without a conducting 

layer (SnO2:F) underneath. The latter is required for ob-

vious reasons in the solar cell, but might introduce addi-

tional recombination effects that are better studied 

separately.  

 

 

2. Experimental 

 

Arrays of ZnO nanorods were prepared by chemical 

bath deposition on a glass substrate, which was coated with 

a 50nm thick sputtered ZnO seed layer. The aqueous 

growth solution contained 10 mmol/l zinc nitrate hexahy-

drate (Merck, ≥ 99% purity) and 0.4 mol/l sodium hydrox-

ide (Merck, ≥ 99% purity) and was heated to 80°C for 

nanorod growth. A thorough investigation of the ZnO na-

norod preparation by this solution method is given by Pe-

terson et al. (8). The substrates were immersed into the 

solution at 80°C and left inside for 50 min. Afterwards the 

samples were successively rinsed with deionized water and 

pure ethanol. A post annealing step at 450°C for 1h in air 

was performed for some samples as indicated in the text. 

A radial ZnO / In2S3 heterojunction was prepared by 

covering the nanorods with indium sulfide (In2S3) using the 

Spray-ILGAR process described in (14).  An ethanolic 

solution of 25 mmol/l indium chloride (Alfa Aesar, 

99.99%) was sprayed for 30 sec. at 200°C with a nitrogen 

carrier gas. After 10 sec of nitrogen purging the samples 

were exposed to hydrogen sulfide gas (95% Ar, 5% H2S) 

for 14 sec succeeded by another 10 sec of nitrogen purging. 

This preparation cycle was repeated several times to 

achieve the desired In2S3 layer thickness. In Fig. 1 the SEM 

images of In2S3 covered ZnO nanorods for different Spray 

ILGAR cycles are shown. The thickness of the In2S3 layer 

was determined by measuring the diameter D of the In2S3 

covered ZnO nanorods from the SEM images and plotting 

it versus the number of spray cycles. Fig. 1 shows a linear 

dependency and the In2S3 layer thickness equals (D-D0)/2. 

D0 is the diameter of the blank ZnO nanorod, given by the 

intersection of the linear fit with the abscissa in Fig. 1.  

 

 

Figure 1: SEM images of In2S3 covered ZnO nanorods after 8 (a), 

15 (b), 30 (c) and 45 (d) ILGAR spray cycles. In the inset the 

coated rods mean diameter is plotted versus the number of spray 

cycles. 

 

 

For the formation of a ZnO / In2S3 / CuSCN hetero-

juncion a saturated solution of CuSCN (Aldrich, 99%) and 

propyl-sulfid (Aldrich, 97%) was mixed and deposited onto 

the In2S3 covered ZnO nanorods by impregnation (7).  

Optical transmission T of In2S3 covered ZnO nano-

rods was measured with a Perkin Elmer Lambda 35 UV-

Vis spectrometer equipped with an integrating sphere. The 

absorption 1-T increased roughly linear with the In2S3 layer 

thickness and the intersection with the abscissa was used to 

estimate  the  transmission T0  of the ZnO nanorods. From 

this the absorption of  In2S3 was calculated through 1-(T-

T0).  

Time resolved microwave conductivity (TRMC) (13, 

15) is a contactless measurement where the change in  the 

conductivity Δσ(t) of a sample introduced by an optical 

excitation with a short laser pulse is monitored versus time.  

The sample is placed at one end of a GHz cavity and the 

change in  microwave power (ΔP(t)/P) is recorded. For 

small perturbations of the conductivity, the change in mi-

crowave power is proportional to the change in conductivi-

ty (13).  

 

)(
)(

tA
P

tP



           (1) 

 

The sensitivity factor A is characteristic to the setup. 

A microwave frequency of 30 GHz was used.  The samples 

were exited at 355 or 532 nm with a Nd:YAG laser having 

a 3mm spot size. The pulse width was 10 ns FWHM and 

the photon flux per pulse was adjusted by neutral density 

filters from 15 µJ/cm2 (4x1013 cm-2) to 15 mJ/cm2 (4x1016 

cm-2). The transients were recorded by a Tektronix TDS 

7154B digital oscilloscope and amplified through a 500 
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MHz , 60 dB gain AC-amplifier with a lower cut off fre-

quency of 500Hz.  

Generally, in a heterogeneous material structure the 

TRMC signal (eq.1) reflects the sum of all excess conduc-

tivities in each layer. Since the CuSCN/In2S3/ZnO hetero 

structure studied in this work is supposed to separate 

charges we can expect not only the number of excess 

charges to change over time but also the mobility of this 

charges might change. We can then write the total conduc-

tivity in eq.1 as the sum of electron and hole conductivities 

in each layer: 

 

)()()( tptnet i

p

ii

i

n

i                (2) 

 

where the summation is over the electron and hole conduc-

tivities in each layer. 

 

 

3. Results 

 

Fig.2 shows the transient microwave conductivity 

signals for a 180nm thick planar layer of In2S3 on glass and 

a 10nm thick In2S3-layer on ZnO nanorods. The thickness 

of the planar In2S3 film was chosen to give roughly the 

same optical absorption as the coated nanorod film and 

both transients were recorded under identical excitation 

conditions (533nm). The dashed curve shows the response 

of a plain ZnO nanorod electrode upon bandbgap excitation 

with 355nm light for comparison. The planar  In2S3-layer 

gives a signal that is more than 10 times smaller in ampli-

tude than the In2S3  coated nanorod sample. Furthermore the 

planar sample showed a time response that is comparable to 

the exciting laser pulse. Hence the lifetime of the excess 

carriers in the In2S3 film is equal or shorter than 10ns. Con-

sidering the mediocre material quality (low temperature 

processing) and the high interface ratio we actually expect 

the lifetime to be much shorter than this, more likely in the 

range of 10-100ps.  The dramatic increase in both signal 

amplitude and TRMC decay time when the hetero contact 

is formed between the In2S3 absorber and the ZnO nanorod 

must be due to charge separation at at the interface. Only 

the spatial separation of electrons and holes is able to en-

hance  their apparent lifetime from the sub ns range to the 

us-ms range (16). There is no indication of a delayed rise 

time in the In2S3/ZnO sample and thus the time scale of the 

charge separation process is well below the duration of the 

laser pulse. This indicates that we are only sensitive to the 

charge separated state: the TRMC signal is proportional to 

the sum of excess conductivities caused by electrons in the 

ZnO and holes in the In2S3 phase. If the carrier mobilities 

are considerably different, the one with the higher mobility 

will dominate the signal. Since the lifetime in the plain 

In2S3 reference sample is shorter than the time resolution of 

the experiment, it is not possible to estimate the In2S3 carri-

er mobility from the signal amplitude.  The much smaller 

signal could be either caused by a very short lifetime, a low  

 

 

Figure 2: TRMC signal of a planar In2S3 layer and In2S3 covered 

annealed ZnO nanorods, exited with 532 nm at a photon flux of 

4x1016 cm-2. The TRMC signal of an annealed bare ZnO nanorod 

sample, excited with 355nm at a photon flux of 9x1013 cm-2 is 

plotted for comparison.   

 

 

 
 

Figure 3: TRMC signal of a planar In2S3 layer on glass with and 

without CuSCN on top. Photon flux was 8x1016 cm-2. 

 

 

mobility or a mixture of both. However, by comparing the 

amplitude measured in ZnO  at 355nm excitation (Fig.2 red 

dashed curve) and Dye sensitized ZnO (not shown) which 

are about the same for a similar excitation level, we con-

clude that the signal observed in In2S3/ZnO samples is 

mostly due to electrons in the ZnO. Note that the decay for 

both ZnO and In2S3/ZnO cannot be described by a single 

exponential time constant. In summary the measurement 

proves that a strong charge separation takes place at the 

In2S3/ZnO interface.  

The second relevant hetero interface in the solar cell 

is the  CuSCN/ In2S3 interface. To test whether this inter-

face does also play a role in the charge separation process, 

a planar CuSCN/ In2S3 interface was prepared on a glass 

substrate. The lower curve (circles) in fig.3 belongs to the 

microwave conductivity of the In2S3 film alone and the 

curve with the square symbols was measured after deposi 
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Figure 4: Illustration of the carrier dynamics in the presence of 

ZnO observed in the TRMC measurement. 

 

 

tion of CuSCN.  Signal amplitudes were very low for the 

high excitation photon density of 8x1016 photons/cm2 and 

the signal followed approximately the shape of the excita-

tion pulse. The peak photoconductivity in fig.3 increased 

by a factor of 2.5 with the addition of the CuSCN layer. 

The reason for this can be either a passivation effect that 

increases the lifetime or a change in mobility when the 

holes enter the CuSCN phase. Relatively high hole mobili-

ties of around 10cm2/(Vs) were reported for CuSCN (17). 

In principle it is thus possible that the microwave signal 

becomes sensitive to holes entering the CuSCN layer. 

Summarizing the previous findings, fig. 4 shows a 

sketch of the major dynamic processes that determine the 

TRMC response in our samples. First, there is electron hole 

pair generation in the In2S3 layer by the exciting laser 

pulse. Carrier transport within the In2S3 layer and charge 

separation at the interface are not time resolved. Hence we 

can lump all these processes  into a single generation term 

g(t) for the injection rate of electrons into the ZnO elec-

trode. The injection rate determines the peak amplitude of 

the TRMC signal. The decay of the TRMC signal is caused 

by the decrease of excess charges via electron hole recom-

bination at the interface with a rate R x n(t). The recombi-

nation rate R is a function of the spatial overlap between 

electrons and holes and thus in general changes with time. 

Since we are only sensing the charge separated state,  the 

TRMC  signal refers to the same excess charge carriers as a 

photovoltage signal.  

Figure 5 shows the light absorption (Fig.5a) of the 

In2S3 coated electrodes and the TRMC amplitude (Fig. 5b) 

as a function of the In2S3 thickness. The light absorption 

increases roughly linear with the In2S3-layer thickness and 

is not influenced by the ZnO annealing step at 450C.  The 

TRMC amplitude of the annealed sample (Fig. 5b) simply  

 

 

Figure 5: Light absorption of the In2S3 layer on ZnO nanorods (a) 

and the corresponding TRMC amplitude of the In2S3 covered ZnO 

nanorods (b)  as a function of the In2S3  layer thickness at a photon 

flux of 8x1014 cm-2. 

 

 

increased according to the increase in absorption. This de-

monstrates that even for the thickest absorbers used 

(45nm), the injection yield is not yet diminished by the 

finite excess carrier lifetime in the In2S3 layer. Correspon-

dingly,  the diffusion length is at least on the order of the 

film thickness (45nm). The TRMC amplitudes of the as 

prepared samples were consistently lower and  showed 

some degradation with increasing In2S3 thickness. In con-

trast, we found that the TRMC amplitudes for band to band 

excitation at 355nm of bare ZnO nanorods were much less 

sensitive to the annealing. This suggests that the reduced 

amplitudes of the as prepared samples (Fig. 5b) have a 

different origin than ZnO electron mobility changes caused 

by the annealing. Since both annealed and non annealed 

nanorods were coated during the same run, an effect of 

variations in the In2S3 preparation can be excluded. If we 

assume that the In2S3 layer grown on the as prepared ZnO 

has similar electronic properties as the ones grown on the 

annealed samples, the apparent reduction in amplitude must 

be related to a reduction in charge separation efficiency, 

e.g. the electronic properties of  the ZnO / In2S3 interface 

such as band alignment and interface states.  It must be 

remarked that the measured absorption values are rather 

low compared to the absorption properties of a complete 

solar cell (9) where even the external quantum efficiency at 

a wavelength of 532nm exceeded 60% for an In2S3 thick-

ness of about 25 nm. The reason for this is 2-fold:  ZnO 

nanorods on glass substrate as used in this work grow al-

most perfectly perpendicular to the substrate surface whe-

reas  ZnO nanorods on FTO substrate, as used in complete 

solar cells, are randomly tilted which improves light har-

vesting. Secondly, the final low temperature annealing step 

used in the solar cell preparation causes Cu diffusion from 

the CuSCN hole conductor into the In2S3 layer that gives 

rise to  a significant decrease in the bandgap and increased 

absorption at 532nm (12).  

Fig. 6 shows the correlation between the TRMC am-

plitude and the intensity of the exciting laser pulse. A linear 

dependency of the TRMC amplitude is only observed for  
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Figure 6: TRMC amplitude of In2S3 covered annealed (a) and non 

annealed (b) ZnO nanorods for different In2S3 layer thicknesses as 

a function of the exciting light flux.  

 

 

moderate laser excitation intensities and only for the an-

nealed sample (Fig.6a). The  straight lines in Fig.6 are fits 

to the TRMC peak data (ATRMC) by the following equation: 

 

InATRMC                             (3) 

 

The laser intensity I is given as photons per pulse per 

area (in cm2) (n and α are fit constants). For an equivalent 

of a planar 200nm thick In2S3 layer with an absorption in 

the range of 20%, the total excess carrier concentration 

generated by one laser pulse at a photon density of 1015cm-2 

is about 1018cm-3. It should be noted that this total excess 

carrier concentration is only the time integral of the laser 

pulse. Because of the fast charge separation and recombina-

tion dynamics that take place on a time scale shorter than 

the pulse duration, the transient concentration of excess 

charges in the In2S3 layer at each time t is significantly 

lower. Since with all samples we are far from complete 

light absorption, the excess carrier density in the In2S3 ab-

sorber should be roughly the same for a given photon den-

sity.  For the annealed samples, the non-linear regime (α<1) 

is found at photon densities above 1015cm-2 . The finding 

that the appearance of the nonlinear regime is related to the 

excess charges generated in the In2S3 layer and not the total 

amount of separated charges (TRMC amplitude) indicates 

that the nonlinear process can be attributed mostly to the 

recombination process within the In2S3. Most likely, at this 

excess carrier concentration the high injection regime with 

bimolecular recombination is entered. However, the ex-

treme heterogeneity of the present system prevents a quan-

titative description of this process but it can be expected 

that  the bimolecular regime starts at excess carrier concen-

trations on the order of the majority carrier concentration. 

In the present case charge separation competes with band to 

band recombination on a  ps timescale and thus it is im-

possible to relate the observed threshold intensity to a ma-

jority carrier density without a detailed knowledge of the 

relevant rate constants.  

Within the sensitivity limits of our measurement we 

were not able to observe a linear intensity regime for the as 

prepared samples (Fig. 6b). Typical exponential factors of 

0.7 were found even at the lowest intensities. This could 

also be due to a slower charge separation as discussed be-

fore. For example, if some kind of electronic barrier at the 

interface causes the electrons to remain for a longer time 

inside the In2S3 layer, the chance for a direct recombination 

rises. The dependency of the solar cells short circuit current 

on light intensity is characterized by a power law with an 

exponent of 0.85 for both annealed and as prepared nano-

rods (12). In the simplest case one would expect the same 

dependency on light intensity for both the short circuit pho-

tocurrent and the TRMC amplitude. The differences to the 

present results may be related to recombination at the sub-

strate, the presence of CuSCN and the lower light intensity 

used in the stationary measurements. 

So far we have mainly discussed the changes in am-

plitude of the TRMC signals and that a linear regime was 

observed at the lower intensities, at least for the annealed 

samples (fig.6). In fig.7 the microwave decay of the 10nm 

In2S3 sample is shown for different excitation levels. All 

curves were normalized to a peak amplitude of 1. The de-

cay becomes noticeably faster with increasing light intensi-

ty and cannot be well described by single or double 

exponential terms. This nonlinear recombination behavior 

is not too surprising if we consider how much the hetero 

interface is charged in this experiment. At a photon density 

of 1014 photons/cm2  and and a quantum efficiency of 10%, 

we generate a photocharge of 1.6uC/cm2. Taking the typi-

cal capacitance of the ZnO nanorod electrode of about 

5uF/cm2 (18), an initial  photovoltage of 300mV is generat-

ed even at a rather low intensity. At higher intensities the 

equilibrium space charge field becomes compensated by 

the transient charges and electrons are no longer withdrawn 

from the In2S3/ZnO interface. Regardless of the details 

involved, the 

 

 

 
 

Figure 7: TRMC decay of a 10nm In2S3 /ZnO sample as a function 

of the light flux. 
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Figure 8: TRMC amplitude of In2S3 covered annealed ZnO nano-

rods with and without CuSCN contact. TRMC amplitudes were 

measured for different thicknesses of the In2S3 layer at a photon 

flux 8x1014 cm-2. 

 

 

charging of the electrode increases the spatial overlap be-

tween electrons and holes and thus facilitates recombina-

tion. Even without a precise model for the decay we can 

take it as a fingerprint for the recombination rate of differ-

ent samples, as long as the injection level is the same.  By 

the nature of the recombination process, the data is relevant 

for the operation of the solar cell under load (fill factor and 

open circuit voltage) and not the short circuit condition.  

Impregnation of p-conducting CuSCN into the In2S3 

covered ZnO nanorods resulted in a strong increase of the 

TRMC amplitude as shown in figure 8. Especially for thin 

In2S3-layers the TRMC amplitude increases significantly up 

to a factor of eight. With thicker In2S3-layers the amplitude 

is still higher than for a system without CuSCN, but the 

differences become smaller. With increasing absorber 

thickness also the voids between adjacent nanorods become 

smaller (see fig.1). Thus we likely see the same kind of 

limitation with respect to incomplete CuSCN penetration 

we have noticed before  in the solar cell preparation (9).  

Also compare the increase in amplitude shown in fig.3 for 

the planar In2S3 film (without the ZnO). The result that in 

the thick planar In2S3 film the signal is raised by a factor of 

2.5 while for the 45nm layer on the nanorod structure the 

factor is only 1.4, further supports the assumption of a poor 

CuSCN penetration. Another explication lies in the poor 

charge separation of the CuSCN/ In2S3 interface (cf fig.3 

and its explication): the experiments suggest that charge 

injection at the CuSCN/ In2S3 interface becomes effective 

in the presence of charge separation at the ZnO/ In2S3 inter-

face.  

In a previous paper it was shown that the fill factor 

and open circuit voltage of the solar cell dropped dramati-

cally for very thin (<10nm) In2S3 layers (9).  Fig.9 shows 

how the recombination characteristics seen in the photo-

conductivity are altered for very thin In2S3 layers if CuSCN 

is added. There is a strong reduction in decay time for the 

6nm thick In2S3 layer if we bring it in contact with CuSCN.   

 

 

Figure 9: Normalized TRMC decay of the ZnO/In2S3/CuSCN 

hetero structure for a 6 and 12nm thick In2S3 layer.  The 6nm In2S3 

sample without CuSCN is shown for reference. The photon flux 

was 8x1014 cm-2. 

 

 

By increasing the In2S3 thickness to 12nm, the slower de-

cay characteristics of the CuSCN free sample is almost 

recovered. Hence, despite the fact that the CuSCN increas-

es the TRMC amplitude, it has a negative effect on the 

recombination rate. The faster recombination are likely 

caused by a combination of a direct short circuit between 

CuSCN and ZnO through pinholes and increased tunneling 

trough the In2S3 layer. If we compare the results with that 

of the solar cell, it is clear that the poor cell results for very 

thin In2S3 layers are only related to the CuSCN being more 

closer to the ZnO interface and not to problems with the 

very thin layers itself. The result also shows that the poor 

solar cell performance  is not exclusively related to a short 

circuit problem at the conducting glass substrate (SnO2).  

The samples used in this work for the TRMC experiment 

were grown on a regular glass substrate without a conduc-

tive SnO2 layer. 

 

 

4. Discussion 

 

Based on our previous work (9, 12, 11), the purpose 

of this investigation was to clarify the charge separation 

process and to gain a better understanding of the limiting 

factors in the ZnO nanorod /  In2S3 / CuSCN  solar cell. The 

first important result is the long lived charge separation at 

the  In2S3 / ZnO interface (fig.2).  In contrast, the  In2S3 / 

CuSCN interface alone did not give evidence for an effi-

cient long lived charge separation. We found that for 

ZnO/In2S3 samples without CuSCN the amplitude scaled 

roughly linear with the optical absorption of the In2S3 layer 

(fig5). This result suggests that diffusion length of the pho-

toexcited state in In2S3 is at least on the order of  30nm. 

Adding CuSCN increased the amplitude very strongly for 

the thinnest In2S3 layers but had a lesser effect for thicker 

In2S3 layers (fig.8). Although there was a further increase 

in light absorption, the TRMC amplitude of the CuSCN 
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samples was saturated already at a thickness around 10nm 

and did decrease above 30nm. The quantum yield for the 

charge separation is proportional to the TRMC amplitude 

divided by the number of absorbed photons. In the presence 

of CuSCN the quantum yield thus drops for In2S3 layers 

thicker than 10nm. A similar trend was observed in the 

short circuit current of the solar cells, which was found 

highest for the thinnest In2S3  layers and decreased strongly 

for thicker layers (9). Obviously CuSCN is needed in close 

proximity to the ZnO nanorods for an efficient charge sepa-

ration and there seems to be a principal difference between 

the charge separating process in the ZnO/In2S3  and the 

ZnO/In2S3 /CuSCN hetero structure. Two major factors 

may account for the differences: passivation of the In2S3  

surface by CuSCN and differences in the dark equilibrium 

charge and potential distribution. In addition we also need 

consider the effect of Cu diffusion into In2S3.. Passivation 

of  the In2S3  surface by CuSCN against recombination 

alone cannot explain the data. Firstly, if recombination at 

the In2S3 /air interface would dominate the excess carrier 

lifetime in the In2S3  absorber of the  ZnO/In2S3  structure, 

an increase in the layer thickness should reduce the influ-

ence of the interface and the effective lifetime should in-

crease. This in turn would increase the quantum yield for 

charge injection into ZnO. Hence the increase in TRMC 

amplitude with the In2S3  layer thickness should be stronger 

than observed. Secondly, a reduction in interface recombi-

nation cannot explain the drop in charge injection for the 

thicker In2S3 layers in the  ZnO/In2S3 /CuSCN structure 

observed in the TRMC measurements (fig.8) as well as in 

the stationary photocurrents. For a simple interface recom-

bination effect a saturation of the quantum efficiency with 

the film thickness is expected. We can only speculate about 

differences in the distribution of the electro static potential 

and band lineup. For example, the presence of the CuSCN 

could cause a drop in electric potential across the In2S3 

layer. The corresponding electric field helps to drive elec-

trons and holes to the opposite interfaces thus reducing 

recombination. With increasing film thickness the electric 

field becomes weaker and recombination losses increase. 

Considering the results of this work, a principle sketch of 

the band alignment is shown in fig.10. The long lived 

charge separation observed at the  ZnO/In2S3 interface sug-

gests that  the fermi level of the In2S3 is close to midgap or 

even more closer to the valence band. It can be expected 

that the low conductivity of this material stems from a 

strong compensation of donors and acceptors which results 

in the observed short lifetime of the excess charge carriers.  

We have shown that the annealing step of the ZnO 

nanorods has an impact on the efficiency of the charge 

separation at the ZnO/In2S3  interface. Reports in the litera-

ture indicate that the preparation method for In2S3 is even 

more critical. In a recent article, Savenije et al. studied the 

charge separation in a planar CuInS2/In2S3/TiO2  hetero-

junction by TRMC (19). In this structure the CuInS2 is the 

light absorber and In2S3 is supposed to act as buffer layer. 

The preparation of  In2S3 was similar to ours but the depo-

sition was done at a higher temperature (400C). Interesting 

 

 

Figure 10: Illustration of a possible band alignment in the 

ZnO/In2S3/CuSCN structure compatible with the measurements. 

 

 

ly, they found a rather high lifetime in In2S3 (58ns) but no 

charge separation for a In2S3/TiO2 hetero structure. The 

energetic position of the bandedges in TiO2 and ZnO are 

very similar so charge separation is expected to occur either 

in both or none of the two. Other reports show clearly a 

charge separation for In2S3/TiO2 and In2S3/ZnO in electro-

lyte solutions, albeit with a poor IPCE of 4% (20, 21). This 

shows the dramatic influence of the preparation method and 

the need for a method that allows a quick and contactless 

evaluation of the photovoltaic properties of the hetero inter-

faces. The TRMC measurement can be a useful tool in this 

task. From the signal amplitude one can evaluate the charge 

separation efficiency related to the absorption and transport 

properties of the absorber.  

For the further improvement of the solar cell it will 

be essential to improve the effective lifetime in the absor-

ber layer to be able utilize thicker layers than the current 

optimum thickness of about 15nm. One crucial step will be 

to optimize the process of CuSCN impregnation together 

with the ZnO nanorod morphology.  The interface between 

the absorber layer and the hole conducting layer plays an 

important role and needs to be investigated further.  

 

 

5. Summary and conclusion 

 

The ZnO-nanorod/In2S3/CuSCN radial hetero struc-

ture was studied by time resolved microwave conductivity. 

Upon excitation with 532nm light, we found a long lived 

(ms) charge separation at the In2S3/ZnO interface. In con-

trast, the In2S3/CuSCN interface did  show a microwave 

decay time equal to the instrument response (10ns). Except 

for very thin (<10nm) In2S3 layers, the decay of  the TRMC 

signal was found to be almost the same for  the ZnO-

nanorod/ In2S3 and  ZnO-nanorod/In2S3/CuSCN samples. 



Charge separation and Recombination in radial ZnO/In2S3/CuSCN heterojunction structures, J. Tornow et al..,  
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Although there is apparently no effective charge separation 

at the  In2S3/CuSCN interface, it nevertheless plays an im-

portant role for the photovoltaic efficiency of this particular 

hetero structure. The strong decrease of the solar cells short 

circuit current with increasing In2S3 layer thickness re-

ported previously, was found to be the result of the charge 

separation efficiency depending on the thickness  of the 

In2S3 layer in the presence of CUSCN. Although the time 

resolution of our experiment was not sufficient to resolve 

recombination processes within the absorber layer, we were 

still able to attribute changes in the dynamics to changes in 

the TRMC peak amplitude. The presence of the CuSCN 

hole conductor  increased the initial amplitude of the 

TRMC signal by a factor of 8 for a 6nm thick In2S3 layer 

but the enhancement in amplitude dropped strongly for 

thicker films. For very thin In2S3 absorber layers, the re-

combination rate of the charge separated state in the micro-

second time window was significantly enhanced compared 

to thicker films. Most likely, this was due to additional 

tunneling currents and a partly direct contact between 

CuSCN and ZnO. Further work needs to be done to better 

understand chemical and physical role of the In2S3/CuSCN 

interface. Annealing of the ZnO nanorod electrodes at 

450C did increase the charge separation efficiency. The 

analysis of the TRMC peak amplitude as a function of the 

incoming light flux, optical absorption and In2S3 absorber 

thickness, showed a linear increase in amplitude at excess 

carrier densities below 1018cm-3 and a sublinear dependen-

cy with an exponent of 0.6 above for the annealed ZnO 

samples. The 'as prepared' samples showed generally 

smaller amplitudes  and sublinear intensity dependencies 

with exponents between 0.6-0.7  over the whole light inten-

sity regime. Hence, the ZnO annealing step seems to have a 

strong impact on the ZnO surface that improves the charge 

separating properties of the  In2S3 / ZnO interface. 
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