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We investigated the spectroscopic photocurrent response of photovoltaic devices versus an

increasing number of drop-casted CdSe nanoparticles onto planar and nanocones silicon p-i-n

junctions. For all samples, a strong enhancement of the photocurrent in the UV range was detected

as well as a constant increase of the photocurrent up to 20% (16%) for a planar (nanocones)

junction in the range 600–800 nm. The analysis of the photocurrent versus the number of drop

casted nanoparticles layers allows us to evidence a down-shifting mechanism in the U-V range

and an adaptative index effect below the threshold of absorption. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4816956]

In order to increase the energy conversion efficiency of

semiconductor solar cells, many improvements have been

studied (see Ref. 1 for a recent review) such as (i) hot carrier

collection which reduces thermalization losses, (ii) multi-

junction cell which allows absorption of a wider range of

wavelengths in the solar spectrum, (iii) multi-exciton genera-

tion which promises the generation of a few excitons for one

absorbed photon, (iv) intermediate band collection in which

low-energy photons can be absorbed in a two-photon pro-

cess, (v) up-conversion layers which convert two IR photons

into one UV photon, and finally (vi) absorbing layers which

convert one high UV energy photon into one low energy IR

photon (down shifting) or one UV photon into more than one

IR photons (down-conversion). This paper is focussed on

down-shifting CdSe nanoparticle (NP) layers drop-casted on

silicon junction.

Down-conversion was first proposed by Dexter2 in

1957. Detailed analyses of the possible performance

enhancement have been published3,4 and experimental evi-

dences were obtained in 1974 using rare earths5 and are still

of interest today.1,6 Another promising way for down-

conversion layers is the use of NPs which exhibit a series of

advantages: their gap can be tuned by their size, they have

high brightness, stability, and quantum efficiency.7 Efficient

light harvesting was demonstrated in planar or nanostruc-

tured junctions by adding various NPs layers such as

ZnS,8–10 PbS,11 ZnSe,12 CdS,13 or Si14 ones. Since their

down-shifting effect evidenced by Lysen et al.,15 the most

used nanoparticles are CdSe ones,16 with observations of

non-radiative energy transfer (F€orster effect),17 simulated by

Govorov et al.18

Generally, the NPs are deposited using one shot, i.e.,

with one thick layer of nanoparticles, excepted in the case of

ZnS NPs8 deposited using four different liquid concentra-

tions. In this work, we have measured the photocurrent

of nþ-i-p planar junctions and nanostructured ones with

nanocones versus the number of CdSe drop-casted nanopar-

ticle layers. This analysis allows us to distinguish a down

shifting effect observed with an excitation in the UV band

and a dielectric effect observed even for a few layers of de-

posited NPs.

The planar junctions were obtained by LPCVD deposi-

tion of 20 nm intrinsic silicon layer followed by 70 nm nþ
doped silicon layer (typically 2� 1019 As cm�3) on a planar

p doped silicon substrate (typically 5� 1018 B cm�3).

Aluminium (200 nm) was deposited as back contact. Ti

(100 nm)–Au (200 nm) electrodes with a U shape were

evaporated on the top of the structures. The technological

process for nanostructured junctions was the same except

that starting from bulk silicon; nanocones were obtained by

Reactive Ion Etching with SiO2 used as mask. The typical

dimensions of the nanocones are: 700 nm at the bottom,

165 nm at the top, 440 nm for the height, and with an average

density of 1.5� 108 nanocones cm�2. The CdSe NPs were

obtained by a classical method developed by Kim et al. with

minor modifications19 and a target 3 nm mean size. At the

end of the growth, precipitated NPs were redispersed into

hexane. Additional washing (by adding methanol and using

centrifugation) was needed for four more times to remove

extra unreacted organics. At least, three cycles of dispersion

in chloroform and drying under azote gas flow and then

redispersion in chloroform were done. The photoconductiv-

ity measurements were performed using a monochromator

source (ORIEL), with a 100 W Xenon light, allowing a spec-

troscopic analysis from 300 nm to 1100 nm. The photon flux

was calibrated using a thermopile detector with a broad flat

spectral response from 200 nm to 50 lm. All the photocur-

rent curves were therefore normalized. In order to increase

the signal/noise ratio, the light flux was chopped at a fre-

quency of 30 Hz and a lock-in detection20 was used. In order

to correlate the morphology of the drop-casted NPs layers

with their absorption spectra, AFM (Atomic Force

Microscopy) measurements were performed, as illustrated in

Figure 1. The large scale view shows different layers of NPsa)Email: didier.stievenard@isen.fr
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with partially filled top layers (Fig. 1(a)). On the enlarged

view (Fig. 1(b)), compact plateaux are clearly observed

along a height cross section with step height of typically

3.4 6 0.1 nm. Figure 1(c) is a SEM image of a cleaved sam-

ple with nanocones, without NPs and Figure 1(d) is the same

sample after drop casting of CdSe nanoparticles (black con-

trast between the nanocones). We observed that the NPs are

mainly deposited between the nanocones and not on their

top. Moreover, the CdSe layer does not exhibit visible stack-

ing defects, i.e., the drop casted layer has a good homogene-

ous stacking.

The absorption spectra of the CdSe NPs is maximum at

550 nm. According to the equation proposed by Yu et al.,21

the preferential diameter size of the NPs should be 3 nm. For

the same absorption peak, de Freitas et al.,22 measured a di-

ameter ranging from 2.6 to 4.8 nm with high-resolution

transmission electron microscopy technique. So, the values

we measured are well associated with typically one layer of

CdSe NPS with an average diameter of 3–3.5 nm. This is in

agreement with their absorption spectrum. It was also

observed (Figure 2) in the photoconductivity spectrum of a

thick layer of CdSe NPs dropcasted on silicon, where the

variation of the photocurrent is perfectly superimposed to the

optical absorption spectrum of the CdSe NPs. (The insert in

Fig. 2 shows the photoluminescence of CdSe NPs in solution.)

In the following, we present photoconductivity measure-

ments recorded versus the number of drop-casted NPs layers.

The photocurrent measured on planar junctions versus

the number of drops (Figure 3) shows a dramatic increase up

to 550% for an excitation around 350 nm. This spectrum is

obtained as follows: at each wavelength, we calculate the ra-

tio (I1-I0)/I0 where I1 is the photocurrent measured after the

deposition of NPs and I0 is the photocurrent measured with-

out any NPs.

In order to account for this effect, the following mecha-

nisms are discussed. First, down conversion is ruled out

because it is associated with the absorption of one UV photon

transformed to two IR photons. In our case, the absorption is

maximum at 354 nm (3.50 eV) and the photoluminescence

emission of the CdSe NPs is at 560 nm (2.21 eV). So, a photon

at 3.50 eV cannot be transformed into two photons at 2.21 eV.

Second, a F€orster effect needs Coulombic transfer between

nanoparticles with a nanoparticle size larger and larger as the

transfert of the exciton is made at energy lower and lower. As

the lifetime of an exciton in CdSe is of the order of a few ns

and as the transfer time for the F€orster effect is of the order of

100 ps,23 a typical series of ten transfers is possible through

the CdSe nanoparticles layer. But, the observed effect

increases with the thickness of dropcasted nanoparticles and

the F€orster effect should decrease accordingly because it is

more and more difficult to achieve an increasing number of

bonds, with an efficacity of the transfert which varies as 1/d,6

where d is the distance between two neighboring particles.

F€orster effect is unprobable.

So, we propose that a down shifting effect is observed.

Indeed, this effect should be proportional to the volume of

the NPs, as observed in the insert of Figure 3. Moreover, the

saturation of the photocurrent is explained as the absorption

FIG. 1. (a) AFM image (5 lm � 5 lm) of drop-casted CdSe NPs on the sili-

con substrate; (b) enlarged image (0.5 lm � 0.5 lm) with height cross sec-

tion showing steps associated with CdSe compact layers; cross sectional

SEM images of a sample with nanocones and (c) without and (d) with drop

casted CdSe nanoparticles.

FIG. 2. Comparison of the photocurrent variation according to the CdSe

NPs absorption spectrum for 6 drops (insert: PL of a solution of CdSe

nanoparticles).

FIG. 3. Relative increase of the photocurrent versus the number of drops of

CdSe NPs layers for an optical excitation ranging from 350 to 600 nm;

Insert: Relative increase of the photocurrent versus the number of drops of

CdSe NPs layers measured for an optical excitation of 354 nm.

051102-2 Lambert et al. Appl. Phys. Lett. 103, 051102 (2013)



of a high energy photon by the down-shifting layer can only

result in the generation of one electron-hole pair in the junc-

tion, i.e., this mechanism cannot overcome the Shockley-

Queisser efficiency limit.

As shown in Figure 4, the same effects have been

observed in nanocones nþ-i-p junction.

However, a decrease of the photocurrent is observed at

366 nm. A simulation using the Finite Difference Time

Domain (FDTD) method shows a different behavior of the re-

flectance between a planar and a NCs structure. At 366 nm

(maximum of the n index of silicon), a peak is observed for re-

flectance. Relatively, this peak (amplitude of 10%) has more

importance for NCs (average reflectance of 20%) than for pla-

nar structure (average reflectance of 45%) and, therefore, it is

easily detected. As the NPs can be considered as resonators

coupled to the structure, they “feel” the global behavior of the

structure. Moreover, simulations show a decrease of the elec-

tric field near the surface for excitation at 366 nm, compared

to the one obtained at 354 nm. So, the absorption of the NPs is

less enhanced at 366 nm, leading to a lowering of the down

shift effect, i.e., a decrease of the photocurrent.

Another increase of the photocurrent correlated with the

number of dropcasted NPs is also observed in the range 600

to 800 nm, below the threshold of the absorption in the NPs.

Figure 5 shows the relative increase of the photocurrent

measured at 650 nm and versus the number of drops (layers)

on planar junctions (filled squares). As soon as one or two

drops are deposited, i.e., for a few ten monolayers of NPs, a

relative increase of the photocurrent ranging from 18% to

20% is observed.

We attribute this increase to a dielectric adaptation

effect. The photocurrent is directly bound to the transmission

coefficient tair-silicon between air (nair¼ 1) and silicon

(nSi¼ 3.43) or tair-CdSe-silicon when CdSe nanoparticles are

dropcasted. This coefficient, between two materials 1 and 2,

is equal to 4n1n2/(n1þ n2)2 where n is the optical index equal

to the square root of the dielectric constant of the material.

For three materials (i.e., air, CdSe, and silicon), the transmis-

sion coefficient is equal to the product between the one

calculated at the air-CdSe interface by the one calculated

at the CdSe silicon interface. We find tair-silicon¼ 0.70 and

tair-CdSe-silicon¼ 0.832, i.e., a relative increase of 19%, in

good agreement with the experimental value. For the dielec-

tric constant of CdSe (equal to 7 for bulk material), we have

taken into account the filling factor of a compact network of

spherical nanoparticles (see Figure 1), equal to 0.48, i.e., the

effective dielectric constant of the nanoparticles layer is

equal to 7� 0.48. Another correction can be taken into

account: the top layers are not filled at 100% as shown in

Figure 1(a). But, as only a few top layers are concerned,

compared to a great number of underlayers, the effect on the

total filling factor is less than 5%, i.e., a final impact on the

transmission coefficient of 1 or 2% (because the transmission

function versus the n index is a smooth function around its

maximum, which is our experimental case), always in agree-

ment with the experimental results.

The same effect is observed on nanocones based junc-

tions, as shown in Figure 5 (filled circles). In that case, the

relative increase of the photocurrent associated with the

graded dielectric effect is a little lower compared to the prec-

edent one, i.e., of the order of 16%. This is logical since

there is already a dielectric effect associated with the nano-

cones (the dielectric constant associated with the silicon

nanocones is lower than the bulk silicon one because their

silicon filling factor is less than one). So, the CdSe layer

dielectric effect is just an additional effect. Moreover, for the

first drops, as shown in Figure 1(d), the NPs are preferen-

tially between the nanocones and therefore the associated

dielectric effect is lower compared to the effect observed on

the planar junction.

In conclusion, we have evidenced an increase of photo-

current of a planar silicon junction or of nanocones based sil-

icon junction associated with a progressive number of CdSe

dropcasted nanoparticles layers. This original progressive

approach allows to unambiguously separate an efficient

down-shifting effect and a graded dielectric effect.
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FIG. 4. Relative increase of the photocurrent versus the number of drops of

CdSe NPs layers for an optical excitation ranging from 350 to 600 nm in a nano-

cone junction; Insert: Relative increase of the photocurrent versus the number of

drops of CdSe NPs layers measured for an optical excitation of 354 nm.

FIG. 5. Relative increase of the photocurrent versus the number drop-casted

CdSe NPs layer measured for an optical excitation at 650 nm for a planar

junction (squares) or a nanocones based junction (filled circles).
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