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Plasmon-induced photoexcitation of “hot” electrons and “hot” holes in
amorphous silicon photosensitive devices containing silver nanoparticles

Etienne Antoine Moulin,a) Ulrich Wilhelm Paetzold, Bart Elger Pieters, Wilfried Reetz,
and Reinhard Carius
IEK5-Photovoltaik, Forschungszentrum J€ulich GmbH, 52425 J€ulich, Germany

(Received 24 October 2012; accepted 2 March 2013; published online 8 April 2013)

We report on a plasmon-induced photocurrent in photosensitive devices based on hydrogenated

amorphous silicon (a-Si:H) containing silver nanoparticles (NPs). The photocurrent is measured in

a spectral region corresponding to optical transitions below the band gap of a-Si:H. Photoexcitation

of “hot” electrons in the NPs or in defect states present in the vicinity of the NPs, resulting from

plasmon decay in the NPs, is often cited as being responsible for this effect. In this study, we

demonstrate that plasmon induced photogeneration of “hot” holes is also able to contribute to a

photocurrent. A bifacial symmetrical transparent device was prepared in order to compare the

internal quantum efficiency of both processes, the first based on the photogeneration of “hot”

electrons and the second based on the photogeneration of “hot” holes. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4795509]

I. INTRODUCTION

Several studies have exploited the optical properties of

metal nanoparticles (NPs) for improving the performance of

photoactive devices such as photodetectors, light-emitting

diodes, and solar cells.1–8 Depending on the size, shape, and

surrounding material of a metal NP, coherent collective oscil-

lations of the quasi-free electrons of a metal NP can be excited

by an incident electromagnetic wave of a specific wavelength.

These collective excitations of electrons are referred to as local-

ized surface plasmon polaritons (LSPPs).9,10 The radiative decay

of these oscillations into propagating electromagnetic waves is

observed as scattering of incident light by the NPs. The scatter-

ing properties of large NPs (with diameter Ø > 40 nm)9–11 have

often been used to increase the optical path length within

solar cells and consequently enhance the short-circuit photo-

current density.12–17 Plasmonic resonances in smaller metal

NPs (Ø < 40 nm) lead to a particularly strong enhancement

of the electric field intensity in the NPs and in their direct vi-

cinity. The increased light absorption induced by this

enhanced local electric field has also been shown to play a

beneficial role in photoactive device applications.

We found, for example, that ultra-thin photosensitive

devices based on hydrogenated amorphous silicon (a-Si:H)

containing small Ag NPs (with Ø around 15 nm) are able to

generate a relatively high photocurrent in a spectral range

corresponding to optical transitions below the band gap of

a-Si:H.18,19 The device configuration (denoted as NPs-i-n)

used for achieving this effect is illustrated in Fig. 1. In

a-Si:H, a photocurrent at sub–band-gap wavelengths can also

be measured without NPs, due to excitation of carriers from

defects present in the band gap of the material. However, in

the presence of NPs, the measured photocurrent is much

larger than that expected from such a process. The existence

of a photocurrent in the near infrared (NIR) region is corre-

lated with a strong increase in light absorption in the NPs at

wavelengths close to the NPs LSPP resonance. On one hand,

damping of a LSPP in a NP can dissipate photon energy into

heat. On the other hand, the energy arising from plasmon decay

can also be transferred to (i) a single electron of the NP20–24 or

to (ii) an electron present in the vicinity of the NP (e.g., in a

defect state located in the band gap of the semiconductor). As

shown in Fig. 1, for sufficiently high energy, this so-called

“hot” electron can be injected over the Schottky barrier formed

by the NP-semiconductor interface (in case (i))5–8,25 or can

directly reach the conduction band of the semiconductor (in

case (ii)). This electron can then be transported by drift towards

the opposite electrode of the device, thereby providing a photo-

current (Fig. 1).

A photocurrent was also measured in the NIR wave-

length region for NPs-i-p photosensitive devices with Ag

NPs.18 As the transport of electrons from the NPs towards

the front contact should be effectively prohibited by replac-

ing the n-doped layer by a p-doped layer, uncertainties

remain regarding the carrier transport in this device. Since a

very thin absorber layer of 20 nm has been applied in the

devices discussed in Ref. 18, the current transport might

be based on trap-assisted tunnelling of electrons from the

p-doped layer towards the NPs. The positive effect of the

NPs in the NPs-i-p device configuration might, therefore, be

observable only in the particular case where an ultra-thin

i-layer is employed.

To further investigate the effect of NPs on photosensitive

device behavior with consideration for the above possibility,

thicker devices with an i-layer thickness of 150 nm are

employed in the present study. Optical and electrical character-

izations of these devices are used to provide insight into the

possible photogeneration and transport mechanisms responsi-

ble for the photocurrent in the NIR wavelength region. In addi-

tion to the LSPP-induced photoexcitation of “hot” electrons, a
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reciprocal mechanism based on the LSPP-induced photogener-

ation of “hot” holes within the NPs or in their immediate

vicinity is proposed to explain the photocurrent observed at

photon energies below the band gap. By means of a symmet-

rical bifacial transparent photosensitive device, we compare

the efficiency of both photogeneration processes, based on

the photoexcitation of “hot” electrons as well as “hot” holes.

II. EXPERIMENTAL

The photosensitive devices used in this work are depos-

ited on Corning glass. Depending on the device configura-

tion, the back contact either consists of a 500 nm thick silver

mirror covered with an 80 nm thick transparent conductive

oxide made of ZnO:Al or an 800 nm thick ZnO:Al layer.

Due to the relatively low Al concentration of 1%, the

ZnO:Al—denoted as ZnO in the following—shows a high

transparency in the wavelength range of interest (up to

1150 nm). Both the silver mirror and the ZnO layer are

deposited by rf-sputtering. The silver and the 80 nm thick

ZnO layers are deposited at room temperature, while the

800 nm thick TCO (transparent conductive oxide) layer is

deposited at 400 �C. The Ag NPs are deposited on the back

contact by thermal evaporation of a 3 nm thick Ag film at a

rate of 2 Å/s in a vacuum chamber at a pressure of approxi-

mately 10�5 mbar. The thickness of the thin metal film is

determined using a quartz oscillator. To obtain NPs that are

well separated from each other, the substrate is subjected to a

thermal treatment in vacuum at a temperature of 180 �C for

1 h. The Ag NPs employed in this study have an average lat-

eral size of around 20 nm (cf. Fig. 2(a)). The a-Si:H intrinsic

i-layer, the a-SiC:H p-doped layer, and the n-doped layers are

deposited by plasma enhanced chemical vapor deposition

(PECVD). The a-SiC:H p-doped layer, conventionally applied

as a window layer in thin-film silicon solar cells, is character-

ized by a high optical band gap leading to low absorption in

this layer. Details concerning the PECVD and sputtering

deposition processes are given elsewhere.27 The i-layer thick-

ness is 150 nm. The p- and n-layers have a thickness of

approximately 20 nm. For the front contact of all the investi-

gated photosensitive devices, an 80 nm thick antireflective

ZnO layer deposited at room temperature by rf-sputtering is

used in combination with an Ag grid deposited by evaporation

through a mask. The Ag grid is used to guarantee a good cur-

rent collection. The optical characterization of the devices is

performed on samples without a front grid in order to avoid

primary reflection at the silver grid. The absorption data are

deduced from reflection and transmission measurements per-

formed with a spectrophotometer (PerkinElmer, Lambda 900)

applying an integral sphere. The external quantum efficiency

(EQE) is determined by illuminating the photosensitive devi-

ces through a lens in order to focus the light between the grid

lines, thereby avoiding shadowing effects.

III. RESULTS

A. NPs-i-n and NPs-i-p devices with an a-Si:H intrinsic
i-layer thickness of 150 nm

In this section, the photoresponse of photosensitive devi-

ces with an i-layer thickness of 150 nm is presented. An

illustration of the two photosensitive devices, the first with

the NPs-i-n configuration and the second with the NPs-i-p

configuration, is shown in Fig. 2(b). Except the n- and

p-layers, all layers constituting the devices as well as the

NPs have been deposited in parallel, on the same substrate,

in order to minimize discrepancies arising from inhomogene-

ity in thickness and material properties. The NPs have been

FIG. 1. Schematic drawing of the NPs-i-n device configuration (top) and

corresponding schematic band diagram (bottom). The LSPP-assisted pho-

toexcitation of a “hot” electron of a NP (process 1) or from a defect present

in the band gap of a-Si:H (process 2) and the transport of this electron

to the n-layer is depicted. The resulting unoccupied state in process 2 is

either directly filled by an electron coming from the NPs/ZnO/Ag back

contact or by an electron excited from the valence band by thermal activa-

tion (process 20), as suggested in Ref. 26.

FIG. 2. (a) SEM micrograph of silver nanoparticles deposited on Ag/ZnO.

(b) Schematic drawing of a-Si:H-based photosensitive devices deposited in

parallel on the same substrate, with the NPs-i-n and NPs-i-p configurations.

The thicknesses of the deposited layers are given in the text. The silver

nanoparticles are positioned at the ZnO/i interface.

144501-2 Moulin et al. J. Appl. Phys. 113, 144501 (2013)
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deposited through a mask, on half of the substrate only, so

that devices without NPs can be used as references.

The devices without NPs (referred to as i-n and i-p)

exhibit an absorptance larger than 60% between 330 nm and

600 nm, reaching a maximum of nearly 100% at 550 nm

(Fig. 3(a), squares). Between 550 nm and 700 nm, the ab-

sorptance decreases abruptly. For k > 700 nm, values below

10% are measured. For k > 900 nm, the absorptance is negli-

gible. This rapid decrease is explained by the low absorption

coefficient of a-Si:H in the NIR spectrum. The integration of

NPs leads to a significant increase in the absorptance, for

both devices, at k > 600 nm (Fig. 3(a), circles). The absorp-

tance reaches almost 100% at 800 nm and 900 nm for the

NPs-i-p and NPs-i-n devices, respectively, before declining

at longer wavelengths. The slight differences found for both

devices probably result from the use of different front layers,

namely the p- and n-doped layers, and a remaining inhomo-

geneity in the layer thicknesses of the co-deposited devices.

The broad maximum in absorptance between 700 nm and

1100 nm associated with the LSPP resonance is presumably

caused by (i) the broad distribution of shapes and sizes of the

NPs,9,10,28,29 (ii) the interaction between the NPs,9 and (iii)

the presence of the silver back reflector, which leads to inter-

ferences that partly mask the LSPP resonance.

At k < 580 nm, the EQE of the i-p device is higher than

the EQE of the i-n device (cf. Fig. 3(b)). This is due to a

lower parasitic absorptance in the front a-SiC:H p-layer than

in the a-Si:H n-layer. In accordance with the absorptance

data, the EQEs of both devices without NPs drop between

550 nm and 700 nm and reach a negligible value at k >
750 nm. The EQEs are not modified in the short-wavelength

range by incorporating the NPs. This indicates that the

extraction and collection of the generated carriers are not

noticeably altered by the presence of the NPs. At �0.5 V, the

EQE of the NPs-i-n device has already reached its saturation

value, confirming the satisfying extraction and collection of

carriers under moderate bias voltage. Since the photocurrent

in the NIR wavelength region is not limited by the carrier

collection, a definitive number can be given regarding the in-

ternal quantum efficiency (IQE) of the LSPP-induced photo-

generation mechanism of the NPs-i-n device. Considering

that most of the light in the NIR region is absorbed by the

NPs (or by the first nanometers of a-Si:H surrounding the

NPs), an IQE of around 5% and 3% is found at 800 nm and

900 nm, respectively.

The above result can be explained with the model

based on the LSPP-induced photogeneration of “hot” elec-

trons in the NPs (or from defect states in their vicinity) and

the transport of these electrons towards the front contact

(cf. Fig. 1). However, if the n-doped layer is replaced by a

p-doped layer, we would expect the transport of electrons

from the NPs towards the front contact to be effectively

prohibited. Interestingly, though, the NPs-i-p device also

shows a photocurrent in the NIR wavelength region. For a

bias voltage of �0.5 V, the EQE signal is negligible but at a

bias voltage of �2 V, the EQE reaches approximately 2%

(Fig. 3(b), inset, open circles). As the transport mechanism

of trap-assisted tunnelling of electrons from the p-doped

contact towards the NPs can be excluded owing to the

thickness of the absorber i-layer used for the devices under

study, this result indicates the existence of a mechanism

based on the photogeneration and transport of holes in this

device. This underlines the reciprocity of the mechanisms

involved in the photogeneration process and carrier trans-

port for both the NPs-i-n and the NPs-i-p devices. On the

basis of the model illustrated in Fig. 1, a model is shown in

Fig. 4 that depicts the LSPP-induced photogeneration of

“hot” holes in the NPs (process 1)—or from states in their

vicinity (process 2)—and the transport of these holes

towards the p-doped contact.

As the photocurrent of the NPs-i-p device does not satu-

rate in the NIR wavelength region with increasing negative

bias, no definitive number can be given regarding the IQE of

the associated photogeneration process (illustrated in Fig. 4).

The photocurrent might suffer from a poor extraction and

collection of holes, even at a reverse bias of �2 V, because

of the following reasons: (i) the low mobility of holes in

a-Si:H,30 (ii) the existence of a barrier hindering their trans-

port through the i-layer, and/or (iii) the presence of defects at

the NPs/a-Si:H interface resulting in an enhanced surface

recombination.

To investigate this, a symmetrical transparent bifacial

device has been prepared. With this approach, each photogen-

eration process—based on the photoexcitation of electrons

(see Fig. 1) as well as holes (see Fig. 4)—and associated trans-

port mechanism can be addressed alternatively by simply

inverting the polarity of the applied bias voltage. Moreover, as

the same device can be employed for activating both transport

FIG. 3. Absorptance as a function of wavelength (a) and external quantum

efficiency at �0.5 V (b) of i-n and i-p photosensitive devices (filled and

open symbols, respectively) with (circles) and without (squares) nanopar-

ticles. The inset in (b) shows an enlargement of the EQE in the long wave-

length region (delimited by the dashed box). Please note that the EQE data

of the NPs-i-p device measured at �2 V is added in the inset of (b).

144501-3 Moulin et al. J. Appl. Phys. 113, 144501 (2013)
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processes, discrepancies in the optoelectrical device properties

arising from inhomogeneity problems can be suppressed.

B. Symmetrical transparent bifacial device illuminated
alternatively from both sides

Fig. 5 (top) shows an illustration of the symmetrical

transparent bifacial device and the corresponding schematic

band diagrams according to the polarity of the applied bias

voltage. For a positive bias, electrons are transported towards

the front contact and holes towards the back contact. At neg-

ative bias, the carriers flow in the opposite direction. The

transport of the charges for a positive bias is thus similar to

that of the NPs-i-n device configuration. The carrier transport

under negative bias is the same as for the NPs-i-p device

configuration.

The EQE of the device illuminated from the front side

for positive and negative bias polarities is presented in

Fig. 6(a). In the short wavelength range (for k < 450 nm),

the EQEs at �2 V and 2 V have reached their maximum

value, indicating that nearly all carriers generated in the

topmost portion of the device (cf. Fig. 5, hatched area) are

efficiently collected. In contrast, at k > 750 nm, the device

exhibits a significantly lower EQE at negative bias. In this

spectral range, the ratio between the EQE measured at �2 V

and 2 V is equal to approximately 0.3 (cf. inset in Fig. 6(a)).

This is in good agreement with the difference found in

Sec. III A between the NPs-i-n and NPs-i-p configurations. This

discrepancy might result from the poor extraction and collection

of holes generated at the LSPP resonance within the NPs

(process 1) and/or in their immediate vicinity (process 2). To

verify this assumption, the device has been illuminated from the

rear side. The corresponding EQEs are shown in Fig. 6(b).

For k < 450 nm, the EQE increases rapidly with elevat-

ing bias and already reaches its maximum saturation value at

moderate positive bias voltage (not shown here). At negative

voltage, this increase is significantly slower (not shown

here). In this case, holes generated in the bottommost portion

of the device (cf. Fig. 5, dotted area) have to (i) leave the

presumably defect-rich region adjacent to the NPs/a-Si:H

interface and (ii) traverse the whole i-layer before arriving at

the front contact. In the short wavelength region, the EQE

measured at �2 V nearly reaches 80% of the EQE measured

at 2 V (cf. inset in Fig. 6(b)), indicating that 80% of the holes

generated in the bottommost portion of the device (i.e., in

the vicinity of the NPs) reach the front contact. If we assume

that 100% of the photogenerated electrons resulting from the

LSPP effect are effectively collected at 2 V and that the

LSPP-induced photogeneration of holes is as efficient as that

FIG. 4. Schematic drawing of the NPs-i-p device configuration (top) and cor-

responding schematic band diagram (bottom). Process 1 describes the LSPP-

induced photoexcitation of a “hot” hole-(electron pair) in the NP. Process

2 depicts the LSPP-induced photoexcitation of a “hot” hole-(electron pair) in

the immediate vicinity of the NP. In process 2, the electron is excited to a

defect state within the band gap of a-Si:H above the Fermi level. The electron

might reach the conduction band of a-Si:H by an additional thermal activation

step (process 20).26 The transport of the resulting holes towards the front p-

doped contact is illustrated as well.

FIG. 5. Schematic drawing of the transparent bifacial NPs-i device (top) and

corresponding simplified band diagram according to the polarity of the applied

bias voltage (bottom). Depending on the illumination side (front/back side),

the hatched/dotted area represents the portion of a-Si:H, where light of short

wavelength k (k < 450 nm) is absorbed, leading to the photogeneration of

electron-hole pairs. The arrows indicate the direction in which the electrons

and holes are transported.

FIG. 6. EQE for an illumination from the front side (a) and for an illumina-

tion from the rear side (b). The insets show the ratios between the EQE at

negative and positive bias voltages.

144501-4 Moulin et al. J. Appl. Phys. 113, 144501 (2013)
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of electrons (i.e., 100% of generated holes), we would expect

that 80% of these holes would be collected at �2 V. An EQE

(�2 V/2 V) ratio of 80% would thus be measured in the NIR

wavelength range. However, measurements in this spectral

region show a ratio of only 0.35 (cf. inset in Fig. 6(b)).

This discrepancy could be explained by (i) a higher

recombination rate of holes due to a shorter lifetime of the

LSPP-induced holes photoexcited in the NPs (or in their

direct vicinity) and (ii) a higher energy barrier for holes than

for electrons. In the NIR wavelength, the maximal excitation

energy of the LSPP-induced carriers is approximately

1.7 eV. In the literature, it was shown that in this energy

range electrons and holes in Ag having similar excitation

energies with respect to the Fermi level possess almost simi-

lar lifetimes.31 As the density of states in Ag is nearly con-

stant in this energy range,31 we expect that electrons and

holes excited in the metal statistically possess the same

excess energy with respect to the Fermi level. Therefore, it is

also expected that both types of carriers photoexcited in Ag

possess, on the average, the same lifetime. Consequently,

argument (i), stating that a shorter lifetime of holes in the

NPs is responsible for the observed discrepancy in EQE in

the NIR wavelength region, does not hold. Nevertheless, in

the case the LSPP-induced carriers would be generated in

the direct vicinity of the NPs, it is not straightforward to

predict whether the lifetime of holes and electrons is identi-

cal, due the high defect density at the NPs/semiconductor

interface. Although a final conclusion cannot be made on

the basis of the present results, explanation (ii) seems more

likely as the Fermi level in the intrinsic a-Si:H is slightly

above midgap, making a-Si:H-i an n-type material. A lower

energy would thus be required for electrons to overcome

the barrier at the NPs/semiconductor interface than for

holes.

IV. CONCLUSIONS

The effect of small silver NPs on the optoelectrical prop-

erties of a-Si:H-based photosensitive devices has been investi-

gated. The devices with NPs show a strong absorption in the

near infrared wavelength region, reaching nearly 100%. This

strong absorption is associated with a detectable photocurrent

in the same spectral range. A maximal internal quantum effi-

ciency of the photogeneration process reaching nearly 5% has

been measured, making it interesting for detector applications.

The existence of a photocurrent at energies below the semi-

conductor band gap is explained in terms of photoexcitation

of “hot” electron-hole pairs, inside the NPs and/or in their im-

mediate vicinity, arising from plasmon decay. While “hot”

electrons are often seen as being responsible for the existence

of a photocurrent in the near infrared wavelength region, we

have shown that “hot” holes also contribute to a detectable

photocurrent in this spectral range. Measurements performed

on an a-Si:H-based symmetrical bifacial device suggest that

“hot” electrons contribute more significantly to the photo-

current than “hot” holes.
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