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Plasmon enhanced hot carrier formation in metallic nanostructures increasingly attracts attention

due to potential applications in photodetection, photocatalysis, and solar energy conversion. Here,

hot-electron effects in nanoscale metal-insulator-metal (MIM) structures are investigated using a

non-contact X-ray photoelectron spectroscopy based technique using continuous wave X-ray and

laser excitations. The effects are observed through shifts of the binding energy of the top metal

layer upon excitation with lasers of 445, 532, and 650 nm wavelength. The shifts are polarization

dependent for plasmonic MIM grating structures fabricated by electron beam lithography. Wide

area plasmonic MIM surfaces fabricated using a lithography free route by the dewetting of

evaporated Ag on HfO2 exhibit polarization independent optical absorption and surface

photovoltage. Using a simple model and making several assumptions about the magnitude of the

photoemission current, the responsivity and external quantum efficiency of wide area plasmonic

MIM surfaces are estimated as 500 nA/W and 11 � 10�6 for 445 nm illumination. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4903295]

Plasmonic structures have attracted increasing attention

in the recent years, enabling engineering of optical properties

of surfaces.1–3 Hot-electron effects (HEE) in plasmonic

structures have been investigated as alternative mechanisms

for solar energy harvesting and photodetection.4–8 HEE rely

on transfer of hot carriers from one contact to another

through a thin dielectric barrier and provide a semiconductor

free route for the photoconversion. A relevant thin film struc-

ture is the metal-insulator-metal (MIM) configuration, where

optical properties of the surface can be tuned through plas-

monic resonances, while separately allowing engineering of

carrier transfer and collection. Hot-electron transfer com-

petes with thermalization in the conversion of the absorbed

light into a DC or voltage.9,10 The transient electron energy

distributions of metallic surfaces excited by light pulses are

thermalized in short time scales ranging from 100 fs to 1 ps.

Photoelectron emission with pulsed X-ray, UV, and visible

light sources was used in investigation of non-equilibrium

energy distributions of carriers on surfaces.11–13 Such pulsed

or pump-probe measurements provide direct information

about carrier dynamics, however require advanced light

sources. X-Ray Photoelectron Spectroscopy (XPS) was used

to investigate surface photovoltaic and photoconductivity

effects in nanocomposite surfaces without using femtosec-

ond or picoseconds light or X-ray pulses.14–18 Here, we

extend such use of XPS to investigate HEE in plasmonic

MIM structures. Laser excitation is used to illuminate the

plasmonic surfaces (Figure 1(a)). The top metal of the MIM

structures acts as the plasmonic antenna (metal nanodiscs or

gratings/stripes) that provides enhanced optical absorption.

Plasmonic enhancement leads to more efficient hot-electron

generation. HEE result in surface photovoltages and are

observed by comparing shifts of binding energy (BE) of the

top metal islands for dark and illuminated conditions.

A schematic description of the band diagram of a MIM

surface under X-ray and visible light illumination is shown in

Figure 1(b). A top metal layer, Ag, is separated from a bot-

tom metal layer by a thin dielectric barrier. Under X-ray illu-

mination, the photoelectrons that escape from the top metal

islands result in a positive current (Jx), charging the surface

positively (Figure 1(a)). As a consequence, band bending

occurs as shown in Figure 1(b). In the absence of a compen-

sating electron gun, the surface potential reaches steady-state

due to the presence of direct (or trap assisted) tunneling cur-

rent from the bottom metal to the surface, denoted by Jt in

Figure 1(b). When the surface is illuminated, absorption takes

place at the top and bottom metals and the hot-electrons

acquire an energy distribution, as shown by rectangles in

Figure 1(b) on both sides of the junction. The electron mean

free path is on the order of 20–30 nm, which is longer than

the dielectric thickness. Therefore, hot-electrons with ener-

gies greater than the barrier height can be partially transmit-

ted towards the top metal island where they are thermalized.9

This causes a negative shift of the observed BE of Ag. In con-

trast, hot-electrons generated in the top metal layer are not

able to tunnel from the positively charged island.

Recently, a nanostripe antenna was used to demonstrate

plasmonic hot-electron current enhancement in MIM devi-

ces.23 Polarization dependence of the enhancement was

measured to show that optical absorption in the metal layers

was dominated by plasmonic effects. Here, we demonstrate

that HEE related surface photovoltages can be measured in

similar MIM structures using XPS. Periodic MIM structures

are fabricated using standard techniques. A 70 nm thick Ag

layer is covered with 5 nm HfO2, deposited using Atomic

Layer Deposition (ALD) at 100 �C. Metal stripes are patterned

by electron beam lithography and lift-off, resulting in 50 nm

thick Ag stripes. The width, period, and length of the stripes
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are 150 nm, 250 nm, and 50 lm, respectively. The area of the

patterns (250 lm2) matches the XPS data collection spot size.

In order to elucidate the plasmonic nature of absorption in the

metal layers, two grating structures perpendicular to each other

are fabricated (Figure 2(a)). The MIM gratings feature wide

angle and localized resonances in their optical response.19

Field localization is calculated using Finite-Difference Time-

Domain (FDTD) simulations for the TE and TM polarizations

(Figure 2(b)). The plasmonic absorption Pa in the metal layers

is resistive and location dependent, Pa rð Þ ¼ h~jðrÞ � ~EðrÞi
¼ 1

2
�0�ixjEðrÞj2, where ~jðrÞ is the current density, �0 is the

vacuum electric permittivity, �i is the imaginary part of the

relative electric permittivity of the metal, x is the angular

frequency, and E(r) is the local electric field. Total absorp-

tion can be calculated by integrating the absorbed power

over the material boundaries. It is seen in Figure 2(b) that

TE polarization does not excite the plasmonic mode and lit-

tle or no field penetrates the metal within the gap region. In

this case, hot-electron generation is minimal. In contrast,

TM polarization excites the plasmonic resonance and enhan-

ces hot-electron generation in the top and bottom metal

layers, within the regions facing the dielectric gap. The hot-

electrons tunnel across the dielectric and disturb the charge

equilibrium of the surface Ag layers and cause shifts in

the apparent BE of Ag under 532 nm illumination at

40 mW/mm2 (Figure 2(c)). The workfunction of Ag is

assumed to be 4.7 eV. The HfO2/Ag conduction band barrier

is 2.05 eV and this facilitates partial tunneling of hot-

electrons for the used laser wavelengths 445 nm (2.77 eV),

532 nm (2.34 eV), and 650 nm (1.92 eV).20 The laser is inci-

dent at 45� and the polarization can be chosen to be parallel

or at an angle to the surface plane by a polarizer. Under dark

conditions, the Ag 3d peaks whose native binding energies

are 374.35 eV (Ag 3d3/2) and 368.24 eV (Ag 3d5/2) are

shifted towards positive energies (to 370.2 eV for the Ag

3d5/2 peak) due to X-Ray induced charging. When the polar-

ization has a vertical component, a negative BE shift is

observed for the grating that is perpendicular to the light

propagation vector (from 370.2 eV to 369.1 eV for the Ag

3d5/2 peak, II in Figure 2(c)), while the gratings parallel to

the excitation (I in Figure 2(c)) do not exhibit a significant

shift. When the polarization is rotated, the responses of the

periodic stripe antennas are reversed, highlighting the plas-

monic origin of the observed shifts.

In order to demonstrate that HEE can be observed in

wide area plasmonic surfaces, we use spontaneously organ-

ized MIM surfaces (Figure 3(a)). The surfaces are fabricated

by depositing 5 nm thick ALD deposited HfO2 (at 100 �C) on

FIG. 1. (a) Cross-section of the MIM surface during an XPS measurement with laser illumination. Jx represents the X-ray induced photoemission current into

the vacuum. (b) The band diagram of the MIM junction under X-ray and laser illumination. Hot-electron energy distributions are shown with rectangles above

the Fermi level, due to absorption of light in the top and bottom metal layers. (c) A simplified circuit model with various currents acting on the top metal layer

which acquires a steady state voltage of Vs. Current JT through the dielectric is modeled within a first order approximation by the resistor RT.

FIG. 2. (a) Schematic description of the MIM grating structures used in polar-

ization dependent measurements. (b) Calculated field profiles of the structures

for TE and TM polarizations. Field enhancement is minimal for TE polariza-

tion, while plasmonic enhancement is present in the gap for TM polarization.

(Scale bar 50 nm). (c) XPS spectra of the Ag 3d peaks acquired on gratings

labeled as (I) and (II) for two polarizer orientations. As the polarizer is rotated

from 0� to 90�, apparent binding energy shifts of the Ag 3d3/2 and 3d5/2 are

observed for the gratings with different orientations. Each polarization excites

only one of the gratings, for which the plasmonic modes are excited.
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an 80 nm thick Ag layer on silicon. A thin Ag layer of 3 nm

mass thickness is evaporated on the HfO2, which forms Ag

nanoislands of average diameter of 30 nm and thickness of

10 nm.21,22 The surface exhibits a broad plasmonic absorp-

tion band around 580 nm (Figure 3(b)) and a repeatable pho-

toresponse as measured by XPS, as shown in Figures 3(c)

and 3(d). When a semicontinuous film is formed on top of

HfO2 by depositing 5 nm thick Ag, no photoresponse can be

observed (Figures 3(e)–3(h)). The lack of surface photovolt-

age in the 5 nm Ag case is attributed to reduced plasmonic

absorption and lower density of openings in the film where

the excitation can couple to into modes between the metal

layers. When the surface is illuminated by lasers of wave-

length 445, 532, and 650 nm (22 mW/mm2), the BE shifts on

the 3 nm Ag surface are observed to be dependent on photon

energy (Figure 4(a)). The observed binding energies are

shifted from 370.2 eV for the Ag 3d5/2 under dark conditions

to 369.01 6 0.03 eV for 445 nm, 369.33 6 0.03 eV for

532 nm, and 369.81 6 0.03 eV for 650 nm excitation. The

apparent BE is dependent on excitation power (Figure 4(b))

for 445 nm excitation at 5, 10, and 20 mW/mm2. The shifts,

with respect to observed BE under dark conditions

(at 370.2 eV), are towards the native (grounded, bulk) BE of

Ag 3d5/2 at 368.4 eV and increase with increasing excitation

power density, saturating at high intensities.

The observations can be understood in terms of steady

state currents, including hot-electron, tunneling, and photo-

emission currents. The IV characteristics of MIM junctions

under illumination have been previously studied in the con-

text of energy harvesting and photodetection. If no other in-

ternal current sources are present, the open circuit voltage is

independent of excitation power and is given by7

VOC ¼ �
h� � ue

e
� 1� Jbtm

H =Jtop
H

� �
; (1)

where JH’s and Voc are hot-electron currents and open-circuit

voltage, h� is the photon energy, ue is the barrier height, and e

is the electronic charge. In the case of the MIM junction illu-

minated by light and X-rays, the photoelectron current Jx must

also be included in calculation of the equilibrium condition.

For VS> 0, i.e., a net positive charging of the top islands, the

hot-electron currents can be written as Jbtm
H ¼ �cPbtm

a

ðh� � ueÞ=h� and Jtop
H ¼ cPtop

a maxðh� � ue � eVS; 0Þ=h�,

where Pbtm
a and Ptop

a are the absorbed power at the bottom and

FIG. 3. (a) Scanning electron micrograph of MIM surface fabricated by atomic layer deposition of HfO2 on Ag and self-organized formation of Ag nanoislands

on HfO2 upon 3 nm thick Ag evaporation (Scale bar 250 nm). (b) Reflectance of the surfaces for incidence angles ranging from 20� to 80� shows a broad plas-

monic absorption peak around 580 nm. (c) Photo-response of the MIM surface when illuminated by 532 nm excitation, measured by XPS. (d) Consecutive

measurements of the XPS spectrum under dark and illuminated conditions exhibit repeatable differential shifts of the Ag 3d lines. (e)–(h) Same as in (a)–(d)

except the top Ag mass thickness is 5 nm and a semicontinuous Ag film is formed instead of MIM nanoislands and no surface photovoltage is observed.

FIG. 4. (a) XPS spectra of the Ag 3d peaks measured on the MIM surface for dark and illuminated conditions, using lasers of 650, 532, and 445 nm wave-

length, 20 mW power. The binding energies shift to negative due to hot-electron tunneling from the bottom metal to the top Ag island. Greater shifts are

observed for increasing photon energy. (b) As the illumination intensity (445 nm) is increased from 5 to 20 mW, greater negative shift of the binding energy is

observed which saturates at high intensities.
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top metal. Here, c is a proportionality constant, which is

included to approximately take into account the hot-electron

density and velocity inside the metals. Assuming the surface

is positively charged, i.e., VS> 0, the circuit diagram in

Figure 1(c) can be used to infer the steady state surface voltage

VS. For VS larger than ðEph � ueÞ=e � 0:72 V for 445 nm illu-

mination, all hot-electrons from the top metal are assumed to

be reflected and Jtop
sc � 0. It was demonstrated that the dielec-

tric behaves as a resistive layer under X-ray exposure, due to

continuous ionization within the layer.24,25 Resistance of a

4 nm thick SiO2 layer was determined to be 8.0 6 1.0 MX in

an XPS measurement specifically designed to extract elec-

tronic properties. We assume that the HfO2 layer behaves

similarly, like both a tunnel barrier for hot-electrons and a

Poole-Frenkel conductor, i.e., Jt ffi VS=Rt. A more accurate

quantitative analysis requires direct measurement of the photo-

electron current or effective resistance of the HfO2 layer (as

done in Ref. 24). The circuit model is still relevant for provid-

ing a qualitative understanding of the observed shifts. The

steady state condition for VS> 0 is

Jx þ cPtop
a

max h� � ue � eVS; 0ð Þ
h�

� cPbtm
a

h� � ue

h�
¼ VS

RT
;

(2)

which predicts a surface voltage of VS ¼ RTJx for dark con-

ditions ðPtop
a ¼ Pbtm

a ¼ 0Þ. For the case of high power illumi-

nation ðPtop
a ;Pbtm

a !1Þ, Eq. (2) predicts a surface voltage

VS ¼ h��ue

e � 1� Pbtm
a =Ptop

a

� �
, which is equivalent to the

open circuit voltage given in Eq. (1). Using Jx � 72 nA/mm2

measured for a similar XPS system, we estimate the resist-

ance of the 5 nm thick HfO2 layer as 25 MX over 1 mm2 sur-

face area. According to the data shown in Figure 4(b) for

445 nm excitation, 5 mW incident power causes a surface

voltage shift of 256 mV over a 300 lm diameter illumination

area, corresponding to a hot-electron current of 2.5 nA. The

current is used to estimate the external quantum efficiency

(EQE) as 11 � 10�6 and responsivity as 500 nA/W, for the

300 lm diameter measurement area. The calculated respon-

sivity compares favorably with the 75 nA/W measured for

the same wavelength in stripe nanoantenna devices.23 At

higher excitation densities at 445 nm (Figure 4(b)), the

surface voltage approaches 0.54 V, which would require a

Jbtm
H =Jtop

H ratio of 0.25 according to Eq. (1).

In conclusion, we demonstrated that quasi-static XPS

measurements can be used to observe and investigate HEE

on plasmonic surfaces. The assumptions about the circuit

model element values lead to EQE and responsivity values

that are in agreement within the same order of magnitude of

previously reported MIM devices. One issue that must be

noted is: hot-electron currents are expected to be minimal for

red laser excitation (1.92 eV), due to sufficiently large HfO2

conduction band barrier (2.02 eV). The observation of

surface photovoltages for this wavelength is either due to

reduced conduction band barrier for the HfO2 material

deposited in our facility or due to the involvement of hot-

electrons that are excited from trap states inside the HfO2

barrier. These observations suggest that the model we pres-

ent here is basic and more advanced modeling must be used

to better understand the dependence of the surface photovolt-

age on experimental parameters. In a recent article, surface

photovoltages have been observed in arrays of gold nanopar-

ticles on an indium tin oxide substrate using Kelvin Probe

Force Microscopy (KPFM).26 In contrast, the non-contact

method we demonstrated here to study surface photovoltages

in plasmonic nanostructures does not require a proximal

probe and possesses the additional benefit of chemical reso-

lution due to the use of XPS.
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