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Abstract

Ultrafast carrier dynamics at interfaces plays a major role in governing solar energy 
conversion efficiency in solar conversion systems, especially in solar cells and 
photoelectrochemical devices. In this perspective, we discuss recent advances in ultrafast 
spectroscopic probes to understand the dynamics at such interfaces. Transient reflectance 
(TR) enables monitoring of the surface carriers that are within ~ 10 nm of the surface or 
interface of interest.  Crucial parameters such as surface recombination velocity and carrier 
diffusion can be determined.  When a strong surface or interfacial field is present the 
reflectance spectrum will exhibit Franz-Kelydesh oscillations. Monitoring the transient 
formation or decay of such oscillations informs upon the interfacial field and is referred to 
as Transient Photoreflectance (TPR).  Such fields are helpful in designing systems in order 
to move carriers away from surfaces where photocorrision can occur and towards catalytic 
surfaces.  Finally, we discuss transient infrared attenuate total reflection (TATR) to probe 
the ultrafast reaction intermediates in a photo-driven chemical reaction.  

Introduction

Solar energy represents one of the most promising renewable energy sources. It can be 

converted to many forms of energy such as heat, electricity, and chemical fuels.1-3 The 

conversion of solar energy to electricity and fuels are probably the most valuable to human 

society since they form the infrastructure of modern society.2-3 The conversion of solar 

energy to electricity requires the use of solar cells (photovoltaics). In this type of device, 

sun light is absorbed by a semiconductor that has a positive and negative electrode contact.  

Absorption of light promotes electrons from the valence to the conduction band leaving 

behind a hole in the valence band. Photogenerated electrons and holes are separated 
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within the device at specific interfaces that accept only electrons or holes and then 

transported into an external circuit where they can do work prior to recombining, which 

completes the solar to electricity conversion.4 Currently, Si solar cells dominate the 

commercial market, but other systems such as GaAs, CdTe, lead-halide perovskites and 

quantum dots are emerging solar cell technologies.5 Solar fuel generation represents 

another area of solar energy research. The direct conversion of solar energy to a chemical 

fuel requires a photocatalytic system whereby light is absorbed by a photo active material 

generating energetic electrons (reducing equivalents) and holes (oxidizing equivalents).6 In 

a typical design the photogenerated electrons and holes transfer to a photocatalysts where 

the specific reduction and oxidation reactions that generate the fuel can occur. Sometimes 

the photo active material can itself serve as the photocatalysts. The most common solar fuel 

generation processes include water splitting and CO2 reduction on semiconducting light 

absorbing photoelectrodes such as Si, GaAs, GaInP2 or metal oxides.7-8 The chemical fuel 

produced from these photo-driven reactions include molecular hydrogen, oxygen,  carbon 

monoxide or simple alcohols.9

The development of novel materials for solar energy conversion requires knowledge from 

many areas of chemistry and physics, including design, synthesis, characterizations and 

most importantly, mechanistic understanding so as to direct the solar energy into desired 

products with little loss. The understanding of charge-carrier dynamics and the resulting 

chemical intermediates that form at the catalyst provide key insights in designing and 

synthesizing new materials, architectures, and systems.10-11 More importantly, in solar 

energy conversion systems, charge-carrier dynamics at or near interfaces, such as, surface-

carrier recombination, surface-charge separation, interfacial electric field kinetics, charge 

transfer and the formation of photochemical reaction intermediates play a key role in 

determining the final solar energy conversion efficiencies12-14 as well as the stability of the 

semiconductor absorber layers.  The primary events of the above processes generally occur 

within the ultrafast time window, ranging from a few picoseconds (ps) to several 

nanoseconds (ns).4 Thus, to directly monitor interfacial carrier dynamics, ultrafast probes 

are needed. Recently, with the development in ultrafast laser sources, non-contact 

spectroscopic techniques have been introduced to study such phenomenon at the 
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interfaces of interest. In this perspective, we will introduce and focus on three important 

types of ultrafast techniques to understand interfacial carrier dynamics. We will first 

discuss the studies of surface charge carrier recombination dynamics with transient 

reflection (TR) spectroscopy. Then we will introduce the transient photoreflectance (TPR) 

technique to understand ultrafast interfacial field dynamics and charge separation. Last but 

not least, we will introduce ultrafast techniques to identify early reaction intermediates on 

surfaces in solar fuel systems. Figure 1 highlights the ultrafast processes of interest in solar 

cell and solar fuel applications.

Figure 1. Ultrafast surface carrier processes in a. representative solar cells and b. solar 
fuel systems. The semiconductor illustrated here is p-type which has downward band 
bending.  In a the solar cell conversion efficiency is given by a competition between carrier 
transport to charge-separating interfaces and any other recombination processes including 
radiative, or non-radiative process at point defects, grain boundaries, and surfaces or 
interfaces. In b. built-in fields at interfaces can be used to separate carriers (electrons are 
driven to the surface and holes away from the surface).  The primary process is the charge 
transfer from the photoactive absorber to the surface where the reagents are in contact. 

Surface charge carrier dynamics in solar cells probed by transient reflection (TR) 

spectroscopy

Surface carrier dynamics in solar cells has a huge impact on the performance because it can 

drastically reduce carrier-lifetimes and thus lower the quasi-fermi levels which governs the 

attainable short-circuit current and open-circuit voltage.15-16 In high efficiency solar energy 

conversion applications, surface modification (passivation) becomes a necessary 
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component in order to reduce surface recombination.17 The knowledge of surface carrier 

dynamics can provide guidance for different surface modification strategies which can 

optimize solar cell performance. To probe the surface carrier dynamics, several surface 

sensitive probes such as time-resolved photoluminescence (TRPL)11, 18, time-resolved 

terahertz spectroscopy (TRTS)19 and transient reflection spectroscopy (TR)20-21 have been 

developed. All these techniques are important to the solar cell research. In the scope of this 

perspective, we will introduce the transient reflection spectroscopy as an ultrafast probe 

for surface carrier dynamics in solar cell materials and architectures. 

Figure 2. Surface carriers probed by ultrafast transient reflection a. Schematic 
illustration of transient reflection at solar cell surfaces to probe surface carrier dynamics. 
Ultrafast pump pulse generates a distribution of charge carriers (electrons and holes), then 
after time delay, an ultrafast broadband probe pulse monitor carrier diffusion and surface 
recombination of charge carriers. b. Representative transient reflection spectra for MAPbI3 
thin film solar cells at 2 ps delay. Kramer-Kronig relation can be used to extract the change 
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in absorption coefficient as shown in the blue dashed line. In thin films, interference pattern 
can be observed in the transient spectra resulting from the front and back surface reflection. 
c. Thus, we can monitor both the transient kinetics of carriers in the bulk, whose 
contributions are recorded in the interference region, and transient kinetic of carriers near 
the surface, whose contribution is outside the interference region. For thin films, the 
transient kinetics in the interference region (green-trace) matches the bulk carrier dynamics 
(black traces) measured by transient absorption (TA) while the kinetics outside interference 
region represents surface carrier dynamics. (TR, red-trace) d. The normalized TR kinetics 
recorded near the bandgap of MAPbI3 outside the interference region for four different pump 
energies. The black dashed lines represent the global fitting based on the carrier diffusion 
and surface recombination model. Reproduced with permission from ref 21. Copyright 2017 
Nature Publishing Group.

Transient reflection spectroscopy (TR) is a pump-probe based technique that is sensitive to 

photogenerated carriers (also excitons) in semiconductors. (See Figure 2a for schematic 

illustration of a typical TR setup) In principle, it involves excitation of the sample with a 

short (from a few hundred femtoseconds to a few picoseconds) laser pump pulse, followed 

by a weak time-delayed broadband white light continuum (WLC) probing pulse that spans 

the bandgap of the semiconductor surface of interest.  In a typical ultrafast system, the WLC 

probe light can range from 350 nm to 1600 nm, spanning all the semiconductors relevant 

for solar energy conversion.  The WLC reflects off the sample surfaces and the measured 

quantity is the pump induced change in reflectance ( ). Typically, near the bandedge of 𝛥𝑅 𝑅

semiconductors the real part of the complex refractive index dominates over the imaginary 

part .  Thus, we only consider how the photoinduced carriers modulate the real part (𝑛 ≫ 𝑘)

of the refractive index . Due to the reflection geometry, the probe light only penetrates (𝑛)

to a very shallow depth into the material, with a penetration depth on the order to 10 – 50 

nm depending on the refractive index. (since )20 Thus only 𝑘 ≪ 𝑛 , 𝑑𝑝𝑟𝑜𝑏𝑒≅𝜆 4𝜋𝑛

photogenerated carriers near the surfaces (interfaces) are being monitored by TR and it 

provides much better surface sensitivity compared with conventional transient absorption 

spectroscopy (TA), which is highly sensitive to bulk carriers. Typically, it is the behavior of 

carriers near these interfaces or surfaces that are of the most interest for solar energy 

conversion.  When carriers are present, they induce a change in the refractive index. At low 
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carrier density, the measured change in reflectance ( and change in the real part of 𝛥𝑅 𝑅) 

the refractive index n (  has the following relation:20∆𝑛)

∆𝑅
𝑅 (ħ𝜔)≅

4

𝑛(ħ𝜔)2 ― 1
× ∆𝑛(ħ𝜔) 

(1)

The change in refractive index  can be associated with a change of absorption ∆𝑛(ħ𝜔)

coefficient  by a Kramers-Kronig relationship,22∆𝛼(ħ𝜔)

∆𝑛(ħ𝜔) =
𝑐
𝜋𝑃∫

+∞

0

∆𝛼(ħ𝜔)

𝜔1
2 ― 𝜔2𝑑𝜔1 

(2)

Where c is the speed of light, and P is Cauchy principal value of the integral. At low carrier 

densities  can be linearly related to the density of charge carriers by23∆𝛼

∆𝛼(ħ𝜔) = 𝛼0(ħ𝜔) ×
𝑁

𝑁𝑚

(3)

Where  is the absorption coefficient of the ground state, N is the carrier density 𝛼0(ħ𝜔)

induced by the light pulse and  is the saturation charge density and is on the order of 𝑁𝑚

. Equation 3 is valid under low excitation density N<<Nm. Thus, we find that the 1019𝑐𝑚 ―3

measured change in reflectance  can be directly related to photogenerated charge Δ𝑅 𝑅  

carrier dynamics in the probing region near the surfaces. (See representative TR spectrum 

of example thin film MAPbI3 solar cell and its Kramer-Kronig transformation in Figure 2a) 

For thin film samples and when the probe penetrates to the back surface an interference 

pattern can occur that contains information about both the surface carriers as well as bulk 

carriers. (Figure 2a) Typically the spectrum can be decomposed into a part that penetrates 

through the whole sample and a part that only contains wavelengths that have reflected 

from the surface, thus there is an opportunity to following both surface carrier dynamics 

simultaneously with bulk carrier dynamics.  Figure 2b shows that from one experiment one 

can extract both bulk carrier dynamics (green-trace) and surface carrier dynamics (red-

trace). Thus, from one measurement we can capture both bulk carrier dynamics and 

surface carrier dynamics.  
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At the surfaces of semiconductors, the dominant carrier dynamics are carrier 

diffusion away from the probing region and surface recombination. The diffusion of 

carriers away from the surfaces can be described by the one-dimensional diffusion 

equation:24 

∂𝑁(𝑥,𝑡)
∂𝑡 = 𝐷

∂2𝑁(𝑥,𝑡)

∂𝑥2 ―
𝑁(𝑥,𝑡)

𝜏𝐵
  

(4)

where N (x, t) is the carrier density as a function of depth (x) and time (t), D is the diffusion 

coefficient and  is the bulk carrier lifetime. At t = 0, the carrier profile is described by 𝜏𝐵

Beer’s law:

𝑁(𝑥,0) =  𝑁0 ∙ 𝑒 ― 𝛼0𝑥 (5)

where N0 equals to the total number of absorbed photons and the recombination of 

carriers at surfaces can be described by:

∂𝑁(𝑥,𝑡)
∂𝑡 |𝑥 = 0 =

𝑆
𝐷𝑁(0,𝑡)

(6)

where S is the surface recombination velocity (SRV). If the sample under investigation is a 

thin film material with thickness L, another equation is needed to describe surface 

recombination that can occur at the back or bottom surface.

∂𝑁(𝑥,𝑡)
∂𝑡 |𝑥 = 𝐿 = ―

𝑆𝐵

𝐷 𝑁(𝐿,𝑡)  
(7)

Combining equation 4-7, the surface carrier dynamics can be modelled, and diffusion 

constant D and S can be obtained. In an actual measurement, the sample is excited with 

laser pump pulses of several different wavelength. By doing so, the carrier generation 

profile  changes as the pump penetration depth  varies with 𝑁(𝑥,0) (𝑑𝑝𝑢𝑚𝑝 = 1 𝛼(ℏ𝜔𝑝𝑢𝑚𝑝))
pump energy. The dynamics for change in reflectance (  near band-gap energy is then Δ𝑅 𝑅 )

extracted for each pump wavelength and a global fitting procedure is performed based on 

equation 4-7 to extract D and S. (Figure 2c for representative dynamics and modelling Δ𝑅 𝑅 

with carrier diffusion, S)

Page 7 of 19 Physical Chemistry Chemical Physics



8

Some recent studies have been done to measure surface carrier dynamics in solar cell 

materials with the use of TR. Yang et. al.21 measured the D and S for solution processed thin 

film MAPbI3. The measured value for S is around 0.5 , 3 orders smaller than × 103𝑐𝑚 𝑠 ―1

un-passivated Si25 or CdTe26, making MAPbI3 a good candidate for solar cell application. 

Also, by measuring both surface and bulk carrier dynamics, Yang et. al. were able to 

determine that the largest contribution to the carrier depopulation in thin MAPbI3 films 

arises from the top and bottom surface recombination rather than from bulk or grain 

boundary defects.21 Wu et. al.27 performed TR measurements on CsSnI3 and the obtained S 

value of around 2  without any surface passivation. Based on value of S, they × 103𝑐𝑚 𝑠 ―1

estimated surface trap density to be ~ 1011 cm-2 and proposed a relationship with grain 

size. Most recently, Tong et. al.28 reported a decrease in S by a factor of 10 by adding 

GuaSCN to passivate MAPb0.4Sn0.6I3 solar cells by the use of TR.  These layers were then 

used in an all tandem perovskite solar cell achieving power conversion efficiencies greater 

than 20%. These studies demonstrate the power of TR in probing the ultrafast interfacial 

dynamics in solar cells and how these measurements can be used to guide materials 

development.

Surface carrier dynamics and transient electric field in solar fuel systems probed by 

transient photoreflectance spectroscopy

Apart from solar cells, photoelectrochemical (PEC) cells that are capable of directly 

converting solar energy to fuels are of great interest.29-31 In PEC cells, the photoelectrodes 

generally consist of semiconducting materials such as Si, III-V semiconductors or metal 

oxides.32-34 At the electrode surfaces, a junction or an electric field can form as a result of 

fermi-level equilibration. The built-in electric field at the interface can help to separate 

photogenerated charges that drive solar-to-fuel conversion processes. Photogenerated 

electrons or holes transfer across the interface to participate in a reduction or oxidation 

reaction and holes or electrons are transported to the counter electrode via an internal or 

external circuit for the oxidation or reduction reaction. These types of charge transfer 

processes can occur within the ultrafast time scale.35-36 The strength and the dynamics of 

the interfacial electric field play a key role in governing the carrier dynamics at electrode 

surfaces. Static electrical and electrochemical techniques such as Mott-Schottky can 
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determine the strength of the built-in field. However, to investigate changes to the field on 

ultrafast timescales that occur due to carrier dynamics at the interface, a transient 

technique is needed such as transient photoreflectance (TPR) spectroscopy.37 

Figure 3. Surface transient electric field probed by transient photoreflectance 
spectroscopy a. Schematic illustration of transient photoreflectance spectroscopy at a p-
type semiconductor/Pt junction. A broadband probe pulse spanning the semiconductor 
bandgap is reflected from an interface of interest. A pump pulse generates charge carriers 
that separate due to the presence of the depletion region. The movement of charge carriers 
changes the electric field at these interfaces. This change in electric field can be probed with 
broadband probe pulse and surface carrier dynamics can be followed by following the 
dynamics of the field recorded in the probing pulse. b. Transient spectra for p-GaInP2/Pt 
junction at pump-probe delay of 2 ps (blue-circles) and 1 ns (red-triangles). An above 
bandgap monochromatic pump pulse modulates the reflectance, either via band filling due 
to the presence of free carriers or via surface field due to charge separation across the 
interface. Franz-Keldysh oscillations (FKO) is observed near the bandgap at 1.8 eV probe 
energy (red-dashed circle). The black-dash traces are the simulations of the FKO oscillation. 
The simulation matches the transient spectra. c. FKO kinetics at p-GaInP2/Pt and p-
GaInP2/TiO2 interfaces. The initial rise is an indication of carrier drift out of the depletion 
region producing a field in the opposite direction as the built-in field.  The carrier lifetime is 
much longer in the GaInP2/TiO2 due to a barrier for both electrons and holes to recombine. 
Reproduced with permission from ref 37. Copyright 2015 American Association for the 
Advancement of Science

The working principle of TPR is similar to TR spectroscopy mentioned above. (See 

illustration in Figure 3a) It is also a pump probe-based technique that uses a white-light 

continuum as a probe that reflects off surfaces or interfaces of interest. The change in 

reflectance ( ) of the broadband probe from a specific interface is monitored as a Δ𝑅 𝑅

function of pump-probe delay. The difference between TR and TPR is in the transient 
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spectra (  and the presence or absence of a built-in electric field. For bare Δ𝑅(ħ𝜔) 𝑅)

photoelectrode surfaces, only a small to no field is present prior to photoexcitation, but a 

transient surface field forms when electrons or holes are trapped at the surface and the 

other carrier diffuses away from the surface.38 Since there is no (or very little) static 

surface field to begin with, only a small amount of charge carriers will separate and create a 

low surface field. In the low-field limit the response according to the electro-reflectance 

effect,39  should be proportional to the third derivative of the refractive index Δ𝑅(ħ𝜔) 𝑅) 𝑛

 with respect to photon energy,(ℏ𝜔)

∆𝑅
𝑅 (ħ𝜔)~

∂3𝑛(ħ𝜔)

∂(ħ𝜔)3  
(8)

For junctions formed at photoelectrode surfaces where there is a large intrinsic electric 

field (build-in field F) present, the situation changes.  The static reflectance spectra (R) will 

exhibit periodic oscillations above the bandgap, known as Franz-Keldysh oscillations 

(FKO).40 Under low-pump intensity, the photogenerated charge carriers separate due to the 

intrinsic field and causes a small perturbation (transient field ΔF) to the intrinsic field (F) 

which is represented in the measured transient spectra( ). According to Franz-Δ𝑅(ℏ𝜔) 𝑅

Keldysh theory,41

∆𝑅(ℏ𝜔)
𝑅 ~ 𝐹

1
3 ∙ ΔF ∙ 𝑒𝑥𝑝( ―2 ∙ Γ ∙ 𝜇 ∙ (𝐸𝑔 ― ℏ𝜔)

𝑒 ∙ 𝐹 ∙ ℏ ) ∙ 𝐴(𝐹) 
(9)

Where F is the intrinsic field, ΔF is the transient change in electric field, Γ is a  

phenomenological broadening parameter that damps the FKO amplitude for increasing 

energy, µ is the carrier reduced mass,  is the bandgap and  contains Airy functions, 𝐸𝑔 𝐴(𝐹)

exhibiting the oscillatory behavior. Such that for the case of junctions formed at 

photoelectrode surfaces, the transient spectra ( ) is proportional to the intrinsic field Δ𝑅 𝑅

strength and change in field strength. (See Figure 3b for representative modelling of 

measured transient spectrum  on example photoelectrode p-GaInP2).  The dynamics of Δ𝑅 𝑅

the measured change in reflectance is proportional to the dynamics of the transient field 

ΔF, which can be used to determine the dynamics of surface charge separation, 
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recombination and charge transfer. (See Figure 3c for representative dynamics on the same 

junction) 

Recent TPR studies probe surface carrier dynamics for typical photoelectrochemical 

systems. Yang et. al.37 applied TPR to p-GaInP2/Pt and p-GaInP2/TiO2 (H2 evolution 

photoelectrode) junctions and determined that the surface carrier drift time is on the order 

of a few ps due to the build-in field. They found that upon adding an ALD amorphous TiO2 

layer a large field forms at the interface which is consistent with the formation of a p-n 

junction.  The p-n junction helps to protect the p-GaInP2 by keeping carriers away from the 

surface where photocorrision can occur.  Electrons are accelerated into the TiO2 layer 

where they are able to perform reduction reactions while holes are pushed away from the 

surface towards the back electrode where they can be swept out and eventually perform 

oxidation reactions.  The field also helps to reduce the back-electron transfer prolonging 

the excited state lifetime and protects the surfaces by keeping the oxidizing holes away 

from the semiconductor/electrolyte surface.  Cooper et. al.42 studied BiVO4 films (O2 

evolution photoelectrode) with TA and TPR and developed a model to describe charge 

carrier response at BiVO4 surfaces. They discovered the principle spectra components were 

related to shifting and broadening of the ground-state optical properties for t < 10 ps. The 

TPR technique can be further applied to study interface carrier and field dynamics of many 

photoelectrode interfaces.

Ultrafast reaction intermediates in solar fuel systems probed by transient 

attenuated reflection spectroscopy

Another important aspect in the solar fuel process is to understand how chemical reactions 

occur on photoelectrode surfaces. The central task is to identify reaction intermediates of 

the fuel forming reaction cycle, especially the primary intermediates that occur 

immediately after the ultrafast charge transfer event.43-46 The identification of such 

intermediates can provide insights into the identity of the active catalytic reaction sites and 

the potential energy landscape, which will enable the design of the next generation of 

stable, cheap and efficient catalyst. Infrared (IR) light is sensitive to molecular vibrations 

and transient IR has been widely used to identify reaction intermediates in a variety of 
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chemical reactions.47-50 For reactions at photoelectrode surfaces, surface sensitive ultrafast 

infrared probes such as sum frequency generation51 (SFG) or attenuated total reflection52 

(ATR) have been developed. Both techniques are very important to the field of solar fuel 

research and SFG can in principle provide a higher surface sensitivity, down to a fraction of 

a monolayer, than does ATR. But due to the non-linear nature of SFG, it is difficult generate 

a signal strong enough to be detected. In the scope of this perspective, we will not detail 

ultrafast SFG techniques, instead, we will introduce in-situ transient attenuated total 

reflection spectroscopy in a photoelectrochemical cell where the photocatalytic reaction is 

actively occurring.

Figure 4. Ultrafast reaction intermediates probed by transient attenuated reflection 
spectroscopy a. Illustration of in-situ transient attenuated total reflection infrared 
spectroscopy for probing ultrafast reaction intermediates on example n-SrTiO3 
photoelectrode surface. The IR probe light incident on diamond prism with 45-degree angle. 
At the interface of prism and water, an evanescent wave is generated and probes the reaction 
intermediates on sample surfaces. The polarization of IR probe light can be controlled to 
have P and S polarization. P polarization has dipole perpendicular to the surfaces. CE, RE, 
and WE refer to the counter, reference, and working electrodes b. Representative oxyl 
radical intermediate observed by its vibrations perpendicular to the n-SrTiO3 surface near 
795 cm-1 at 10 ps after photoexcitation. This ultrafast reaction intermediate has vibrational 
dipole perpendicular to the sample surface and can only be observed with p-polarized probe 
c. The ultrafast 1.3 ps formation dynamics for the oxyl radical described above. Reproduced 
with permission from ref 45. Copyright 2017 Royal Society of Chemistry

Transient attenuated total reflection infrared spectroscopy (TATR) is a pump-probe based 

technique that employs 100 fs pulses of infrared light as the probing light in an attenuated 

total reflection geometry. (See Figure 4a for example setup to probe reaction 

intermediates) A high energy pump pulse excites the sample to trigger the photo-driven 

reaction. Then after some time delay, the probe IR pulse with ~ 150 cm-1 width is focused 

into a prism made of an IR transparent material such as ZnSe, Diamond or MgF2. The 
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polarization of the probe pulse is controlled by an IR polarizer with P polarization 

indicating an electric field perpendicular to the surfaces and S polarization indicating an 

electric field parallel to the surface. At the interface of the prism and reaction media, the IR 

light undergoes attenuated total reflection when the incident angle is bigger than the 

critical angle and an evanescent wave is generated at that interface with an exponential 

decaying intensity:53

𝐼 = 𝐼0𝑒
―

𝑧
𝑑 

(10)

where  is the maximum intensity at the interface, z is the distance from the prism 𝐼0

surfaces and  is the penetration depth defined by:53𝑑

𝑑 =
𝜆

2𝜋 𝑛1
2𝑠𝑖𝑛2(𝜃) ― 𝑛2

2
 

(11)

where λ is the probe wavelength,  is the real part of the refractive index of the prism,  is 𝑛1 𝜃

the incident angle to surface normal at prism/electrolyte interface and  is the real part of 𝑛2

the refractive index for the electrolyte. In a typical measurement with 45-degree incident 

angle,  is on the order of 100 – 800 nm. In the TATR, the measured change is in 𝑑

absorbance (ΔA). For a weak absorbing medium, ΔA can be approximated as:53 

∆A = ― log ( 1 ― 𝑇𝑂𝑁

1 ― 𝑇𝑂𝐹𝐹) (12)

Where Ton is the transmitted IR light when pump is on and Toff is the transmitted light when 

pump is off. By analyzing the polarization dependent transient IR spectra ΔA in the desired 

region for specific molecular vibration, identities of ultrafast reaction intermediates can be 

determined. (see Figure 4b for one ultrafast reaction intermediate perpendicular to the 

surfaces) The kinetics associated with the spectra determines the formation dynamics of 

the reaction intermediates. (Figure 4c for the formation kinetics of reaction intermediate) 

With the use of TATR spectroscopy, Herlihy et. al.52 discovered an oxyl radical on n-SrTiO3 

surfaces as an early intermediate for water splitting in the form of Ti-O·. It has a unique 

vibrational signature near 795 cm-1 and it vibrates perpendicular to the surface (i.e., it only 
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shows up when using a p-polarized IR-probe). Later, Chen et. al.54 determined the 

formation dynamics of these types of reaction intermediates. They form in the ultrafast 

time scale with a 1.3 ps formation time. As the full water splitting reaction takes much 

longer to complete,55 these ultrafast intermediates can stabilize photogenerated charges 

that improve the solar-to-fuel conversion efficiency. The TATR spectroscopic technique can 

be further developed and applied to many more solar fuel systems to discover the identity 

of early reaction intermediates.

Conclusion and Outlook

Interfacial carrier dynamics is a critical component in the overall solar-energy conversion 

process. A set of fundamental photoinduced processes including light-harvesting, charge 

separation, interface recombination, charge-carrier mobility, charge transfer and the 

ultrafast formation of surface reaction intermediates govern the process and efficiency of 

solar energy conversion. The use of ultrafast probes such as transient reflection (TR), 

transient photoreflectance (TPR) and transient attenuated total reflection (TATR) to 

investigate the interfacial dynamics in the solar energy conversion materials provides 

fundamental insights that can be used in the design and optimization of solar energy 

conversion systems. From these investigations, many crucial properties such as surface 

carrier recombination, surface carrier separation, surface field kinetics and reaction 

intermediates formation of solar energy conversion materials have been discovered. These 

emerging ultrafast spectroscopic techniques can be further applied to investigate specific 

properties of emerging solar energy conversion materials and systems.  An intriguing 

avenue of research is to apply these techniques to in-situ characterization.

The field of ultrafast interfacial dynamics has progressed rapidly in recent years with many 

ultrafast probes being developed. One particularly important scientific challenge is to 

understand interfacial dynamics in-situ, for example, in operating solar cells or 

photoelectrochemical devices. The understanding of in-situ interfacial dynamics should 

provide links to the fundamental photoinduced processes and thus, overall device 

efficiency, as well as, photoelectrode stability.  These methods allow for the elucidation of 

design principles that are currently lacking detail and specificity. In addition to 
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understanding in-situ dynamics, another crucial aspect that needs further investigation is 

the ultrafast structural dynamics that occur at interfaces during photochemical reactions. 

Many of the most promising solar energy conversion technologies involve complex 

materials, inorganic/organic hybrids and/or heterogeneous systems. Ultrafast interfacial 

structural fluctuation likely affects the long-term stability as well as the efficiency of solar 

energy conversion devices. Further efforts are therefore are needed to further develop 

probes that are capable to investigate ultrafast interfacial structural dynamics. 
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