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ABSTRACT 

In order to study the behavior of photoinjected electrons in dye-sensitized solar cells (DSC), steady-state 

microwave reflectance measurements (33 GHz, Ka band) have been carried out on a working cell filled 

with electrolyte. The experimental arrangement allowed simultaneous measurement of the light-induced 

changes in microwave reflectance and open circuit voltage as a function of illumination intensity. In 

addition, frequency-resolved intensity-modulated microwave reflectance measurements were used to 

characterize the relaxation of the electron concentration at open circuit by interfacial transfer to tri-

iodide ions in the electrolyte. The dependence of the free and trapped electron concentrations on open 

circuit voltage were derived respectively from conductivity data (obtained by impedance spectroscopy) 

and from light-induced near IR transmittance changes. These electron concentrations were used in the 

fitting of the of the microwave reflectivity response, with electron mobility as the main variable. 

Changes in the complex permittivity of the mesoporous films were calculated using Drude-Zener theory 

for free electrons and a simple harmonic oscillator model for trapped electrons. Comparison of the 

calculated microwave reflectance changes with the experimental data showed that the experimental 

response arises primarily from the perturbation of the real component of the complex permittivity by the 

high concentration of trapped electrons present in the DSC under illumination. The results suggest that 

caution is needed when interpreting the results of microwave reflectance measurements on materials 

with high concentrations of electron (or hole) traps, since an a priori assumption that the microwave 

response is solely determined by changes in conductivity (i.e. by free electrons) may be incorrect. The 

intensity-modulated microwave reflectance measurements showed that relaxation of the free and 

trapped electron concentrations occurs on a similar time scale, confirming that the free and trapped 

electron populations remain in quasi-equilibrium during the decay of the electron concentration. 
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INTRODUCTION 

Dye-sensitized solar cells are an interesting alternative to conventional p-n junction devices, and they 

have been studied intensively
1
 since their original development by O’Regan and Grätzel.

2
 Their 

operation has been reviewed elsewhere,
3,4

 but a brief summary is as follows. Efficient light harvesting in 

the DSC is achieved by a layer of sensitizer dye adsorbed on the high internal surface area of a 

mesoporous TiO2 film. Photoexcitation of the dye leads to rapid electron injection into the conduction 

band of the oxide, leaving the dye in its oxidized state. Following electron injection, the dye is 

regenerated by electron transfer from iodide ions in the liquid electrolyte that permeates the mesoporous 

TiO2 layer. Finally, the tri-iodide ions formed in the regeneration step diffuse through the electrolyte to 

the cathode, where they are reduced to iodide ions to complete the cycle.  

Microwave reflectance methods, including the time-resolved microwave conductivity (TRMC) 

technique, have been applied to the characterization of many different semiconductor materials,
5-7

 as 

well as in the study of electrochemical
8-15

 and solid state junctions.
16

  More recently, TRMC has been 

employed to investigate organic photovoltaic systems
17

 and mesoporous films of TiO2 (bare and 

sensitized) in the absence of electrolyte and conducting substrate.
18-20

 In these previous studies, the 

mesoporous TiO2 layers were not in contact with a redox electrolyte, which is an essential component of 

the DSC. However, Friedrich and Kunst21 used a quasi solid-state DSC with thin ‘dry’ film of iodide/tri-

iodide left behind by evaporation of the solvent, and Salafsky et al.
22

 studied dye-sensitized TiO2 

particles suspended in an electrolyte. 

The objective of the present study was to use the microwave reflectance technique to probe 

changes in the complex permittivity of the TiO2 film, brought about by injection of electrons from the 

sensitizing dye, in a working electrolyte-filled DSC under illumination. In a normal semiconductor 

sample, the light-induced change in permittivity arises from the creation of electron hole-pairs. 

However, in the DSC, the change in permittivity of the TiO2 arises from electron injection from the 
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photoexcited sensitizer dye.  In this case, the ‘hole’ is the I3
-
 ion (in the following discussion we assume 

that any changes in the microwave permittivity of the electrolyte are negligible).  

Electrons in the TiO2 film may behave differently in electrolyte-filled DSCs compared with dry 

TiO2 films.  The value of making measurements on complete DSCs rather than on dry sensitized TiO2 

films is illustrated by recent simultaneous in situ time-resolved measurements of current, voltage and 

optical absorbance.
23

 A key issue, as far as microwave reflectance measurements are concerned, is that 

the position of the electron quasi Fermi level relative to the redox Fermi level can be controlled and 

measured (as a photovoltage) in an electrolyte-filled DSC.  This is not possible in an isolated film. In the 

measurements described in this paper, a specially designed DSC was mounted on the end of the 

microwave waveguide as shown in Figure 1. The conducting fluorine-doped tin oxide layer was 

removed in the center section, as shown, in order to eliminate reflection effects arising from the 

substrate.  This design enabled simultaneous measurement of the microwave reflectivity and the open 

circuit voltage (via the contacted area outside the waveguide cross section). 

 

Figure 1. Cross-section view (not to scale) of a dye-sensitized solar cell mounted on the end of the 

microwave waveguide. A rectangular area with dimensions 3.5 × 7.0 mm
2
 of the fluorine-doped tin 

oxide (FTO) layer is removed on both sides of the cell to prevent problems with microwave reflection.  
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A striking difference between DSCs and conventional photovoltaic devices is the fact that most of 

the electrons present in the DSC under operating conditions are localized in electron traps in the band 

gap of the TiO2.
24-26

 The existence of a broad exponential trap distribution in mesoporous TiO2 films - 

with typical trap densities exceeding 1024 m-3 - has been deduced from charge extraction27,28 and near IR 

absorbance measurements.29-31 The electron trap density scales with the surface area of the TiO2 

particles in the mesoporous film.
32,33

 This suggests that the traps are associated with surface defects or 

with electrostatic interactions of electrons with ions in the electrolyte, which typically has a 

concentration in excess of 10
26

 m
-3

. The transient and periodic voltage/current responses of DSCs to 

time-dependent perturbations are strongly influenced by the dynamic exchange of electrons between 

traps and the conduction band.
34

  By contrast, the dc photocurrent and photovoltage are determined only 

by the behavior of free electrons, because the rates of electron trapping and detrapping are equal under 

steady state conditions. 

It is often assumed that the microwave reflectance method probes light-induced changes in 

conductivity, i.e. changes in the imaginary component of the permittivity. For high quality bulk 

materials like silicon, light-induced changes in microwave reflectance are indeed dominated by the 

change in conductivity of the sample.
5
  However, time-resolved microwave studies of nanocrystalline 

titania (TiO2) show that photoexcitation can also lead to large changes in the real component of the 

complex permittivity.
35,36

  For example Kytin et al.
35

 have reported UV-induced changes in the real 

component of the microwave permittivity of 6 nm and 16 nm anatase particles that are comparable in 

magnitude to the changes in the imaginary component. Trapped electrons may also contribute to the 

light-induced microwave reflectance response of compound semiconductors
37

 or materials such as 

nanocrystalline films
35,38

 and polymers.
39

  

The influence of trapped electrons on the microwave permittivity of semiconductors such as CdS 

has been considered by Hartwig and Hinds
40

 and more recently by Grabtchak and Cocivera.
37

 We have 

used their approach to interpret microwave reflectance measurements on working dye-sensitized solar 

cells (DSCs).  Calculation of the contribution of free electrons requires values of the free electron 
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conductivity (determined by the mobility and concentration of free electrons) as a function of open 

circuit voltage. These values were deduced from the impedance response of the DSC. Calculation of the 

contribution of trapped electrons requires information about the density, energetic distribution and 

population of electron traps.  This information was obtained from near-IR absorbance measurements.30 

The results show that the light-induced microwave response is strongly influenced by changes in the 

concentration of trapped electrons. This conclusion is important, since it may have implications for the 

interpretation of microwave reflectance measurements on other disordered systems with traps, such as 

bulk heterojunction solar cells, a subject of considerable current interest.  

THEORY 

Illumination of the DSC changes the complex relative permittivity, εr, of the TiO2 film 

' '' '

0

r r r ri i
σ

ε ε ε ε
ε ω

= − = −        (1) 

where ω is the microwave angular frequency and ε0  is the vacuum permittivity.
 
The normalized light-

induced change in microwave reflectance ∆RM can be written in the general form 

( ) ( )
( )

M r r M rM

M M r

R RR

R R

ε ε ε

ε

+ ∆ −∆
=        (2) 

where RM(εr) is the reflectance in the dark, εr is the relative permittivity in the dark and ∆εr is the light-

induced change in relative permittivity.  It is often assumed that ∆RM is dominated by changes in 

conductivity, σ, associated with increases in free electron concentration under illumination, so that the ε 

and ∆ε terms in equation 2 are replaced by σ and ∆σ respectively.  Here, we make no such assumption. 

Instead, we calculate ∆RM from the total light-induced change in relative permittivity, which can be 

divided into a contribution δεfree due to perturbation of the free electron concentration, δnc, and a 

contribution δεtr due to perturbation of the trapped electron concentration, δnt. Thus 

r free trδε δε δε= +          (3) 
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Perturbation of the permittivity due to changes in free electron concentration 

The conductivity of the mesoporous TiO2 layer in the DSC is very low in the dark because the electron 

Fermi level is pinned to the I3
-
/I

-
 redox Fermi level, which is typically at least 0.8 eV below the 

conduction band energy level.
41

  The equilibrium free electron concentration, n0, is given by  

,

0 e

C F redox

B

E E

k T

Cn N

− 
− 
 =         (4) 

where EC is the conduction band energy, EF,redox is the redox Fermi energy and NC is the conduction 

band density of states, which depends of the effective electron mass, m
*
. 

3/2
*

2

2
2 B

C

m k T
N

h

π 
=  

 
         (5) 

For m*/me =1, NC = 2.49 × 10
25

 m
-3

 at 298K. Estimates of EC - EF,redox are typically of the order of 0.8 – 

1.0 eV
41

, corresponding to n0 values between  7×10
11

 m
-3

 and 3×10
8
 m

-3
.  

The free electron concentration in the DSC increases by many orders of magnitude under 

illumination at open circuit since the electron quasi Fermi level is now higher by qVoc, where Voc is the 

open circuit voltage. In the non-degenerate case, 

0

oc

B

qV

k Tcn
e

n
=          (6) 

where nc is the concentration of free electrons under illumination. It follows that the conductivity of the 

TiO2 film under illumination due to the free electrons is 

0 0

oc oc

B B

qV qV

k T k T

cq n q n e eσ µ µ σ= = =        (7) 

where µ is the electron mobility and σ0 is the dark conductivity. As shown below, the conductivity 

under illumination can be calculated from the electron transport resistance, which is obtained by 

measuring the open circuit electrical impedance as a function of frequency.  
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Grabtchak and Cocivera
37

 use the Drude-Zener expression for the response to a time-dependent 

electric field with an angular frequency ω, δσ = (∆ncq
2τ/m*)/(1+iωτ) to obtain 

[ ]2*

0

22

)(1 ωτε
τδ

δε
+

−=′
m

qnc
free

  

2

* 2

0 1 ( )

c
free

n q

m

δ τ
δε

ε ω ωτ
′′ =

 + 
    (8)

 

Here m
*
 is the effective electron mass, ω is the microwave angular frequency and τ is the momentum 

relaxation time, which is related to the effective electron mass and µ by τ = m
*µ/q. τ  is a measure of the 

linewidth of the response of the sample to the microwave radiation, which peaks at a characteristic 

frequency. The negative sign in the expression for δεfree′ comes from screening of external fields by free 

electrons. At this point we note that the description of dielectric properties of nanocrystalline porous 

films is complicated by the effects of carrier localization in particles
35

 and by local field effects.
42

 These 

problems have been discussed recently by Nemec at al.
43

 in the context of THz measurements on a 

range of materials. Here we limit the treatment of free electrons to the simple Drude model. 

Calculations based on equations 8 show that the perturbation of the imaginary component of ε  

by free electrons is much larger than the change in the real component, confirming that the microwave 

response should be related primarily to changes in the conductivity of the sample, provided that only 

free electrons are considered. Figure 2a illustrates the predicted relationship between the perturbation of 

the complex dielectric constant of the TiO2 and the open circuit voltage and conductivity. In order to 

enable subsequent comparison with the microwave reflectance data presented in the experimental 

section, we have used the values of electron mobility µ  (10
-5

 m
2
 V

-1
 s

-1
) and Ec – EF,redox (0.85 eV) 

obtained by fitting the microwave reflectance results. Plots for other values of the electron mobility are 

given in the Supporting Information. The calculation confirms that |δεfree
″
| >>|δεfree′| in the case of free 

electrons. The slopes of the semi-logarithmic plots for |δεfree
″| and |δεfree′| vs. Voc are q/(2.303kBT) = 16.8 

V
-1

.  
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Reflectance Calculations 

In order to calculate the microwave reflectance change brought about by the increase in electron 

concentration under illumination, the DSC is represented as a series of dielectric layers that terminate 

the waveguide (see Supporting Information). The spacings in the experimental configuration and the 

position of the short were chosen to optimize the microwave reflectance signal (see Supporting 

Information). We have demonstrated the utility of the dielectric stack approach previously in microwave 

reflectance studies of the silicon/electrolyte interface.
11,13,14

 The reflectance is calculated using values of 

the relative permittivity of the TiO2 layer corresponding to dark and illuminated conditions (the 

permittivity values for the other components of the cell are given in Table 1 below). Calculation details 

are given in the Supporting Information.   

Material εεεε’ εεεε” 

glass
44

 6.82 0.049 

TiO2 (dark)45 12.0 0 

electrolyte
46

 20.0 13.0 

FTO
47

 12.0 3.5 ×10
4
 

Table 1. Values of relative microwave permittivity used in the reflectance calculations. 

Figure 2b illustrates the magnitude of the corresponding light-induced microwave reflectance 

change arising from free electrons, calculated for the experimental DSC configuration. It can be seen 

that the semilogarithmic plot of |∆RM/RM| vs. open circuit voltage for free electrons also has a slope of 

16.8 V
-1.  
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Figure 2. a). Changes in the magnitude of the real and imaginary parts of the complex relative 

permittivity of TiO2 due to the increase in free electron concentration brought about by illumination of a 

DSC. Calculated as a function of open circuit voltage Voc, with µ = 10-5 m2 V-1 s-1, m*/me = 1, EC – 

EF,redox = 0.85 eV (section IV.1), T = 298K, and ω/(2π) = 33 GHz. b). Corresponding normalized 

microwave reflectance change (free electrons) calculated for the experimental configuration used in this 

study using the values of δεfree′ and δεfree
″
 shown in Fig 2a. See Table 1 for permittivity values and 

Supporting Information for further details. The calculated reflectance change is negative for the stack 

configuration used. 
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Perturbation of the permittivity due to changes in trapped electron concentration 

Hartwig and Hinds
40

 were the first to develop a harmonic oscillator model to derive the influence of 

trapped electrons on the complex permittivity of semiconductors. Here, we follow the closely related 

approach of Grabtchak and Cocivera,
37

 who have given expressions for the changes in the real and 

imaginary parts of the complex permittivity that arise from trapped electrons.  The trapped electron is 

assumed to be an oscillator of characteristic frequency ω0, whose restoring force is proportional to the 

electron displacement and whose binding energy is the trap depth, ET. As shown in the Supporting 

Information, equating the kinetic energy of the orbiting electron with the Coulomb energy of the trap, 

gives ω0
2 as 

( )2

02 3

0 * 4

42
TE

m q

πε
ω =        (9) 

The changes in real and imaginary parts of εr at microwave frequencies are related to the change in 

trapped electron concentration, dnt, by the expressions 

( )[ ]2

2222
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0

22
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d
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ωωωε

ωω
δε

+−

−
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m

qnt

tr , 
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2222

0
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0
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d
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+−
=′′

m
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tr   (10) 

In this model, τ has the same value for free and trapped electrons, since in both cases it is due to 

scattering, which takes place on a faster time scale than the oscillation period for trapped electrons. 

Unlike the free electron response, δεtr′ is positive because the trapped electrons increase the amount of 

polarizable charge. 

 Under illumination at open circuit, the increment in concentration of trapped electrons, dnt, in 

the energy interval ET to ET + dET, is given by the product of the Fermi Dirac distribution fFD(ET) and 

the trap distribution g(ET). For an exponential trap distribution, it follows that  
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 −
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where NT,0 is the total trap concentration and T0 is an effective temperature describing the trap 

distribution. The perturbation of εr by trapped electrons is found by integrating the product of the 

derivatives in equations 10 and 11 over the energy range EF,redox to EC. Figure 3 illustrates the 

dependence on trap depth of these two derivatives. 

 

Figure 3. Plots showing the derivatives that describe the contribution of trapped electrons to the 

perturbation of the real and imaginary components of the complex microwave permittivity for an open 

circuit voltage Voc = 0.6 V. The distribution of trapped electrons as a function of trap depth is also 

shown. Ec – EF,redox = 0.85 V, m*/me = 1, µ = 10-5 m2 V-1 s-1, T0 = 993 K, NT,0 = 6.6 × 1024 m-3. 

 

Figure 4a illustrates the changes in the complex relative permittivity of the TiO2 film calculated 

for the trap distribution parameters used for Figure 3 and the same electron mobility (10
-5

 m
2
 V

-1
 s

-1
) 

used for Figure 2a.  Figure 4b illustrates the corresponding change in microwave reflectance calculated 

for the same cell configuration as used for Figure 2b. In the case of the trapped electron distribution 

considered (T0 = 993 K), the slope of the linear region of the semi-logarithmic reflectance plot has a 

slope of 12.5 V
-1

.  
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Figure 4.  

a) Changes in the real and imaginary parts of the complex relative permittivity of TiO2 due to the 

increase in trapped electron concentration brought about by illumination of a DSC (δε’ and δε” are both 

positive). Calculated as a function of open circuit voltage Voc for the experimentally measured trap 

distribution (see Fig 6) where NT,0 = 6.61 × 1024 m-3, T0 = 993 K . Other parameter values not related 

to trapped electrons are the same as for Figure 2. 

b) Corresponding change in normalized microwave reflectance change (trapped electrons). Calculated 

for the experimental DSC configuration using the values of δε’
 and δε’’

 shown in a). Other parameter 

values not related to trapped electrons are the same as for Figure 2. 

 

In practice, ∆RM/RM should be determined by the total perturbation of the permittivity due to both 

free and trapped electrons. Comparison of Figures 2a and 4a shows that if the harmonic oscillator model 
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is applicable to the electrons in the DSC, we may expect the changes in relative permittivity (and hence 

in ∆RM/RM) to be dominated by changes in the trapped electron concentration, particularly at low open 

circuit voltages. Consequently, since T0 > T, the slope of the semilogarithmic plot of ∆RM/RM should be 

substantially lower than the 16.8 V
-1

 predicted for free electrons.  

EXPERIMENTAL   

The conducting glass (fluorine-doped tin oxide (FTO) Asahi glass, 10 ohm square, 1mm thick) used to 

fabricate the DSC reflects microwaves. Therefore, rectangular FTO-free windows corresponding to the 

cross section of the Ka-band waveguide were etched by masking off the desired area (3.5 x 7 mm) with 

Kapton tape and covering the exposed FTO with zinc granules (-30+100 mesh) and 36% HCl. This cell 

design, which is illustrated in Figure 1, allows measurement of the open circuit voltage whilst 

eliminating spurious microwave reflectance effects due to electron accumulation in the FTO when the 

DSC is illuminated. After cleaning the glass and applying a thin compact blocking layer of TiO2 by 

spray pyrolysis of a 0.2 M solution of titanium(IV) isopropoxide, a one-centimeter square TiO2 layer 

was deposited by doctor blading Dyesol DSL 18NR-T titania paste and heating to 500
o
C for 30 minutes 

in air to remove the organic components. The resulting film thickness measured by profilometry was 13 

µm. The same etching procedure was used to remove a corresponding rectangular area of FTO from the 

cathodes, which were coated with a thin platinum layer by thermal decomposition of chloroplatinic acid.  

  After sensitization of the TiO2 film in a 0.5 mM solution of di-tetrabutylammonium cis-

bis(isothiocyanato) bis(2,2’-bipyridyl-4,4’-dicarboxylato) ruthenium(II) (N719) in acetonitrile:tert-

butanol overnight, the anode and cathode were sealed together using a 30 µm Surlyn spacer, taking 

particular care to ensure correct alignment of the two microwave transparent windows. Electrolyte (0.5 

M LiI, 0.05 M I2, 0.5 M tert-butylpyridine in 3-methoxyproipionitrile) was introduced via pre-drilled 

holes in the counter electrode, and an additional Asahi FTO glass sheet was used to seal the cell. This 

acts as a short, and was found to enhance the detected signal. 
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  A schematic diagram of the Ka-band microwave set up (rectangular waveguide with inner 

dimensions 3.5 x 7 mm) is given in the Supporting Information, which also considers the minor effects 

of non-ideal termination of the waveguide. The geometry of the DSC terminating the waveguide was 

optimized to give the best possible microwave response by adjusting the thickness of the glass layers 

and the position of the FTO layer on glass that acts as a microwave short. Details are given in the 

Supporting Information. The microwave source was a 33 GHz Gunn diode (Atlantic Microwaves) 

protected by an isolator. The cell was mounted directly on the end of the waveguide, and the reflected 

microwaves were sampled using a directional coupler (coupling factor 7.5%) and a R422C crystal 

detector (Agilent technologies). The cell was enclosed in a box made of microwave-absorbent foam to 

minimize stray microwave reflections. A fiber optic of diameter 1 mm was used to introduce light onto 

the cell from a 530 nm continuous-wave laser, the intensity of which was adjusted using neutral density 

filters. In order to improve the signal/noise ratio of the detected microwave signal, the incident 

microwave power was square-wave modulated at 33 kHz using a PIN diode switch (Atlantic 

Microwaves) driven by the TTL output of a lock-in amplifier (Stanford Research Instruments SR 830 

DSP). A Stanford Research Instruments SR 560 low noise preamplifier was used to amplify the signal 

from the crystal detector before detection by the lock in amplifier. The dark microwave reflectance of 

the cell was offset using a stabilized voltage source. The output of the lock-in amplifier was recorded on 

a Tektronix TDS 3012 digital storage oscilloscope (DSO), capable of averaging up to 512 frames. A 

TTL pulse generator was used to gate the laser and to trigger the DSO. Since the area of the etched 

windows was smaller than the area of the sensitized TiO2 film, both the photovoltage and the 

photoconductivity could be monitored simultaneously. The photovoltage was monitored by the second 

channel of the DSO using a high impedance voltage follower. Depending on the signal strength, 5-30 

transients were averaged for each measurement.  The pulse length and repetition rate were adjusted to 

take into account the dependence of the rise and fall times on illumination intensity.  

  Impedance measurements were made at open circuit under illumination as a function of 

illumination intensity (and hence of open circuit voltage) using a potentiostat 
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(IVIUMSTAT.XR Electrochemical Interface). The cells were constructed in the same way as those used 

for the microwave reflectance study except that the FTO layers were not etched. Illumination was 

provided by a light-emitting diode (LED: Thorlabs, 627 nm), and the intensity was controlled using 

neutral density filters (Thorlabs). The cell was biased at the open circuit potential, and impedance 

spectra were recorded between 10-2 and 105 Hz. Parameters related to the cathode and substrate were 

obtained by carrying out EIS on blank cells under applied bias in the dark. The impedance response was 

fitted using ZView (Scribner Associates) and the transmission line equivalent circuit developed by 

Bisquert and co-workers.
48

 Details are given in the Supporting Information.  

  Trapped electron concentrations were measured using a near-IR absorbance method described 

elsewhere.30 The optical cross-section of electrons at 950 nm was taken to be 5.4 × 10-22 m2. 30 IMVS 

measurements were made using a standard setup.
49

 Light-modulated microwave reflectance 

measurements
50

 were carried out using a lock in amplifier and 100% depth modulation (setup shown in 

Supporting Information).  

RESULTS AND DISCUSSION 

Calculation of the perturbation of the permittivity by free electrons  

In order to calculate the microwave response due to free electrons from equations 8, it is necessary to 

determine the value of δnc, which determines the change in conductivity of the anatase film (equation 

7).  The conductivity is obtained by analyzing the open circuit impedance response of the illuminated 

DSC. The mesoporous oxide film is modeled as a transmission line with elements representing electron 

transport, electron transfer to the redox system and the chemical capacitance associated with electron 

storage in traps.
48

  Details of the equivalent circuit and fitting are given in the Supporting Information. 

The cells used for the microwave measurements cannot be used for impedance measurements, which 

require the cell to be contacted over the entire TiO2 film. Therefore the transport resistance Rtrans was 

obtained as a function of open circuit voltage by fitting the impedance response of a nominally identical 
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DSC in which the conducting substrate was left intact. The conductivity, σ, of the free electrons in the 

TiO2 film in the illuminated DSC was calculated from the relationship49 

film film

trans

c

d d
R

A qn Aσ µ
= =        (12) 

where dfilm is thickness of the TiO2 film (for simplicity, we ignore the effect of porosity), A is the area (1 

cm
2
).  As we shall see, the key parameter that is varied to fit the microwave reflectance data is the 

electron mobility, µ. For any given value of µ, equation 7 is used to obtain nc as a function of open 

circuit voltage from the fit shown in Figure 5.  It is important to note that if µ and m
*
 are fixed and nc is 

known, the value of Ec – EF,redox is fixed by equation 4 - 6. 

 
Figure 5. Variation of the conductivity of TiO2 in an illuminated DSC measured by impedance 

spectroscopy as a function of open circuit voltage.  The line shows a fit to equation 7 with the dark 

conductivity σ0 = 1.1 × 10
-13

 Ω-1
 m

-1
,
 
T = 293K. 

The semilogarithmic plot in Figure 5 shows that the experimental variation of the conductivity 

agrees with the dependence of free electron concentration on open circuit voltage given for the non-

degenerate case by equations 4 and 7, with a slope of 16.8 V
-1

.  The flattening observed at high open 

circuit voltages has been observed in previous work.
51,52

  It may be an artifact arising from difficulties in 

obtaining a reliable fit for low values of Rtrans due to overlap with the impedance semicircle arising from 
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the cathode.  For the purposes of the present discussion it suffices to note that the dependence of free 

electron concentration on Voc is ideal up to nearly 0.7V 

 For given values of electron mobility, the perturbation of the relative permittivity of the TiO2 

associated with free electrons was calculated as follows using the fit in Figure 5. First, the effective 

mass of electrons m*/me was taken to be unity based on the work of Tang et al.,53  and the corresponding 

value of NC was calculated (there is some uncertainty about the effective mass of electrons in anatase,
54-

56
 but the value of m* has little influence on the calculated reflectance change). Next, the value of EC – 

EF,redox was obtained from equations 4 - 7 using the conductivity fit shown in Figure 5. Then the light-

induced perturbations of the real and imaginary parts of the permittivity of the TiO2 (cf. Figure 2a) were 

calculated from equations 8. Finally, the corresponding changes in microwave reflectivity illustrated in 

Figure 2 were calculated using the dielectric stack model of the DSC. This procedure was used in the 

fitting of the experimental microwave data, which involved varying the electron mobility to obtain the 

best match of the microwave reflectance as a function of open circuit voltage. 

Calculation of the perturbation of the permittivity by trapped electrons  

Figure 6 illustrates the variation of the measured trapped electron concentration with open circuit 

voltage. The data were fitted to an exponential trap distribution with a characteristic temperature T0 = 

993 K. The values of NT,0 and EC –EF,redox given in the figure caption are those obtained in the fitting of 

the microwave results by varying the electron mobility as described above. The electron trap 

distribution obtained by fitting the near absorbance data was used to calculate δεt and ∆RM/RM for 

trapped electrons as a function of open circuit voltage as shown in Figures 4a and 4b 
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Figure 6.  Trapped electron concentration as a function of open circuit voltage measured by near-IR 

absorbance.  The fit shown is for an exponential trap energy distribution with a characteristic 

temperature of 993 K.  NT,0 = 6.61 × 1024 m-3, EC – EF,redox = 0.85 V. 

Fitting the experimental microwave response  

Figure 7 illustrates the simultaneous recording of the microwave reflectance and the open circuit voltage 

responses to slowly chopped illumination. The initial photovoltage is not zero because the voltage decay 

is very slow. The reason for this is that decay of the electron concentration by transfer of electrons from 

the substrate to tri-iodide ions 
57,58

 is negligible because the FTO has been etched away in the window 

area and a blocking layer was used in the surrounding area.  The pulse length and off period were 

therefore adjusted for quantitative measurements to ensure complete decay of the microwave signal.   
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Figure 7. Normalized microwave reflectance change (negative change) and photovoltage (positive 

change) responses of the DSC to chopped illumination measured simultaneously. Incident photon flux 

(530 nm) 10
21

 m
-2

s
-1

. 

 The experiment illustrated in Figure 7 was repeated for a range of light intensities to obtain the 

dependence of ∆RM/RM on Voc for different light intensities. The results are displayed in Figure 8. It is 

immediately apparent that the semilogarithmic plot of ∆RM/RM vs. Voc does not have the slope expected 

for free electrons (16.8 V-1). Furthermore, the large reflectance response observed at low voltages, 

where the free electron density is low, suggests that the microwave response is mainly related to 

changes in the trapped electron concentration, which is much higher than the free electron concentration 

at all voltages.  

Theoretical microwave reflectance plots were obtained from the perturbation of the permittivity by 

using the stack model described in the Supporting Information.  The fitting of the experimental 

reflectance plot involved varying the electron mobility for fixed m
*
/me =1 and following the procedures 

outlined above to determine the contribution from free and trapped electrons.  A good fit to the 

experimental microwave reflectance data was obtained for a mobility of 10
-5

 m
2
 V

-1
 s

-1
, which 
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corresponds to a value of EC – EF,redox = 0.85 V. The predicted reflectance change is shown in Figure 8 

together with the reflectance changes calculated for free and only trapped electrons alone (plots 

calculated for other mobility values are given in the Supporting Information). It can be seen that the 

contribution of free electrons only becomes measurable at the open circuit voltages above 0.7 V, when 

the electron quasi Fermi level approaches the conduction band.  

  

Figure 8. Fitting of the measured (negative) microwave reflectance to the response calculated for free 

and trapped electrons.  Values used in the calculation: m
*
/me =1, electron mobility = 10

-5
 m

2
 V

-1
 s

-1
, EC – 

EF,redox  = 0.85 V (plots calculated for other mobility values are given in the Supporting Information). 

The responses calculated for free and trapped electrons alone are also shown. Note that the experimental 

response is dominated by trapped electrons over the entire voltage range studied.  

   

 The electron mobility obtained by fitting the microwave data as described above is two orders of 

magnitude lower than the room temperature Hall mobility of bulk crystalline anatase TiO2 (ca. 2×10
-3

 

m
2
 V

-1
 s

-1
) reported by Forro et al.

56
, but is identical to the value reported for THz measurements on 

sensitized mesoporous TiO2 by Tiwana et al.
59,60

  Values ranging from 10
-6

 m
2
 V

-1
 s

-1
 
61

 to 1.5×10
-3 

m
2
 

V
-1

 s
-1

 
62

 have been reported for the THz electron mobility in mesoporous TiO2, and Kroeze et al.
41

 have 

estimated the microwave electron mobility of mesoporous anatase at 9 GHz to be 3.4 ×10-6 m2 V-1 s-1, 

which is close to the value found in the present work. However, in all these reported measurements, no 
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electrolyte was present and it was assumed that the responses were due to free electrons. It is worth 

remarking that such low values of electron mobility correspond to electron mean free paths that are 

smaller than the lattice constant if m
*
/me = 1, which leads to problems of interpretation in terms of 

conventional kinetic theory, so the result may indicate that m*/me >1 (as noted above, the microwave 

reflectance is very insensitive to m*/me).  This could indicate strong coupling of electron motion with 

fluctuations of dipoles and ions in the adjacent electrolyte phase in addition to deformations of the 

crystal lattice.  

Measurements using intensity modulated illumination 

So far the discussion has been limited to the steady state microwave response of the DSC. Various 

transient and periodic methods are commonly used to characterize DSCs.
49

 One such technique is 

intensity-modulated photovoltage spectroscopy (IMVS), which measures the frequency-dependent 

photovoltage response to small amplitude modulation of the illumination intensity.  In essence, IMVS 

measures the relaxation of the free electron concentration by trapping/detrapping and by electron 

transfer (‘back reaction’) to I3
-
, since the free electron concentration and open circuit voltage are related 

by equation 6. The inverse of the characteristic relaxation frequency observed in IMVS is usually 

referred to as the (apparent) electron lifetime, τn, (note that these ‘electron lifetimes’ should not be 

confused with the momentum relaxation time, τ, employed in section II.1). Bisquert and Vikhrenko
34

 

have shown that the time-dependent concentrations of free and trapped electrons in the DSC are related 

by the quasi-static relationship 

t t c

c

n n n

t n t

∂ ∂ ∂
=

∂ ∂ ∂
        (13) 

This means that the free and trapped electron concentrations will both vary periodically under 

sinusoidally modulated illumination. This modulation of electron density should be detectable by 

microwave reflectance. An interesting point is that the time constant, τIMVS, of the IMVS response 

should correspond to therelaxation of free electrons, whereas the time constant,τM, of the microwave 
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response should correspond to relaxation of trapped electrons, since the results above show that these 

dominate the microwave response. In fact, the two time constants should be of the same order of 

magnitude, since at any given value of open circuit voltage, they should be related by (see Supporting 

Information) 

0IMVS

M

T

T

τ
τ

=          (14) 

The relaxation of trapped electrons in the DSC has been characterized previously using frequency 

resolved near-IR measurements,
29

 but the present measurement is the first example of the application of 

light-modulated microwave reflectance
13-15,50,63

 to the DSC (see Supporting information for 

experimental setup).  Ideally, the measurement should be made with a small amplitude modulation of 

the steady state light intensity in order to allow linearization of the response.  Unfortunately, the signal 

to noise ratio in the microwave measurements was not adequate for small intensity perturbations, so 

100% depth modulation was used.  The lock-in amplifier then measures the first harmonic of the Fourier 

series representing the non-linear response. Figure 9 illustrates the semicircular frequency- resolved 

microwave reflectance response that was measured.  

 

Figure 9.  Intensity-modulated microwave reflectance response of DSC. Illumination 532 nm, peak 

incident photon flux 10
20

 m
-2

 s
-1

. Voc = 0.676 V. 
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In the present case, a value of T0 = 993 K was obtained from the near-IR absorbance 

measurements (cf. Figure 6), so we would expect the ratio of lifetimes in equation 14 to be 3.3.  In order 

to compare the electron lifetimes measured by IMVS and microwave reflectance, IMVS measurements 

were also carried out on a nominally identical cell, without the etched windows, using 100% intensity 

modulation.  Figure 10 compares the apparent electron lifetimes derived from IMVS measurements with 

those obtained by the intensity-modulated microwave technique. Unfortunately since two different - 

although nominally identical - cells were used for the IMVS and microwave measurements and since 

the signal to noise ratio was poor, it was not possible to confirm that the ratio τIMVS/τM = 993K/298K = 

3.3 as predicted.  Nevertheless the lifetimes determined by the two methods are very similar, confirming 

that the free and trapped electron populations remain in quasi-equilibrium on the time scale of the 

relaxation via electron transfer to I3
-
 ions in the electrolyte. 

    

Figure 10. Comparison of the relaxation time constants obtained by IMVS and intensity-modulated 

microwave reflectance on two nominally identical cells (apart from removal of FTO layer for 

microwave measurement). In both cases, 100% depth modulation was used. 
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Consequences for TRMC (reflectance) measurements on DSCs  

The results presented in this paper may have implications for the analysis of TRMC measurements on 

DSCs. TRMC measurements usually involve large amplitude perturbations, and the microwave decay is 

often fitted with a stretched exponential, assuming that the normalized reflectance change is linearly 

proportional to the change in free electron concentration. In the case of the DSC, however, it appears 

that TRMC measurements made with an electrolyte-filled DSC would primarily detect the decay in the 

trapped electron concentration, particularly at the low pulse energies that give injected electron densities 

relevant to device operation. It is therefore interesting to establish the relationship between ∆RM/RM and 

the trapped electron density in this case. Figure 11 illustrates the experimentally measured relationship 

between the microwave reflectance change and the increase in trapped electron concentration caused by 

illumination (determined by near-IR absorbance).  It can be seen that the plot is non-linear. This is 

because the rates of decay of free and trapped electron concentrations are related by equation 13, 

provided that the quasistatic condition holds on the time scale of the measurements (i.e. 

trapping/detrapping is fast so that free and trapped electrons remain in quasi-equilibrium).  The non-

linearity arises from the t

c

n
n

∂
∂ term in equation 13, since nt varies more slowly with voltage than nc 

because T0  > T. 
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Figure 11.  Experimental relationship between the light-induced change in microwave reflectance of the 

DSC and the corresponding change in trapped electron concentration measured by near-IR absorbance. 

 The existence of this non-linearity would not be easy to deduce from large amplitude 

perturbation measurements, where the decay of the microwave signal is non-exponential. The situation 

for ultrafast measurements is likely to be more complicated, since in many of these measurements the 

free electron concentration is much higher and the quasi-static relationship between free and trapped 

electron concentrations may no longer hold. 

CONCLUSIONS  

This study has shown that the magnitude and voltage-dependence of the light-induced microwave 

reflectance change measured on working DSCs cannot be understood simply in terms of changes in the 

conductivity of the TiO2. It is clearly necessary to take account of the dominant influence of trapped 

electrons on the complex permittivity of the oxide. The experimental data can be fitted quite well using 

a simple harmonic oscillator to predict the dominant change in permittivity arising from trapped 

electrons. Although the simple harmonic model for trapped electrons is an approximation, it suffices to 

show that it is necessary to take trapped electrons into account in the interpretation of microwave 

reflectance measurements in systems in which significant electron (or hole) trapping takes place.  
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