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Time-resolved optical second harmonic generation (SHG) is used to probe the variations in the surface 
electrostatic fields that occur under pulsed UV (supra-bandgap) illumination at a n-TiOZ(001) electrode. The 
interfacial SHG is dominated by the electric field-induced second harmonic response from the first 20 nm of 
the semiconductor surface; this large SHG signal decreases sharply under UV illumination due to the creation 
of a steady-state photogenerated hole population at the interface. An additional transient drop in SHG intensity 
is observed when the pump and probe beams are overlapped temporally on the Ti02 surface. The time scale 
for this additional band flattening is determined by the finite time required for photogenerated holes to migrate 
to the interface under the influence of the surface electrostatic fields. An average transit time of 25 ps that 
is independent of applied potential or solution composition is observed; this corresponds to a hole drift velocity 
of 4.0 x 104 cm s-' at the Ti02 surface. The SHG intensity is found to return to its steady-state level in 3-4 
ns due to the removal of the excess holes at the surface by electrochemical charge transfer and surface 
recombination processes. 

Ultrafast processes at semiconductor electrodes have been 
studied extensively in an effort to elucidate the complex surface 
reaction kinetics and electron transport dynamics that control 
the overall reactivity of this electrode/electrolyte interface. 1,2 
Phenomena such as charge carrier transport, carrier thermal- 
ization, interfacial charge transfer, surface recombination, and 
surface charge trapping can all contribute to the effectiveness 
(or ineffectiveness) of a particular semiconductor in a photo- 
catalytic or energy generation device. 1-5 The Ti02EI20 
interface is a semiconductor/electrolyte interface that has been 
employed in a variety of technologically important applications4 
and has been the subject of numerous time-resolved experiments 
including the study of electron injection into the conduction 
band? hot versus thermalized charge transfer and recombination 
lifetimes? inverted charge transfer,8 and dye sensiti~ation.~ 
However, several crucial questions concerning the mechanisms 
and time scales of charge carrier transport and interfacial electron 
transfer at this interface still remain unanswered.'q2 

The very fast time scales for processes such as charge 
generation, charge transport, and charge transfer at semiconduc- 
tor surfaces' make them extremely difficult or even impossible 
to monitor with standard electrochemical methods.'" Therefore, 
optical techniques capable of nearly instantaneous response 
times such as transient grating measurements,6*' photolumines- 
cence,' time-resolved fluorescence: reflective electrooptic 
sampling,13 resonance Raman,14 and transient absorption spec- 
t r o ~ c o p y ~ ~ ' ~  have been employed. In a previous paper, we 
demonstrated that the surface-sensitive technique of optical 
second harmonic generation (SHG)16-20 can be used as a probe 
of the dc electric fields and band bending at the surface of Ti02 
electrodes in situ.21 The electrostatic fields at semiconductor 
interfaces have also been monitored with SHG at Si22,23 and 
GaAs surfaces.24 In a second paper, we recently examined 
steady-state charge transfer and charge accumulation processes 
at Ti02 electrodes during UV (supra-bandgap) e~c i t a t ion .~~  In 
this Letter, we extend our SHG studies of the TiO2/electrolyte 
interface to the observation of ultrafast band-flattening events 
that result from hole transport, charge transfer, and surface 
recombination processes on a picosecond time scale. 
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The in situ SHG experiments were performed on an n-doped 
single crystal Ti02(001) electrode (& = loi5 ~ m - ~ )  prepared 
in a manner described previously.21 Electrochemical measure- 
ments on the n-Ti02 sample were obtained with a Princeton 
Applied Research 173/175 potentiostat in a three-electrode 
Teflon cell using a Pt counter electrode and a NaCl saturated 
calomel reference electrode (SSCE). Solutions were prepared 
from Millipore-filtered water and contained 0.1 M NaC104 
(Fluka) as the supporting electrolyte; the pH of these solutions 
was controlled by the addition of HC104 (GFS Chemicals) or 
NaOH (Fluka). When indicated, 10 mM Na2HP04 (Fluka) was 
used as a buffer. The SHG measurements on the n-Ti02 
electrode were obtained using a probe beam that was the 
p-polarized 584 nm output of a pulsed dye laser (4 MHz 
repetition rate, 2 ps pulse width, 30 nJ pulse energy) focused 
to a 150 pn spot on the electrode surface with an incident angle 
of 60" from the surface normal. Both the s-polarized and 
p-polarized second harmonic light at 292 nm generated in 
reflection from the surface were detected with a cooled PMT 
and gated photon counting electronics.26 Changes in the 
magnitude of the SHG from the electrode surface were produced 
by the supra-bandgap excitation of the semiconductor surface 
with a UV pump beam that was the doubled output at 320 nm 
from a 640 nm pulsed dye laser identical to that used for the 
SHG probe beam (4 MHz repetition rate, 2 ps pulse width, 0.8 
nJ/pulse in the UV, 250 pn spot size, CW power density of 6 
W cm-2). The changes in the surface SHG upon W illumina- 
tion were observed only when the pump and probe beams were 
overlapped spatially on the Ti02 electrode. As described in a 
previous paper, the steady-state response to the UV illumination 
was obtained by temporally separating the pump and probe 
pulses by >25 nsZ5 In this Letter, the time-resolved transient 
SHG response of the Ti02 electrode surface was obtained by 
using a delay line to temporally overlap the pump and probe 
pulses. Only changes on time scales less than 250 ns could be 
observed, as limited by the 4 MHz repetition rate of the laser. 
The temporal resolution in these experiments is 3.5 ps as 
determined from a two-beam SHG autocorrelation experiment 
of the 584 nm probe laser and a sum frequency generation cross- 
correlation experiment of the 584 and 640 nm laser beams using 
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a z-cut quartz reference surface. A more detailed description 
of the time-resolved SHG experimental apparatus is given 
elsewhere.27 

The surface SHG from an n-doped Ti02 electrode in the 
absence of UV illumination is plotted as a function of applied 
potential in Figure l a  (filled circles) along with the correspond- 
ing potential-dependent current response in Figure l b  (filled 
squares). As reported previously,21q25 a large SHG response was 
observed from the electrode in the depletion region due to the 
electric field-induced second harmonic (EFISH) response of the 
polarized Ti02 lattice at the semiconductor surface. An n-type 
semiconductor electrode that is held at potentials positive of 
the flatband potential (Vfi) has a space charge layer whose total 
charge (q,,) can be described in the Mott-Schottky approxima- 
tion by eq 128-3n 
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where E is the dielectric constant of Ti02 (=173 parallel to the 
c axis of the crysta131), Nd is the doping density of the 
semiconductor, and AV,, (=V - Vfi) is the band bending or 
the total drop in potential from the surface to the bulk of the 
electrode. The width of the space charge layer also varies with 
AV,, and Nd and is approximately 4 pn at 1 V of band bending 
for an n-Ti02 electrode with Nd = loi5 dopants cm-3.31 The 
excess charge density in this space charge layer creates a large 
electrostatic field that polarizes the Ti02 lattice near the electrode 
surface and effectively breaks the centrosymmetry of the crystal, 
resulting in a large EFISH response. This EFISH response 
dominates the SHG from the i n t e r f a ~ e ? ~ ~ ~ ~  and the SHG intensity 
is therefore proportional to IX'3':&c12 where x ( ~ )  is the third- 
order nonlinear hyperpolarizability of the Ti02 crystal. 16924932-36 

While the electrostatic fields at the Ti02 surface are present 
throughout the space charge layer, the second harmonic light 
at 292 nm is energetically above the bandgap for Ti02 (3.02 
eV or 410 nm) so that only the EFISH response within an escape 
depth from the electrode surface contributes to the second 
harmonic intensity observed in reflection. Using an absorption 
coefficient of 8 x lo5 cm-1,31 this escape depth is estimated to 
be approximately 20 nm. Hence, through the EFISH mecha- 
nism, the SHG measurements probe the electrostatic fields in 
the first 20 nm of the Ti02 at the semiconductor electrode/ 
electrolyte interface. The magnitude of Edc at the surface of 
the electrode can be obtained by combining Gauss' law with 
eq 1:28,29 

Using eq 2, we calculate that &c at the electrode surface varies 
from 0 at Vfi to 5.6 kV cm-l at the maximum applied potential 
of 1.0 V shown in Figure la. Since the SHG intensity varies 
as the square of the dc electric fields, eq 2 predicts that the 
SHG signal will be linearly proportional to the band bending, 
AV,,, with a minimum at AV,, = 0, the flatband potential (Vfi).21 
In Figure la, the SHG intensity was observed to increase linearly 
with applied potential in the depletion region as expected, and 
a Vfi of -0.5 V versus SSCE was ascertained from this optical 
measurement. 

Also plotted in Figure 1 are the steady-state SHG (open 
circles) and current (open squares) from the Ti02 electrode as 
a function of potential during the illumination of the surface 
with UV light at 320 nm. As described previously, a large 
decrease was observed in the SHG intensity when UV light was 
coincident on the Ti02 surface.25 Illuminating the Ti02 
semiconductor electrode with light at 320 nm creates mobile 
charge carriers in the form of electron-hole (e-h) pairs. Again, 
the strong absorption of this supra-bandgap pump light by the 
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Figure 1. (a) SHG signal as a function of applied potential from an 
n-Ti02 electrode with (open circles) and without (filled circles) W 
light coincident on the Ti02 surface in 0.1 M NaC104 + 10 mM Naz- 
HPO4 at pH = 2. Nd = loL5 ~ m - ~ .  In the W-of f  case, the SHG is fit 
with a straight line whose intercept is the flatband potential (Vm = 
-0.5 V) for this electrode/electrolyte interface. In the W-on case, 
the diminished SHG intensity is indicative of the band flattening 
processes occurring at the Ti02 surface. (b) Current versus applied 
potential from the Ti02 electrode with (open squares) and without (filled 
squares) W excitation. 
Ti02 crystal dictates that the e-h pairs will only be created in 
the first ~ 2 0  nm of the space charge region. When the electrode 
is held at potentials positive of Vfi, the e-h pairs are separated 
under the influence of the dc electric fields, with the holes being 
driven to the electrode/electrolyte interface and the electrons 
into the bulk of the TiOz. An oxidation current arises from the 
interfacial charge transfer of the photogenerated holes at the 
TiOz/electrolyte interface. Because there is a finite interfacial 
electron transfer rate, a steady-state concentration of photo- 
generated holes accumulates at the Ti02 surface. This steady- 
state hole concentration at the surface reduces the amount of 
charge present in the space charge region (q,,), which in turn 
lowers the dc electric fields and consequently the SHG signal. 
Concomitant with the decrease in the electric fields, the band 
bending AV,, decreases to a new steady-state value, AV',,; this 
decrease in the band bending is described as band flattening.25 
From the magnitude of the SHG during UV illumination in 
Figure la, the effective band bending under illumination, AV,,, 
was found to vary in magnitude from 0 to 0.3 V over the 
potential range shown in Figure la. 

In conjunction with the steady-state band-flattening process, 
an additional transient band flattening was also observed and 
is plotted in Figure 2. In this series of time-resolved SHG 
experiments, the difference in arrival times of the picosecond 
pump and probe pulses on the Ti02 electrode surface was 
adjusted with an optical delay line; the experimental geometry 
is depicted schematically in the inset of Figure 2. The SHG 
from the electrode surface decreased from its steady-state value 
when the probe beam was delayed with respect to the pump 
beam by greater than ~ 5 0  ps and less than %5 ns. The exact 
time scale for the transient drop in SHG intensity is indicative 
of the time required for the holes generated in the first 20 nm 
of the space charge region to migrate to the surface and is 
examined in further detail below. The magnitude of this 
additional drop in SHG intensity varied linearly with UV pump 
power over the range of power densities employed in the 
experiments. 
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Figure 2. Time-resolved SHG measurements of the transient band 
flattening that occurs at the Ti02 electrode surface under supra-bandgap 
excitation at 320 run. The inset displays the geometry and optical delay 
configuration of the picosecond time-resolved pump-probe experiment. 
A drop in the SHG intensity is observed when the probe beam is delayed 
from the pump beam by >50 ps and <5 ns; this drop is attributed to 
a transient excess of photogenerated holes at the interface which 
effectively decreases the surface electrostatic fields. The SHG signal 
returns to its steady-state band-flattened level in 3-4 ns, as the excess 
holes at the surface are removed by either electrochemical or surface 
recombination processes. The electrode is held at a potential of 0.3 V 
in the same solution as in Figure 1. 

While the transient drop in the surface SHG from the Ti02 
electrode occurred on a picosecond time scale, the return of 
the surface SHG to its original steady-state value occurred as 
the probe beam was delayed with respect to the pump beam on 
the order of 3-4 ns (Figure 2). This longer time scale for the 
recovery of the steady-state interfacial electrostatic fields is 
attributed to the removal of the photogenerated holes at the 
surface through either electrochemical consumption or surface 
recombination and does not vary significantly ( f l  ns) with 
applied potential. The time scales that have been reported 
previously for these two interfacial processes vary from mil- 
liseconds to picoseconds, representing the difficulties in measur- 
ing the various charge transfer events that occur at this 
i n t e r f a ~ e . ~ . ~ ~  Miller and co-workers7 have observed interfacial 
charge transfer and surface recombination at n-Ti02 electrodes 
optically with transient grating experiments; they report time 
scales of 500 ps and 5 ns for the two processes, respectively. 
Transient grating methods have also been employed by Naka- 
bayashi et aL6 to optically monitor the photoelectrochemical 
oxidation of propanol at n-Ti02 electrodes on a time scale of 
400 ns. On Ti02 colloids, interfacial charge transfer processes 
have been observed with time-resolved fluorescence and absorp- 
tion measurements on the time scale of 0.5-500 ns.8,9 The 
surface SHG experiments described in this Letter solely measure 
the transient changes in the surface electrostatic fields brought 
about by changes in the concentration of photogenerated holes 
at the electrode surface and do not distinguish between the 
consumption of photogenerated holes via interfacial charge 
transfer, surface recombination by charge trapping, or surface 
recombination by electron diffusion into the illuminated spot. 
However, the 3-4 ns time scale observed in the SHG experi- 
ments agrees with the time scales for these processes reported 
previously by the other optical methods. 

The transient drop in SHG intensity due to the finite time 
required for the photogenerated holes to move to the surface of 
the Ti02 electrode is shown with higher time resolution in Figure 
3. The drop in SHG intensity as a function of pulse separation 
time can be fit with an exponential decay yielding a decay time 
constant, z, of 36 ps for the particular surface region sampled 
in the experiment. The value o f t  varied from spot to spot due 
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Figure 3. Ultrafast transient band flattening as measured by high- 
resolution picosecond time-resolved SHG (filled squares). This 
transient drop is attributed to the finite time required for the transport 
of the photogenerated holes from their point of origin to the electrodel 
solution interface. The data are fit with an exponential decay function 
(solid line) yielding a time constant, t, of 36 ps for this particular 
location on the surface. The sharp peak shown in the figure with a 
fwhm of 3.5 ps is the instrument response function obtained from an 
autocorrelation SHG experiment performed with the 584 nm probe 
beam. The electrode is held at a potential of 0.0 V in the solution 
described in Figure 1. 
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Figure 4. Picosecond hole transport time, t, as a function of band 
bending (AV,,) at the Ti02 electrode surface. Data were obtained at 
three different pH values as shown in the figure legend. The band 
bending is equal to V - V%, where Vm was determined for each solution 
optically via SHG measurements as in Figure 1. All solutions contained 
0.1 M NaC104. The average value of t is 25 ps, which is indicated by 
the horizontal dashed line. The standard deviation for these measure- 
ments is 8 ps and is attributed primaxily to surface inhomogeneities; 
the error bar shown has a height of f u. 

to the inhomogeneity of the surface. Figure 4 displays a number 
of z values obtained from different positions on the surface for 
three different pH solutions as a function of the total band 
bending (AV,). No systematic variation in z was observed with 
changes in either pH or AV,,. Additionally, z did not show 
any dependence on the addition of phosphate (a surface blocking 
ani0n)~3~* or sulfite (a hole-scavenging a n i ~ n ) . ~ ~ . ~ ~  The average 
hole transit time for all of the measurements plotted in Figure 
4 was 25 ps with a standard deviation of 8 ps. 

This average hole transit time can be used to estimate the 
average surface hole drift velocity, Yh, for this n-TiOz electrode. 
If we assume that the average distance traversed by the 
photogenerated holes is roughly 10 nm, a z of 25 ps implies a 
value of 4 x lo4 cm s-' for Yh. At low electrostatic fields, the 
hole drift velocity is linearly related to Edc by the hole mobility, 
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p h  (Yh = p h E d ~ ) . ~ ’  Using a value of 4 x 104 cm s-1 for Yh and 
a surface dc electric field of 2.5 kV cm-’ for this n-Ti02 
electrode as obtained from eq 2, a hole mobility, ph, of 16 cm2 
V-l s-l can be calculated for photogenerated holes in the f i s t  
20 nm of the space charge layer near the surface. This “near- 
surface” p h  is approximately 30 times greater than the bulk p h  

obtained from the literature value for the hole diffusion constant 
(D = 1.34 x lop2 cm2 s - ~ ) ~  via the Einstein relationship ( p h  = 
De/kT).& There are two possible reasons for this variation: first, 
it is likely that, for the high electric fields and short length scales 
used in these transient band flattening experiments, the drift 
velocity is not linearly related to the bulk hole mobility, diffusion 
constant, or dc electric field.36,40 Deviations from this direct 
relationship of v h  and & have been observed in GaAs at 
electrostatic fields above 3 kV cm-l 36 and in Si above 10 kV 
cm-1.41 A second possible reason for the variation in p h  is that 
the dc electric fields calculated from eq 2 may be too small. 
Variations in the magnitude of the actual surface electrostatic 
fields from those obtained by eq 2 are possible if either (a) the 
Ti02 crystal had a higher doping density in the near surface 
region than in the or (b) a more exact, numerical solution 
of Poisson’s equation was used to calculate the dc electric fields 
at the surface.29 

A second important result, as shown in Figure 4, is that the 
hole drift velocity, vh. was independent of the electric field 
strength within the error limits of our measurements. It is 
possible that, at the high electric fields present at the Ti02 
surface, the holes have reached their saturation drift velocity.40 
To the best of our knowledge, no value for the saturation drift 
velocity for Ti02 has been reported previously in the literature. 
On the other hand, t is not expected to vary greatly over the 
wide range of band bending displayed in Figure 4 because the 
changes in the dc electric fields expected as a function of 
potential are actually quite small. Although AV,, varies from 
0.4 to 1.4 V in Figure 4, the time constant t should depend on 
AVSc, which is the steady-stae band bending under UV 
illumination. Using the steady-state measurements shown in 
Figure 1, a change in AVSc of only 0.15 V is expected for a 
change in AV,, from 0.4 to 1.4 V. This implies that at the 
electrode surface as calculated from eq 2 only varies from 1.7 
to 2.5 kV cm-‘. This variation in E d ,  is not substantial enough 
to result in any changes in t outside the standard deviation of 
f 8  ps observed in our experiments. A systematic series of 
experiments on n-TiOz electrodes at different doping densities 
is required to fully discem the relationship between Yh and E d c  

in this near surface region. 
In summary, the surface EFISH response of the n-Ti02 

semiconductor electrode/electrolyte interface has been used to 
obtain direct measurements of the surface dc electrostatic fields 
on picosecond and nanosecond time scales during the process 
of band flattening by UV excitation. Through a series of 
pump-probe transient band-flattening experiments, an average 
transit time of 25 ps is observed for the movement of 
photogenerated holes to the interface from the first 20 nm of 
the Ti02 electrode surface. This average transit time does not 
vary significantly with band bending, pH, or solution composi- 
tion. These experiments are the first time-resolved SHG 
measurements of the electrostatic fields at a semiconductor/ 
electrolyte interface and demonstrate the utility of this technique 
as a probe of ultrafast phenomena at semiconductor electrodes. 
From the average transit time an average surface hole drift 
velocity of 4 x lo4 cm s-l is estimated; this value differs from 
that expected from the reported values for the bulk hole mobility. 
A time scale of 3-4 ns is observed for the removal of the excess 
photogenerated holes at the electrode surface by a combination 
of electrochemical charge transfer and surface recombination 
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processes. Future experiments will focus on the dependence 
of the transient band flattening on doping density and surface 
morphology. 
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