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 The Effect of Hole Transport Material Pore Filling 
on Photovoltaic Performance in Solid-State Dye-Sensitized 
Solar Cells 
 A detailed investigation of the effect of hole transport material (HTM) pore 
fi lling on the photovoltaic performance of solid-state dye-sensitized solar 
cells (ss-DSCs) and the specifi c mechanisms involved is reported. It is 
demonstrated that the effi ciency and photovoltaic characteristics of ss-DSCs 
improve with the pore fi lling fraction (PFF) of the HTM, 2,2’,7,7’-tetrakis-( N , 
 N  -di-  p  -methoxyphenylamine)9,9’-spirobifl uorene(spiro-OMeTAD). The 
mechanisms through which the improvement of photovoltaic characteristics 
takes place were studied with transient absorption spectroscopy and tran-
sient photovoltage/photocurrent measurements. It is shown that as the spiro-
OMeTAD PFF is increased from 26% to 65%, there is a higher hole injection 
effi ciency from dye cations to spiro-OMeTAD because more dye molecules 
are covered with spiro-OMeTAD, an order-of-magnitude slower recombina-
tion rate because holes can diffuse further away from the dye/HTM interface, 
and a 50% higher ambipolar diffusion coeffi cient due to an improved percola-
tion network. Device simulations predict that if 100% PFF could be achieved 
for thicker devices, the effi ciency of ss-DSCs using a conventional ruthenium-
dye would increase by 25% beyond its current value. 
  1. Introduction 

 Photovoltaic cells have emerged as a promising source of clean 
energy to meet rising concerns for global climate change. [  1  ]  Dye-
sensitized solar cells (DSCs) have received sustained attention 
as one of the most promising photovoltaic technologies, both 
for their low-cost materials and high power conversion effi cien-
cies. [  2  ,  3  ]  Devices using liquid electrolytes have shown effi ciencies 
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surpassing 11%. [  4  ]  Liquid-electrolyte DSCs 
usually have an open-circuit voltage less 
than 800 mV, limited by the energy offset 
between the conduction band of TiO 2  and 
the potential of the redox couple. [  5  ]  Solid-
state dye-sensitized solar cells (ss-DSCs) 
use solid-state hole transport materials 
(HTMs) such as 2,2’,7,7’-tetrakis-( N , N -di- p -
methoxyphenylamine)9,9’-spirobifl uorene 
(spiro-OMeTAD) to replace liquid elec-
trolytes. [  6  ,  7  ]  They offer a viable pathway 
to higher effi ciency because the open-
circuit voltage can be tuned by adjusting 
the highest occupied molecular orbital 
(HOMO) of the HTM. The use of solid-
state HTMs also solves potential leakage 
and corrosion problems associated with 
liquid electrolytes. 

 State-of-the-art ss-DSCs using fi lms 
of mesoporous TiO 2  and spiro-OMeTAD 
as a HTM have just recently reached 6% 
effi ciency [  8  ]  and are optimized at a fi lm 
thickness of 2  μ m. Cells built with thicker 
fi lms absorb more light but exhibit poor charge collection. This 
has been attributed to short diffusion lengths of charge carriers 
inside the cell at operating voltages [  9  ]  ,  [  10  ]  and to the incomplete 
fi lling of TiO 2  pores with spiro-OMeTAD. [  11  ]  The pore fi lling 
of spiro-OMeTAD has long been suggested as an important 
factor in ss-DSC performance, [  12  ]  but the mechanism behind 
its impact on device effi ciency has not been thoroughly studied 
until this point. Recently, we have developed techniques to accu-
rately measure the pore fi lling fraction (PFF), or the percentage 
of TiO 2  pore volume occupied by spiro-OMeTAD. [  13  ]  Currently, 
the PFF is limited to approximately 65% in state-of-the-art 
2- μ m-thick devices, and high PFFs are particularly diffi cult to 
achieve with thicker TiO 2  fi lms. [  10  ,  13  ,  14  ]  Improving the PFF is an 
active research effort in the fi eld. 

 Here we report a detailed investigation of the effect of pore 
fi lling on ss-DSC performance and device physics. We varied 
the concentration of spiro-OMeTAD solution used for infi ltra-
tion and fabricated ss-DSCs at four different PFFs (26%, 39%, 
52%, and 65%). Our cells were fabricated following standard 
procedure using 2- μ m-thick TiO 2  fi lms sensitized with Z907, 
an amphiphilic polypyridyl ruthenium complex commonly 
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used in ss-DSCs. [  15  ]  Our fi ndings show that increasing the PFF 
from 26% to 65% improves the hole injection effi ciency from 
the dye cation to spiro-OMeTAD, signifi cantly increases the 
recombination lifetime of charge carriers, and enhances hole 
transport through spiro-OMeTAD. Based on the mechanisms 
we have observed, we calculate how much increasing the PFF 
past the current value of 65% should improve the performance 
of devices and allow the optimal TiO 2  thickness to increase. 

   2. Results and Discussion 

  2.1. Photovoltaic Performance 

 The photovoltaic characteristics of ss-DSCs with varying PFFs 
are shown in  Figure    1  . Between 26% and 65% PFF, the power 
conversion effi ciency (  η  ) of our devices improved by a factor of 
3 due to consistent increases in short-circuit current ( J  sc ), open-
circuit voltage ( V  oc ), and fi ll factor ( FF ). The strongest improve-
ment was seen in the  J  sc , which increased on average by about 
2.2x. We attribute this effect to both improved hole injection 
from dye cation to spiro-OMeTAD and increased charge collec-
tion effi ciency. The  V  oc  improved by almost 100 mV, suggesting 
a signifi cant increase in recombination lifetime, which we dem-
onstrate in Section 2.3.  

   2.2. Hole Injection from Dye Cations to Spiro-OMeTAD 

 During ss-DSC operation, a dye molecule excited by the absorp-
tion of an incident photon rapidly injects an electron into the 
TiO 2  conduction band. The dye cation can then be regenerated 
either via hole injection from dye to spiro-OMeTAD or through 
direct recombination with an electron in TiO 2 . Previous work 
has shown that hole injection from dye to spiro-OMeTAD takes 
place over a range of time scales spanning from picoseconds 
to nanoseconds [  16  ,  17  ]  and that dye regeneration through recom-
bination with electrons in TiO 2  is signifi cantly slower, on the 
order of hundreds of microseconds for Z907. [  18  ]  Since hole 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com

    Figure  1 .     Current-voltage ( I – V ) characteristics for 2- μ m-thick devices at 
1-sun illumination intensity (100 mW cm  − 2 ).  
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injection can be orders of magnitude faster than the competing 
recombination reaction, we expect the main limitation on the 
hole injection effi ciency results from incomplete dye coverage 
with spiro-OMeTAD, which strands holes on dye molecules 
until they recombine with electrons in TiO 2 . 

 The effect of pore fi lling on hole injection has not yet been 
explicitly examined, although Kroeze et. al. postulated from 
their study of different HTMs that the PFF may strongly 
impact the hole injection effi ciency (defi ned as the fraction of 
photogenerated holes that are successfully injected from dye 
cations to spiro-OMeTAD). [  16  ]  In a previous study, we estimated 
that approximately 49% PFF is required to provide a mono-
layer of dye coverage with spiro-OMeTAD, assuming 20 nm 
spherical TiO 2  pores and conformal coating of spiro-OMeTAD 
on adsorbed Z907. [  13  ]  Below this sub-monolayer threshold, a 
signifi cant fraction of dye molecules are not in contact with 
spiro-OMeTAD. In reality, a perfectly conformal coating of 
spiro-OMeTAD in the TiO 2  pores is highly unlikely, even above 
this threshold. Therefore, some fraction of the dye molecules 
will not be covered with spiro-OMeTAD, especially in smaller 
pores where the diffusion of spiro-OMeTAD molecules is slower 
during deposition. We depict both “low” pore fi lling (sub-
monolayer) and “high” pore fi lling scenarios in  Figure    2  . Based 
on this model, we expect that increasing the PFF will improve 
dye coverage with spiro-OMeTAD and increase the hole injec-
tion effi ciency.  

 We studied hole injection in samples with four different 
PFFs (26%, 39%, 52%, and 65%) using transient absorption 
spectroscopy. [  16  ,  19  ]  The experiment was performed with a pump 
wavelength of 532 nm and a probe wavelength of 520 nm. In 
the absence of spiro-OMeTAD, the pump beam excites the 
Z907 dye, resulting in electron injection into the TiO 2  conduc-
tion band; therefore, photobleaching of the ground state dye 
absorption is observed. In fi lms that contain spiro-OMeTAD, 
an increase in absorption at the probe wavelength is observed 
due to both reduced photobleaching of the dye and increased 
absorption from spiro-OMeTAD  +   resulting from hole injec-
tion from the dye cation. The probe wavelength was specifi cally 
chosen so that there would be negligible absorption from the 
dye cation and unoxidized spiro-OMeTAD. It is well known that 
spiro-OMeTAD does not absorb signifi cantly at wavelengths 
longer than 450 nm. [  20  ]  Photoinduced absorption studies have 
shown that TiO 2  sensitized with the ruthenium-based dye N3, a 
dye with very similar structural characteristics to Z907, exhibits 
strong bleaching at the probe wavelength, suggesting that dye 
cation absorption at this wavelength is far weaker than absorp-
tion from the dye ground state in this family of dyes. [  21  ]  The 
hole injection effi ciency  ( η   hole_inj ) can then be determined by 
mbH & Co. KGaA, Weinheim Adv. Energy Mater. 2011, 1, 407–414

    Figure  2 .     Schematic illustration showing the improvement of dye cov-
erage with spiro-OMeTAD between low and high PFFs.  
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comparing the change in optical density after a pump pulse 
in samples with and without spiro-OMeTAD (  Δ OD w_spiro   and 
  Δ OD wo_spiro  , respectively) and using the equation:

 

�ODw s pir o = �ODwo s pir o · (1 −0hole inj )

−�ODwo s pir o ·0hole inj · g s pir o+

gZ907   (1)    

   ε  spiro  
 +    and   ε  Z907   are the absorption coeffi cients of 

spiro-OMeTAD  +   (18,700 M  − 1  cm  − 1 ) [  17  ]  and the Z907 ground state 
(12,000 M  − 1  cm  − 1 ) [  22  ]  at 520 nm, respectively. The fi rst term on 
the right side of  Equation 1  shows how   Δ OD w_spiro   drops as 
hole injection to spiro-OMeTAD from the dye cation reduces 
the ground state bleach. The second term accounts for the 
absorption by spiro-OMeTAD  +   that replaces bleaching in the 
dye as holes transfer to spiro-OMeTAD. A detailed derivation 
of  Equation 1  is shown in the supporting information. For our 
samples, we used optical densities averaged between the rise 
time of the detection system ( ∼ 40  μ s) and the onset of the 
recombination reaction ( ∼ 100  μ s). [  18  ]  

  Figure    3  a shows   Δ OD  as a function of time in samples with 
and without spiro-OMeTAD, and Figure  3 b shows that the hole 
injection effi ciency signifi cantly increases with higher PFF, as 
© 2011 WILEY-VCH Verlag GAdv. Energy Mater. 2011, 1, 407–414

    Figure  3 .     a) Change in optical density at 520 nm after excitation at 
532 nm for 2- μ m-thick devices with different spiro-OMeTAD PFFs and 
one reference device with no spiro-OMeTAD; b) calculated hole injection 
effi ciencies vs. PFF.  
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expected. Between 26% and 65% PFF, there is an increase in 
hole injection effi ciency of approximately 1.65x, from 57% to 
94%. The hole injection effi ciency value of 94% measured for 
65% PFF is slightly higher than but within experimental error of 
the value of 90% measured by Kroeze et al. [  16  ]  Figure  1  showed 
that the  J  sc  increased by about 2.2× between our 26% and 65% 
PFF devices. The  J  sc  is directly proportional to the hole injec-
tion effi ciency, so the increase in hole injection effi ciency with 
PFF that we have demonstrated accounts for a signifi cant por-
tion of this gain. We note that there has recently been renewed 
discussion on the uncertainty of absorption coeffi cients (  ε  spiro  

 +    
and   ε  Z907  ) caused by the Stark effect or measurement errors, [  23–

25  ]  which could shift the hole injection effi ciency values shown 
in Figure  3 b. Nonetheless, the trend of higher PFF resulting in 
higher hole injection effi ciency remains valid.  

  Equation 1  is valid under the assumption that the formation 
of the spiro-OMeTAD  +   species following hole injection is com-
plete within the rise time of the detection system (40  μ s). Our 
technique might slightly underestimate hole injection effi ciency 
in the case that mechanisms slower than 40  μ s account for a sig-
nifi cant fraction of hole injection. Normally, we expect hole injec-
tion to be complete after approximately 10 ns. [  17  ]  However, in the 
case of low PFF samples, there may be many dye molecules that 
are not touching spiro-OMeTAD and cannot directly inject their 
holes. One of the potential slower injection mechanisms is via lat-
eral “hole-hopping” between dye molecules, [  17  ,  26  ]  where a hole on 
one dye cation is transferred to another dye molecule that is con-
tacting spiro-OMeTAD. Wang et al. measured the hole diffusion 
coeffi cient on a self-assembled monolayer of Z907 to be approxi-
mately 4.1  ×  10  − 9  cm 2  s  − 1 . [  26  ]  Using this value, we can calculate the 
expected displacement of holes from their original dye molecules 
at any time after dye cation formation using a simple diffusion 
model. After 180  μ s, which is approximately the decay half-time 
of the competing recombination process between electrons in 
TiO 2  and Z907 cations, [  18  ]  a hole will have diffused about 9 nm, 
spanning approximately seven Z907 molecules. [  27  ]  Therefore, we 
expect that some dye cations that are not directly touching spiro-
OMeTAD will be able to transfer their hole through this “hole-
hopping” process and avoid recombination with electrons in 
TiO 2 . However, no signifi cant increase in absorption in our meas-
urements between 40 and 100  μ s was observed, suggesting that 
hole injection happens faster than 40  μ s, even for sub-monolayer 
systems such as 26% and 39% PFF. 

   2.3. Recombination Between Electrons in TiO 2  and Holes 
in Spiro-OMeTAD 

 Following charge separation at the TiO 2 /dye/spiro-OMeTAD 
interface, recombination between electrons in TiO 2  and holes 
in spiro-OMeTAD becomes the dominant loss mechanism 
in ss-DSCs. Recombination is thought to occur via quantum 
mechanical tunneling of electrons from TiO 2  through the dye 
to recombine with holes in spiro-OMeTAD. [  28  ]  As we increase 
the amount of spiro-OMeTAD in the TiO 2  pores, we slow 
down recombination by allowing holes to diffuse away from 
the pore surface, thereby increasing the average spatial separa-
tion between electrons in TiO 2  and holes in spiro-OMeTAD as 
depicted schematically in  Figure    4  .  
409mbH & Co. KGaA, Weinheim wileyonlinelibrary.com
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    Figure  4 .     Schematic diagram showing the effect of the PFF on the spatial 
separation of holes from the dye-coated TiO 2  pore surface. Sub-monol-
ayer coverage of dye molecules with HTM is shown in the case of low PFF. 
Real pores are not perfectly spherical as shown here.  
 To directly quantify the effect of pore fi lling on recombina-
tion, we measured the recombination lifetime (inverse of the 
recombination rate constant) in our devices using transient 
photovoltage measurements, as described previously. [  10  ,  29  ]  
 Figure    5   shows the measured recombination lifetimes under 
short-circuit conditions. A strong linear correlation between the 
PFF and the recombination lifetime was observed, with roughly 
an order of magnitude increase between 26% and 65% PFF.  

 The recombination lifetime directly affects the open-circuit 
voltage ( V  oc ) of a device. Using a model derived by Snaith 
et al. for ss-DSCs [  28  ]  we expect the  V  oc  to scale with   τ   rec  according 
to  Equation 2 , where the constant  V  0  depends on a variety of 
factors,  d  is the fi lm thickness,   α   is the average absorption 
coeffi cient of the fi lm,   τ   0  is a time constant, and  d  0  is a length 
constant (a detailed derivation is shown in the supporting 
information):

 VOC = V0 +
2kT

q
(ln(J r ec

/
J 0) − 2 ln(d / d0) + ln(1 − e−"d ))  (2)    

 Using our obtained recombination lifetimes for the 26% and 
65% PFF cells, from  Equation 2  we expect a 99 mV increase 
in  V  oc  at room temperature in this pore fi lling range, which is 
well within experimental error of the actual average improve-
ment of 94 mV that we observed. We expect that enhancing 
the PFF past 65% will continue to increase the average spatial 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com

    Figure  5 .     Recombination lifetime vs. PFF at short-circuit (V  =  0) for 2- μ m-
thick devices, obtained through transient photovoltage measurements at 
100 mW cm  − 2  white light intensity.  
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separation of opposite charge carriers in ss-DSCs, and thereby 
further increase the recombination lifetime. 

   2.4. Ambipolar Charge Transport 

 For effective charge collection in ss-DSCs, injected charges 
must reach their respective electrodes before recombination. 
Therefore, effi cient charge transport is crucial to device per-
formance. Charge transport in DSCs is known to be a process 
of ambipolar diffusion, where electrons in TiO 2  and holes in 
the hole transport medium have different charge carrier mobili-
ties but are extracted from the device at the same rate. [  30  ]  An 
ambipolar diffusion coeffi cient ( D  amb ) describes the diffusion of 
both electrons and holes (where  n  and  p  are the concentration 
of electrons and holes respectively, and  D  n  and  D  p  are the diffu-
sion coeffi cients of electrons and holes respectively):

 Damb =
(n + p)

(n /Dp) + (p /Dn)
  (3)    

 As we increase the amount of spiro-OMeTAD inside the 
pores, we provide a less “torturous” route for holes to diffuse to 
the device electrodes. [  31  ]  According to percolation theory, which 
has been applied to similar systems such as electrons diffusing 
in mesoporous TiO 2 , [  32  ]  an increase in the fraction of pore 
space occupied by spiro-OMeTAD should increase  D  p , which 
would boost  D  amb . We directly measured  D  amb  in our devices 
with different PFFs through transient photocurrent measure-
ments. The photocurrent decay time constant (  τ   j ) extracted 
from a transient photocurrent measurement is considered to 
represent the sum of the recombination rate and the charge 
transport rate: [  29  ] 

 1

J j
=

1

J r e c
+

1

J trans

  (4)    

 Once   τ   j  and   τ   rec  were measured at a particular potential, the 
charge transport lifetime (  τ  trans  ) was extracted, and  D  amb  was cal-
culated as per the literature [  10  ]  (where  d  is the device thickness):

 Damb =
d2

2.35 ·J trans
  (5)    

 We found a small but statistically signifi cant improvement 
in  D  amb  at V  =  0 with pore fi lling, with an increase of approxi-
mately 1.5× between 26% and 65% PFF ( Figure    6  ).  

  D  amb  only changes by a small amount with pore fi lling 
because it is primarily limited by electron transport in TiO 2 , [  31  ]  
and the diffusion of electrons in TiO 2  is not signifi cantly 
impacted by the PFF. Therefore, we expect any further gains in 
 D  amb  with pore fi lling past 65% to be small. Below 26% PFF, we 
expect  D  amb  to quickly decrease as the hole conduction pathway 
reaches a critical percolation threshold [  32  ]  below which trans-
port is no longer possible. In our experience, ss-DSCs using 
spiro-OMeTAD cease to function with less than about 15% 
PFF, almost certainly due to this effect. It should be noted that 
ss-DSCs using semiconducting polymers (such as P3HT [  33  ]  or 
PEDOT [  34  ] ) may exhibit higher  D  amb  at lower PFFs because of 
higher charge carrier mobilities and lower percolation thresh-
olds associated with these polymers. 
bH & Co. KGaA, Weinheim Adv. Energy Mater. 2011, 1, 407–414
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    Figure  6 .     Ambipolar diffusion coeffi cient vs. PFF at short-circuit 
(V  =  0) for 2- μ m-thick devices, obtained through transient photovoltage 
and photocurrent measurements at 100 mW cm  − 2  white light intensity.  
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    Figure  7 .     a) Calculated diffusion lengths and b) charge collection effi -
ciencies for for 2- μ m-thick devices at V  =  0 at 100 mW cm  − 2  white light 
intensity.  
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   2.5. Charge Collection Effi ciency and Diffusion Lengths 

 Having quantitatively investigated both the processes of charge 
transport and recombination, we directly calculated the effec-
tive diffusion lengths and charge collection effi ciencies in our 
devices. The effective diffusion length ( L  D ), or average distance 
traveled by charge carriers before recombination, was calculated 
from the following equation:

 L D =
√

Damb ·J r e c   (6)    

 In light of recent debate in the literature as to how to prop-
erly measure the diffusion length in DSCs, [  35 – 37  ]  our analysis 
focuses mostly on charge collection effi ciency. The charge col-
lection effi ciency (  η   cc ) represents the percentage of successfully 
injected charges that reach the device electrodes, and was calcu-
lated as follows: [  38  ] 

 0cc =
1

1 + (J trans/J r ec)  (7)    

 Diffusion lengths and charge collection effi ciencies at V  =  0 
for our devices are shown in  Figure    7  a and   7  b, respectively.  

 There was a strong linear relationship between  L  D  at V  =  0 
and the PFF in our cells, whereas the charge collection effi ciency 
rapidly improved from 68% at 26% PFF and then saturated, 
achieving 96% at 65% PFF. The charge collection effi ciency 
can also be used to calculate the internal quantum effi ciency 
(IQE) of a DSC, which is the product of the electron injec-
tion effi ciency  ( η  electron_inj  ), hole injection effi ciency  ( η  hole_inj  ), 
and charge collection effi ciency  ( η  cc  ):

 I QE = 0electron inj ·0hole inj ·0cc   (8)    

 The  J  sc  is proportional to the  IQE , and therefore also to the 
charge collection and hole injection effi ciencies. We observed 
an average gain in  J  sc  of 2.2x between 26% and 65% PFF 
(Figure  1 ), which was signifi cantly higher than the average 
improvement in charge collection effi ciency of 1.4x (Figure  7 b). 
© 2011 WILEY-VCH Verlag GmAdv. Energy Mater. 2011, 1, 407–414
We assume that the electron injection effi ciency was constant 
throughout our samples, and attribute any additional gains in 
 J  sc , after accounting for the charge collection effi ciency, to an 
improvement in the hole injection effi ciency. Therefore, based 
on our charge collection effi ciency and  J  sc  data, we estimate 
that the hole injection effi ciency improved by a factor of 1.55 
between 26% and 65% PFF. This is within experimental error 
of the improvement of 1.65 in hole injection effi ciency that we 
measured in this range (Figure  3 b). 

 Even though charge collection was nearly unity (96%) for 
optimized (2- μ m-thick 65% PFF) ss-DSCs, this would not be 
the case for thicker fi lms, even if we were able to maintain 65% 
PFF.  Equation 5  shows that the transport lifetime (  τ   trans ) is pro-
portional to the square of the fi lm thickness at a constant diffu-
sion coeffi cient. Thus, even with constant pore fi lling, charge 
collection effi ciency would signifi cantly decrease with a thicker 
fi lm. As discussed before, we expect that increasing the PFF 
past 65% will continue to increase recombination lifetimes, 
which would help to boost charge collection for thicker fi lms. 

   2.6. Future Device Performance with Enhanced Pore Filling 

 In this materials system, further enhancement of pore fi lling is 
crucial to effi cient performance in devices thicker than 2  μ m. 
The highest PFF we achieved in this project was approximately 
65% due to limitations with solution-based deposition. [  14  ]  How-
ever, it is instructive to consider the extent of the effi ciency 
improvement if the PFF could be increased to 100% regardless 
of the TiO 2  fi lm thickness. The effi ciency improvement can be 
predicted quantitatively by calculating how the  V  oc  and  J  sc  are 
affected by the change in device thickness and recombination 
lifetime. 

 There are several assumptions involved in our model. First, 
we assume that the primary effect of increasing the PFF from 
65% to 100% is to increase the recombination lifetime, which 
is strongly dependent on the choice of dye and HTM (Z907 and 
spiro-OMeTAD for this study), and that the two parameters have 
a linear relationship. From the linear fi t of Figure  5 , we assume 
that increasing the PFF from 65% to 100% will increase the 
recombination lifetime by 70% to 16.8 ms. We further assume 
that increasing the PFF will not help hole injection because 
nearly all dye molecules are well covered by spiro-OMeTAD at 
65% PFF, and that the ambipolar diffusion coeffi cient for 100% 
PFF is the same as at 65% PFF because the ambipolar diffusion 
411bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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coeffi cient at high pore fi lling is primarily limited by electron 
transport in TiO 2 . 

 Using  Equation 2 , we calculated the  V oc   as a function of the 
recombination lifetime (  τ  rec  ) and device thickness ( d ).  V 0   was cal-
culated by substituting in the known values of the other param-
eters from a reference device. The short-circuit photocurrent 
( J sc  ) can be obtained by integrating the product of EQE and solar 
illumination intensity against wavelength. The EQE for ss-DSCs 
is product of the absorption (  η   abs (  λ  )) and  IQE  ( Equation 9 ) :  

E QE (8) = 0abs (8) ·0el ectr on inj ection ·0hole inj ection ·0cc   (9)    
 For devices with different thicknesses,   η   abs (  λ  ) can be calcu-

lated by Beer’s law, and   η   cc  can be calculated using  Equations 
5  and  7 . The extinction coeffi cient for each wavelength was 
obtained by measuring the absorption of the active layer with 
an integrating sphere. [  39  ]  The product of electron injection effi -
ciency and hole injection effi ciency for our reference device was 
estimated to be 0.84 by independently measuring the IQE and 
charge collection effi ciency. Finally, the  J  sc  was obtained by inte-
grating the product of EQE and solar illumination intensity. 

 The modeled charge collection effi ciency,  J sc  ,  V oc   and power 
conversion effi ciency as a function of TiO 2  fi lm thicknesses 
are shown in  Figure    8  . The fi ll factor was assumed to be 0.7 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com

    Figure  8 .     Modeled device parameters for Z907/spiro-OMeTAD system as a
line), and PFF  =  100% (red line). a) charge collection effi ciency,   η   cc ; b) short
effi ciency.  
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and independent of thickness. Two different scenarios are 
considered: PFF  =  65%, and PFF  =  100%. It should be noted 
that both are “ideal-case” scenarios, as in reality, PFF decreases 
with increasing TiO 2  fi lm thicknesses. [  10  ,  13  ]  We can see from 
Figure  8  that as thickness goes up, the  J  sc  increases and pla-
teaus (due to increasing light absorption but decreasing charge 
collection effi ciency) and the  V  oc  consistently decreases. The 
effect of increasing thickness on power conversion effi ciency 
is as follows: the effi ciency increases early on due to improved 
light absorption, but eventually reaches a plateau and starts 
dropping again as the charge collection effi ciency decreases 
and  V  oc  losses become signifi cant. The thickness at which 
the effi ciency reaches a plateau is larger at higher pore fi lling. 
If 100% PFF could be realized on a thick fi lm, an optimized 
device (5- μ m-thick, 100% PFF) would be 4.0% effi cient, which 
is 25% higher than the 3.2%-effi cient reference device used in 
this model (2- μ m-thick, 65% PFF). It should be noted that the 
calculation above is based on ss-DSCs with Z907 dye; organic 
dyes with higher extinction coeffi cients will make the  J  sc  satu-
rate at thinner thicknesses, but increasing the PFF should still 
benefi t the power conversion effi ciency because of the increase 
in   η   cc  and  V  oc . Developing techniques for further improving the 
PFF is an active area of research. [  14  ,  40  ]   
bH & Co. KGaA, Weinheim Adv. Energy Mater. 2011, 1, 407–414

 function of TiO 2  thickness for two different scenarios: PFF  =  65% (black 
-circuit photocurrent,  J  sc ; c) open-circuit voltage,  V oc  ; d) power conversion 
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    3. Conclusions 

 The effect of hole transport material pore fi lling on device 
physics in solid-state dye-sensitized solar cells was quantitatively 
investigated for the fi rst time using Z907-sensitized ss-DSCs and 
the HTM spiro-OMeTAD. The photovoltaic performance of our 
2- μ m-thick devices correlated strongly with the PFF, with a 3-fold 
increase in effi ciency between devices with 26% and 65% PFF. 
Using a combination of transient absorption spectroscopy and 
transient photovoltage/photocurrent measurements, we showed 
that increasing the PFF impacts device physics in the following 
ways: 1) improving the coverage of dye with spiro-OMeTAD, 
yielding a higher charge injection effi ciency; 2) reducing the 
concentration of holes at the TiO 2 /dye/spiro-OMeTAD interface, 
giving a higher recombination lifetime; and 3) improving the 
percolation pathway of holes in spiro-OMeTAD, increasing the 
ambipolar diffusion coeffi cient for charges in the device. Using 
the data we collected, we predicted the performance of thicker 
Z907-sensitized ss-DSCs with 65% and 100% PFF of spiro-
OMeTAD. Our model suggests that, due to further increases in 
the recombination lifetime, with 100% PFF the effi ciency-opti-
mized fi lm thickness would signifi cantly increase from 2 to 5 
 μ m, and the effi ciency would improve by about 25% from its 
current value due to enhanced light absorption. 

 This work has broad implications for ss-DSC development, 
as the qualitative trends we have proposed and demonstrated 
with spiro-OMeTAD in this study can likely be extended to 
other HTMs. Furthermore, the device modeling strategy pre-
sented here, which focuses on decomposing the EQE and  V  oc  
as a function of experimentally determined parameters, is 
applicable to any DSC system. The methods used in this study 
to determine the hole injection and charge collection effi cien-
cies of devices are also widely transferable. 

 The development of  > 10% effi cient ss-DSCs will most likely 
require using a variety of parallel strategies to increase light 
absorption and reduce recombination. We identify increasing 
the PFF as one promising approach that is complementary 
to a number of others, including developing high-extinction-
coeffi cient and broad-absorbing dyes [  7  ,  8  ]  and/or light absorbing 
hole transport materials, [  33  ]  using energy relay concepts to 
broaden absorption spectra, [  41–43  ]  using plasmonic effects to 
increase light absorption, [  44  ,  45  ]  and designing new dyes, HTMs, 
and co-adsorbents that reduce recombination rates. [  46  ,  47  ]  We 
believe that the development of new HTMs and deposition 
techniques that can achieve near-unity pore fi lling in TiO 2   [  14]    
will play a crucial role in optimizing future ss-DSCs. 

   4. Experimental Section 
  Cell Fabrication : Fluorine doped tin oxide coated glass (Pilkington TEC 

15) was patterned through etching with zinc powder and 4  M  HCl, and 
then cleaned by scrubbing with 2% Helmanex detergent in water followed 
by rinsing with acetone and ethanol. A thin (approximately 100 nm) 
compact layer of TiO 2  was deposited through spray pyrolysis of diluted 
titanium diisopropoxide bis(acetylacetonate) in ethanol, using oxygen as 
a carrier gas. 2- μ m-thick mesoporous TiO 2  fi lms (roughly 0.7 cm 2 ) were 
screen printed on top of the compact layer using a widely available TiO 2  
nanoparticle paste (Dyesol 18-NRT), and sintered at 500  ° C. The samples 
were treated with 0.02 M TiCl 4  at room temperature for 6 hours, followed 
by rinsing with water and heating again to 500  ° C. At approximately 
© 2011 WILEY-VCH Verlag GmAdv. Energy Mater. 2011, 1, 407–414
80 °  C the cells were dipped into Z907 dye (0.3 mM in 1:1 acetonitrile:tert-
butyl alcohol) for 6 hours, and then rinsed with acetonitrile to remove 
excess dye. Spiro-OMeTAD was dissolved in chlorobenzene at a 
concentration of 180 mg/mL by heating for 30 minutes at 60  ° C. Lithium 
bis(trifl uoromethylsulfonyl)imide salt (Li-TSFI) dissolved in acetonitrile 
(170 mg/mL) was added to the spiro-OMeTAD solution at a ratio of 
15  μ L Li-TFSI solution: 72 mg of spiro-OMeTAD, and 4- tert -Butylpyridine 
(TBP) was added at a ratio of 7  μ L TBP: 72 mg spiro-OMeTAD. The 
spiro-OMeTAD solution was then diluted with chlorobenzene to various 
other concentrations, but the ratio of spiro-OMeTAD to Li-TFI and TBP 
remained unchanged. The cells were spin coated with approximately 
40  μ L of spiro-OMeTAD solution at a rate of 2000 rpm for 30 seconds. 
100 nm gold electrodes were thermally evaporated onto the cells. Gold 
was chosen for an electrode material because it forms a Schottky barrier 
with TiO 2  in ss-DSCs, [  31  ]  preventing a shunting route for electrons in the 
case where there is little or no spiro-OMeTAD blocking overlayer. The 
cells were each sealed with a glass slide heated onto a 25  μ m Surlyn 
frame surrounding the cell active area. All cells were stored in the dark 
after fabrication. Each data point on Figures  1 ,  5 ,  6 , and  7  represent the 
mean and standard deviation from 5 – 6 identical cells. 

  Pore Filling Quantifi cation:  The pore fi lling fractions reported in 
this study were calculated using previous work [  13  ]  that experimentally 
confi rmed a model [  10  ]  relating the TiO 2  pore fi lling fraction to the spiro-
OMeTAD spin coating concentration. Empirically, the relationship 
between the PFF and spiro-OMeTAD spin coating concentration is linear 
from 0 to 180 mg/mL for a cell of roughly 2  μ m thickness, whereafter 
it saturates at a PFF of approximately 65%. [  13  ,  14  ]  We refer to cells spin 
coated at 72 mg/mL, 108 mg/mL, 144 mg/mL, and 180 mg/mL as having 
26%, 39%, 52%, and 65% pore fi lling respectively. A 5% relative standard 
deviation in the calculated PFF was estimated based on our experience. 

  Transient Photovoltage and Photocurrent Measurements:  Transient 
photocurrent and photovoltage measurements were taken with the 
same physical setup as the one Snaith et al. used. [  10  ]  Cells were white 
light biased at 1 sun (100 mW cm  − 2 ) with an array of white Lumiled 
diodes and pulsed with 50 ms square waves from four red LEDs. The 
red light pulse intensity was designed to give less than 5% perturbation 
in photovoltage at the cell’s  V  oc  in order to ensure mono-exponential 
decay kinetics. Voltage and current across the cells were controlled 
and measured with a Keithley 2400 sourcemeter. For each transient 
photocurrent measurement, a fi xed bias was held across the cell, 
and during the transient red light pulse the current output of the cell 
temporarily increased. After the light pulse the time constant (  τ   j ) of the 
ensuing mono-exponential photocurrent decay was measured. Similarly, 
for each transient photovoltage measurement, a fi xed current was held 
through the cell, biasing the cell at a specifi c point on its current-voltage 
(I-V) curve, and the mono-exponential photovoltage decay following the 
transient pulse was due solely to the recombination of charges within 
the fi lm. [  10  ]  Fitting this photovoltage decay yielded the recombination 
lifetime (  τ  rec  ). After a 5 minute light soak at 1 sun, transient photocurrent 
and photovoltage measurements were taken at various bias points in 
40 mV steps, scanning from  V  oc  to short circuit (V  =  0), roughly a 15 minute 
process. Our analysis focused on lifetimes obtained at V  =  0 since this is 
a convenient constant bias point for diverse samples. The transient red 
LED pulse intensity was kept constant for each of these measurements 
and between different cells. For transient photovoltage measurements, it 
became diffi cult to accurately enforce a bias near short circuit due to the 
typical fl at shape of the photovoltaic current-voltage curve in that region, 
so the bias point closest to V  =  0 was chosen to represent short circuit 
for each cell. This generally fell within approximately  ± 0.05 V of V  =  0. 

  I–V Measurements : Cells were subjected to an additional 3 minute light 
soak at 1 sun directly before  I – V  measurements.  I – V  curves were taken 
with a Keithley 2400 sourcemeter, using an AM 1.5G solar simulator with 
a Xenon lamp calibrated with a reference silicon diode; a full description of 
this setup is given elsewhere. [  48  ]  The size of the mask used to test the cells 
was 0.1517 cm 2  (as measured by SEM). The cells had been characterized 
through transient measurements less than 12 hours prior to  I – V  testing. 

  Transient Absorption Spectroscopy:  Transmission-mode transient 
absorption experiments were conducted using a frequency doubled, 
413bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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Q-switched Nd:YAG laser (Spectra-Physics) as the excitation source 
(532 nm, 10 Hz rep. rate, and 5 ns pulse duration). The probe beam 
was comprised of a 100 W mercury lamp coupled into a monochromator 
with order-sorting fi lters. An identical monochromator (also with order 
sorting fi lters) was placed after the sample to reject stray light from 
the detector. The signal was acquired using a silicon photodiode with 
a home-built amplifi cation/fi ltering system and was captured using 
a digital oscilloscope (Tektronix). High frequency noise was further 
removed using a Savitzky-Golay smoothing technique. Devices for 
transient absorption measurements were fabricated according to 
standard procedure [  14  ]  but without a metal electrode, and were sealed 
in a nitrogen chamber before characterization to avoid dye degradation 
in air. Each data point in Figure  3 b represents one device, with the error 
bars representing the calculated instrument error. 
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1. Derivation of Equation 1 

In the transient absorption experiment, the hole injection efficiency ( injhole _η ) is obtained from 

taking the transient absorption signal for both the reference Z907-sensitized TiO2 film without 

spiro-OMeTAD and a Z907-sensitized TiO2 film with spiro-OMeTAD. In this section, Equation 

1 in the main text will be derived. 

 

1.1. Experiment 1: Transient Absorption in the Absence of Spiro-OMeTAD 

Since there is no spiro-OMeTAD in this system, the only mechanism for the decay of dye 

cations is recombination with electrons in TiO2. At steady state, the concentrations of dye and 

dye cation present in the system are 0
dyeC  and 0

+dyeC , respectively. After a laser pump signal at 

wavelength λpump, ΔC dye molecules per unit volume that were excited by the pulse inject 

electrons into the TiO2 conduction band, leaving behind dye cations.  

))(1()( 0 tdCCtC dyedye −×Δ−=         (S1) 

))(1()( 0 tdCCtC dyedye −×Δ+= ++         (S2) 



 Submitted to  

���2������2�� 

Here, d(t) is the function that returns the fraction of dye cations that have recombined with 

electrons in TiO2 at time τ after the laser pulse. Generally, this takes the following form (where τ 

is a time constant associated with the dye being used): 

( ) τtetd −−= 1            (S3) 

Looking only at changes in concentration before and after the pulse, we find: 

))(1()( tdCtCdye −×Δ=Δ          (S4) 

))(1()( tdCtCdye −×Δ=Δ +          (S5) 

We can directly measure ΔC in a number of ways. The easiest way is to probe at a wavelength 

(λprobe) where the dye absorbs strongly and the dye cation barely absorbs at all. Using the Beer-

Lambert law, we can relate the steady state absorbance (ie. optical density) of the film at λprobe 

without spiro-OMeTAD (ODwo_spiro) to the absorption path length (l), dye concentration, and the 

dye molar extinction coefficient at the probe wavelength (εdye): 

ltCtOD dyedyespirowo ××= )()(_ ε         (S6) 

We are assuming that no other species will absorb at this wavelength, such as dye cations or 

electrons in TiO2. This is a critical assumption, and must be well justified in order to maintain 

experimental accuracy. After a small perturbation from a pump pulse, the absorption will 

change: 

[ ] ltdCltCtOD dyedyedyespirowo ×−×Δ×=×Δ×=Δ ))(1()()(_ εε     (S7) 

If we make this measurement at a short time after perturbation (t = t0) when 0)( ≈td , then: 

dye

spirowo

l
tOD

C
ε×

Δ−
≈Δ

)( 0_          (S8) 
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1.2.  Experiment 2: Transient Absorption in the Presence of Spiro-OMeTAD 

Now, we examine an identical system, but this time with spiro-OMeTAD infiltrated into the 

pores of the TiO2 film. At steady state, the concentrations of dye, dye cation, and oxidized spiro-

OMeTAD present in the system are 0
dyeC , 0

+dyeC , and 0
+spiroC  respectively. It is important to note 

that we are assuming that unoxidized spiro-OMeTAD will not absorb at λpump or λprobe. After the 

perturbation, dye cations will inject electrons into spiro-OMeTAD (creating more spiro-

OMeTAD+), and there will also be recombination between holes on dye cations and electrons in 

TiO2 (we ignore recombination between holes in spiro-OMeTAD and electrons in TiO2 because 

such processes happen on a much longer timescale): 

))()(1()( 0 tftdCCtC dyedye −−×Δ−=        (S9) 

))()(1()( 0 tftdCCtC dyedye −−×Δ+= ++        (S10) 

)()( 0 tfCCtC spirospiro ×Δ+= ++         (S11) 

The function d(t) is as before. Here, f(t) is a function that returns the fraction of dye cations that 

have been regenerated at time t by injecting holes into spiro-OMeTAD (creating spiro+). In other 

words, f(t) is the cumulative hole injection efficiency at time t after injection. The total hole 

injection efficiency is the value of f(t) when there no more excess dye cations available for hole 

injection. The function f(t) is generally a constant minus a multi-exponential decay, representing 

various hole injection mechanisms. The change in concentrations after the perturbation will be: 

))()(1()( tftdCtCdye −−×Δ−=Δ         (S12) 

))()(1()( tftdCtCdye −−×Δ=Δ +         (S13) 

ΔCspiro+(t) = ΔC × f (t)         (S14) 
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We are now interested in probing the absorption of this new system. Let's assume as before that 

the dye cation, spiro-OMeTAD, and electrons in TiO2 do not absorb at our probe wavelength. 

The absorption of this film with spiro-OMeTAD (ODw_spiro) will be: 

ltCtltCtOD spirospirodyedyespirow ××+××= ++ )()()()(_ εε      (S15) 

After a perturbation, we can calculate the change in absorption: 

ltCtltCtOD spirospirodyedyespirow ×Δ×+×Δ×=Δ ++ )()()()(_ εε      (S16) 

Using Equations S12 an d S14, we substitute and re-arrange Equation S16: 

( ) ( )( )( ) ( )( ) ltfCltftdCtOD spirodyespirow ××Δ×+×−−×Δ−×=Δ +εε 1)(_    (S17) 

( ) ( )( ) ( )tfCtftdC
l

tOD

dye

spiro

dye

spirow ×Δ×+−−×Δ−=
×

Δ +

ε
ε

ε
1

)(_      (S18) 

( ) ( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+××Δ=

×

Δ + 11
)(_ tdtfC

l
tOD

dye

spiro

dye

spirow

ε
ε

ε
      (S19) 

Now, let us evaluate this expression at our previously used t = t0, plugging in the value of ΔC 

from Equation S8 and re-arranging. We obtain: 

( ) ( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+××

×

Δ−
=

×

Δ + 11
)()(

00
0_0_ tdtf

l
tOD

l
tOD

dye

spiro

dye

spirowo

dye

spirow

ε
ε

εε
   (S20) 

Using that ( ) 00 ≈td , and re-arranging, we obtain: 

( ) 11
)(

)(
0

0_

0_ −⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+×=

Δ

Δ− +

dye

spiro

spirow

spirowo tf
tOD

tOD
ε

ε
       (S21) 

Finally, we obtain f(t0): 

f t0( )= 1 −
ΔODw _ spiro(t0)
ΔODwo _ spiro(t0)

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ × 1+

εspiro+

εdye

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

−1

       (S22) 
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We previously stated that the total hole injection efficiency is equal to f(t0) for some t0 when 

there are no more excess dye cations available for hole injection, which would logically imply 

that d(t0) + f(t0) = 1. Here, this is not necessarily the case (since ( ) 00 ≈td and f t0( )<1by 

assumption). However, it is quite plausible that at t0, the hole injection efficiency has "saturated." 

This is perhaps more obvious when we remember that f(t) is generally a constant minus a multi-

exponential decay. If the decay constants are significantly smaller than t0, then f(t) will have 

saturated already by time t0. If this is the case, we can say: 

ηhole _ inj = 1 −
ΔODw _ spiro(t0)
ΔODwo _ spiro(t0)

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ × 1+

ε spiro+

ε dye

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

−1

       (S23) 

Rearranging Equation S23 and replacing dyeε with 907Zε , we find: 

ΔODw _ spiro = ΔODwo _ spiro ⋅ (1−ηhole _ inj ) − ΔODwo _ spiro ⋅ ηhole _ inj ⋅
ε

spiro+

εZ 907

    (S24) 

which is Equation 1 in the main text. 

 

2. Derivation of Equation 2 

Equation 2 in the main text is simplified from Equation 11 of reference [28]. In this section, the 

simplification process is shown step-by-step. 

The original Equation 11 of reference [28] has the following form: 

( ) ( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−
−⋅+

Δ+Δ+
= −− 22)1(2

22
0

)1(
40000

ln4
2

d
npnpB

oc egI
ddddndpk

r
q

kT
q

E
V αβγ

φφ    (S25) 

We also know that the recombination constant (k0) has the following form (from Equation 6 in 

[28]): 
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⎟
⎠
⎞

⎜
⎝
⎛ Δ
−−=

kT
ErIkk rec exp)2exp(/0 γβ         (S26) 

Substituting Equation S26 into Equation S25, we find: 

( ) ( )

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

⎟
⎠
⎞

⎜
⎝
⎛ Δ
−−−

−⋅+
Δ+Δ+

=
−−

kT
ErIegI

ddddndpk
r

q
kT

q
EV

d

npnprecB
oc 2exp)4exp()1(

40000
ln42

222)1(2

22

γ
γ

φφ
βαβ

 (S27) 

Simplifying the terms and using the approximation that dp and dn = d/2, we find: 

( ) ( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

⋅−
−⋅+

Δ+
= − 222

42

)1(
10000

ln
Ieg

ddndpk
q

kT
q

V d
nprecB

oc α

φφ      (S28) 

In Equation S28, φB is the built-in potential dictated by the work function differences between 

the two electrodes, Δφ is a potential shift at the dye interface, krec is the recombination rate 

constant in s-1 (κrec = 1/τrec), p and n are the electron and hole concentration (in μm-3), 

respectively, dp and dn are the average distance (in μm) between charge carriers and respective 

charge carrier extraction electrodes, d is the device thickness (in μm), g is the unitless charge 

generation efficiency from absorbed photons, α is the absorption coefficient (in μm-1) of the 

sensitized film of thickness d, and I is the number of incident photons per unit area per unit time 

(in μm-2 s-1).  

It is important to recognize that the term inside the natural log must be dimensionless. In order to 

simplify the term reorganization process, we can divide each individual term by a constant with 

the same units. The addition of these constants will not affect the value of the Voc. 

( )( ) ( )( )( )
( ) ( ) ⎥

⎥
⎦

⎤

⎢
⎢
⎣

⎡

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

⋅−
−⋅+

Δ+
=

− 2
0

22
0

4
000

2
00

/)1(/

///)/)(/10000(
ln

IIegg

ddndnpdpkkR
q

kT
q

V
d

nprecB
oc α

φφ  (S29) 
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In our study, we wish to find the mathematical relationship between Voc and TiO2 film thickness 

(d), recombination lifetime (τrec) and average absorption coefficient of the film (α). Therefore we 

reorganize the terms in Equation S29 to find: 

( )( ) ( )( )
( ) ( )

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−
−⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−+

Δ+
= − 2

4
0

2
0

2
0

2
0

000

)1(
/)/(

ln
//

//)/10000(
ln d

recnpB
oc e

ddkk
IIgg

ndnpdpR
q

kT
q

V α

φφ  (S30) 

Moreover, κrec = 1/τrec and κ0 = 1/τ0 (with τrec and τ0 have the units of s). Therefore we find: 

( )( ) ( )( )
( ) ( )

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−
−+

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−+

Δ+
= − 22

0

4
0

2
0

2
0

000

)1()/(
/

ln
//

//)/10000(
ln d

rec

npB
oc e

dd
q

kT
IIgg

ndnpdpR
q

kT
q

V αττ
φφ  (S31) 

The first two terms in Equation S31 can be treated as independent from d, τrec, and α, and can be 

lumped together as a voltage constant (V0), which is to be experimentally determined. 

Simplifying Equation S31, we find: 

))1ln()/ln(2)/(ln(2
000

d
recOC edd

q
kTVV αττ −−+−+=      (S32) 

which is Equation 2 in the main text. 

 




