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ABSTRACT: The control and optimization of interfacial charge transfer processes is
crucial to the design of efficient perovskite solar cells. Herein, we measure the yield and
kinetics of hole transfer across the methylammonium lead triiodide perovskitelpolymeric CH;3NH;Pbl,
hole transport material heterojunction, as a function of the interfacial energy offset, AE,
between the highest occupied molecular orbital of the hole transport material and the
valence band edge of the perovskite. A combination of steady-state and time-resolved
photoluminescence, along with transient absorption spectroscopy, revealed that only a
small driving energy (AE ~ 0.07 eV) is required to induce highly efficient hole transfer.
The findings of this paper suggest that further improvements in the open-circuit voltage,
and so the power conversion efficiency, of perovskite solar cells could be achieved by
incorporating hole transport materials that provide an interfacial energy offset in the range -
0 < AE < 0.18 eV. "

Bl INTRODUCTION and the hole yield has been well-studied,'” ™" research on this
topic in PSCs has been limited.

Th id f kite solar cells (PSC th
e rapid emergence of perovskite solar cells (PSCs) over the In 2013, Marchioro et al. assigned time constants to the key

past few years has created the potential to disrupt the i i )
. . 1 charge transfer processes at the PSC interfaces, including the
established solar cell market due to their cheap cost,” ease of )
.2 . e 3,4 . picosecond hole transfer to the current state-of-the-art HTM,
processing,” and aesthetic versatility.”” Perovskites have

. 20 .
formula ABX; where A (CH,;NH,*, HC(NH,),", Cs*) and B spiro-OMeTAD.” Importantly, this hole transfer process was
(Pb>, Sn?*) are cations and X (Br~, CI, ") is an anion. The found to be much faster than the subsequent recombination
between the holes in the HTM and the electrons in the

was one of the first researched for solar cell applications, by the CH;NH,Pbl; conduction band. A I.ater study by'Brauer et a.l.
Miyasaka group in 2009.° Since then, the power conversion demonstrated that hole transfer into polynquerlc HTMs is
efficiency (PCE) of PSCs has increased from 3.8% to the slower, typically on the order of nanoseconds.” Both of these
current record of 22.7%.°~"" The high efficiency of PSCs can be studies used transient absorption spectroscopy which can

attributed to their unique properties such as highly mobile directly probe hole transfer at the CH;NH;PbI;JHTM interface.
charge carriers with micrometer diffusion lengths, " large More recently, Ishida et al. studied the hole transfer process in

extinction coefficient (~10%cm™),'* low exciton binding PSC devices us.ing tzl;e time-resolve(.i microwav'e conductivity
energy (6 meV)," and relatively large open-circuit voltage (TRMC) technique.” However, while TRMC is an excellent

(Voc) to band gap (E,) ratio (0.76)."° However, the further probe of working devices, it is unable to distinguish between
the different charge carriers and interfaces of the cell. There

have so far been no studies addressing the effect of AE on hole
yield at the CH;NH,;PbL;JHTM heterojunction with techniques

methylammonium lead triiodide (CH;NH;Pbl;) perovskite

development and optimization of PSCs requires a better
fundamental understanding of device function. Specifically,
while many significant advances of PSC efficiency have come

about due to hole transport material (HTM) selection, such as transient absorption spectroscopy. _

relatively little is known about charge separation at the Although the presence of a large AE at the perovskitel HTM

perovskiteHTM interface. interface should be beneficial for hole extraction, this parameter
It is well established that a significant energy offset, AE, as has important implications for the PCE of devices. Together

shown in Figure 1, between the HTM HOMO Ilevel and the with the short-circuit current (Jsc) and fill factor (FF), the
CH;NH,Pbl; valence band is required to drive hole extraction

out of the photoactive layer of the solar cell. However, in Received: September 14, 2017
contrast to the parallel fields of organic and dye-sensitized solar Revised: ~ December 1, 2017
cells (OSCs and DSSCs), where the relationship between AE Published: January 5, 2018
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Figure 1. (a) Structures of all polymeric HTMs used in the present study. Note that each polymer is referenced by a unique symbol. (b) HOMO
energies, Eyomo, of all HTMs shown relative to the CH;NH,PbI; valence band energy, Eyy (—5.4 V). The energetic driving force for hole transfer
can be approximated as AE = Eyoyo — Eyp and has been indicated for the specific case of PTB1.

open-circuit voltage (V) determines the PCE of a solar cell
(PCE = Vo JscFF/P;,) when compared with the power (P,,) of
the incident light. Moreover, the V¢ is defined as the
difference between the quasi-Fermi energies of electrons and
holes in the solar cell under illumination, and thus the
theoretical maximum of Vi is related to the band gap, E,.
When a HTM is introduced at the interface, the quasi-Fermi
energy of holes at the heterojunction increases, and so the V¢
decreases.”> >° Therefore, given the delicate balance between
the driving energy for hole extraction, AE, and the open-circuit
voltage, V¢, a better understanding of charge separation in
CH;NH,PbI; heterojunctions could aid the future optimization
of PSCs.

In this work, we probed the effect of AE on the yield and
kinetics of charge separation at the CH;NH;PbLJHTM
heterojunction through steady-state and time-resolved photo-
luminescence (ss-PL and TRPL) along with microsecond
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transient absorption spectroscopy (TAS), allowing for an
interface-specific probe of hole transfer and recombination. The
resulting investigation revealed that relatively small values of
AE are required to produce high hole yields in CH;NH;PbI,
PSCs, with subnanosecond hole transfer possible at AE ~ 0.07
eV. This has important implications for the design of PSCs, as
we provide evidence that suggests the V¢ in CH3;NH;PbI;
cells could be further increased toward the radiative limit of
1.33 V,”/ possibly allowing for further gains in PCE.

B RESULTS AND DISCUSSION

The following HTMs were used for the study (see Figure la for
structures): poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo-
[2,1,3]thiadiazol-4,8-diyl)] (F8BT), poly[[2,2'-bithiophene]-
5,5’-diyl(9,9-dioctyl-9H-fluorene-2,7-diyl)] (F8T2), poly-4',4"-
(4-(2-octyldodecyl)-N,N-diphenylaniline)-alt-2,7-(9,9'-spirobi-
[fluorene]) (ASFH), poly[bis(4-phenyl)(2,4,6-
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Figure 2. (a) ss-PL spectra for CH;NH,PbI; compared with CH;NH,PbL,JHTM (HTM = F8T2, ASFH, PTPD, PTB1) samples excited at 510 nm.
(b—e) PL decay kinetics for the same set of samples pumped at 635 nm and probed at 770 nm.

trimethylphenyl)amine] (PTAA), poly[N,N’-bis(4-butylphen-
yl)-N,N’-bisphenylbenzidine] (PTPD), poly(3-hexylthiophene-
2,5-diyl) (P3HT), or poly((4,8-bis(octyloxy)benzo(1,2-b:4,5-
b")dithiophene-2,6-diyl) (2-((dodecyloxy)carbonyl)thieno(3,4-
b)thiophenediyl) (PTB1).

Incorporating these HTMs in prototype PSCs gave rise to
the CH;NH;PbL;|HTM interface energetics as shown in Figure
1b. The energies for the CH;NH;Pbl; valence band edge and
HTM HOMO levels were obtained as described in the
Supporting Information (see Figure S1 and Table S1).

By changing the HTM at the interface, AE could be
modulated from +0.5 eV to —0.51 eV. We note that samples
were prepared via a one-step deposition of CH;NH;PbI; on a
mesoporous layer as reported elsewhere.”® Moreover, films
were prepared in a nitrogen glovebox in order to avoid
exposure to oxygen and light, the combination of which can
rapidly degrade the CH,;NH;Pbl, layer.””~** Further details of
sample processing can be found in the Supporting Information
section 2.

We first studied the yield of hole transfer with steady-state
photoluminescence (ss-PL). The resulting spectra of an
illustrative set of ALO;ICH;NH;PbI,JHTM (HTM = F8T2,
ASFH, PTPD, PTBI1) samples across the interfacial energy
offset range (AE = —0.11, 0.07, 0.22, 0.5 eV) are depicted in
Figure 2a (see Figure S2 for all spectra). CH;NH,PbI,
exhibited an intense narrow emission at 770 nm due to the
near-band-edge recombination between electrons and holes
across the 1.6 eV band gap.”” As shown in Figure 2a the
CH;NH;Pbl; emission was quenched significantly in the
presence of the HTMs, due to hole transfer from the
CH,;NH,PbI; valence band into the HOMO level of the
HTM. Moreover, the degree of quenching was found to
correlate with AE at the interface, suggesting that HTMs with
higher HOMO levels were more capable of hole extraction.
Conversely, as shown in Figure S2, no quenching was observed
when F8BT was used as a HTM due to the large hole transfer
barrier of 0.51 eV in this case. Interestingly, we find that the
CH;NH;Pbl; photoactive layer is more emissive in the
presence of F8BT relative to the pristine sample, possibly
due to better passivation of surface defects in the former case.”

We next probed the real-time dynamics of hole transfer for
the same set of samples using time-resolved photoluminescence
(TRPL), with the results presented in Figure 2b—e. We note
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that all steady-state and transient optical measurements were
undertaken with the excitation light incident on the substrate
side of the sample. Given the high extinction coefficient of
CH;NH,PbL;, this ensured that there was minimal direct
excitation of the HTM (see Figure S3). Supporting Information
section 5 holds additional details of the characterization
techniques mentioned in the main text.

The decay of the pristine CH;NH,PbI; sample was fitted to a
biexponential which accounted for a fast component due to
emission from the surface, as well as a slow component due to
emission from the bulk.”****> The PL decays as well as fitting
parameters for all CH;NH;PbI;JHTM samples can be found in
Figure S4 and Table S3, respectively. As can be seen in Figure
2b—e, the introduction of a HTM resulted in the acceleration of
the CH3;NH;PbI; PL decay due to hole transfer. Moreover, the
decay was found to accelerate when AE was increased, with
both the surface and bulk time constants decreasing. Therefore,
to obtain a crude quantification of the extraction ability of a
HTM, we define an estimate for the decay time, 7yr, as the
time taken for the PL signal to reach 50% of its initial value. We
note that in the case of F8BT and F8T2 hole transfer appears
to be slower than or on a similar timescale to the radiative
recombination within the CH;NH;PbI; layer. This means that
no reliable kinetic information about hole extraction can be
obtained for these HTMs with TRPL.

Figure 3 shows the effect of AE on 7y as well as the
quenching efficiency, 7, which we define as

PL — PLq

="

(1)
where PL and PLq are the intensities of each of the
CH;NH,PbL;JHTM samples before and after addition of the
HTM. As the level of quenching is directly related to the
concentration of holes removed from the perovskite valence
band, # is an indicator of relative hole yield. We note that 7 is
taken to be zero for CH;NH,;PbI;|IF8BT as no quenching of the
CH;NH;PbI; PL occurs in this case.

As expected, a higher yield of hole transfer is observed as AE
is progressively increased. However, what is most striking here
is the sharpness of this trend. For example, ASFH provides a
driving energy of around 0.07 eV, but this HTM quenches 77%
of the original CH;NH,;Pbl; PL. A further increase of AE to 0.5
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Figure 3. Effect of AE on (a) the quenching efficiency, 77, and (b) the
PL decay half-life, 7yr, of the CH;NH;PbL;iHTM samples.
CH,NH,PbL,|F8BT and CH;NH,PbI,/[F8T2 are included in (b)
(empty data points), but note that their decay lifetime is on similar or
longer time scales to the unquenched CH;NH;Pbl; decay (brown
dotted line).

eV in the case of PTB1 results in a relatively small gain of 17%
in the value of 7.

The relationship between the dynamics of hole transfer and
AE is presented in Figure 3b. The PL decay half-life in the case
of the pristine CH;NH;PbI; film was found to be 777 ps,
consistent with previous studies.”® However, as discussed above
the lifetime was found to decrease in the case of the HTM-
coated CH;NH;Pbl; samples. Upon raising the driving energy
from AE ~ —0.51 eV (E8BT) to AE ~ 0.07 eV (ASFH), the
PL decay became dominated by hole transfer, and a substantial
decrease in Ty to 521 ps was observed. This suggests that hole
transfer occurs on a subnanosecond time scale at a driving
energy of just 0.07 eV. We note that all observed values for 7y
were found to be much larger than the instrumental response
half-life of 100 ps (see “prompt” in Figure S4), allowing for the
accurate assignation of these PL decay dynamics.

Remarkably, despite a hole transfer barrier of 0.11 eV, the
polymer F8T2 still produces a 7 of 8.4%. The interfacial barrier
in this case is too large for hole transfer to occur via thermal
excitation alone (kzT = 0.026 eV at 298 K), and so another
factor must be influencing the hole transfer process in this
system. At present, we can only speculate on the origin of this
observation. The high level of structural disorder in polymeric
materials typically results in a distribution of energies around
the quoted HOMO level.'®*” Consequently, even though the
HOMO energy seems to be situated below the CH;NH;PbI;
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valence band, the energetic disorder produces tail states that lie
at a favorable energy, and thus hole transfer can still be
spontaneous. Such energetic disorder has been found
previously to effect hole transfer in DSSCs.'***

Hole injection was further investigated by performing
transient absorption spectroscopy (TAS). Experimental details
of our TAS setup are given in Supporting Information section 5
and are published elsewhere.””*”** Figure 4a presents the TAS
spectra for TiO,|ICH;NH,PbIJHTM (HTM = F8T2, ASFH,
PTPD, PTB1) samples taken 3 us after excitation at 510 nm. As
can be seen, a spectrum with broad features in the near-infrared
was obtained after excitation of the CH;NH;PbI; photoactive
layer, in the presence of these HTMs. Given that (i) no
transient signal is observed for pristine TiO,/CH;NH;PbI;
samples without a HTM; (ii) the CH;NH;PbI;|ASFH,
CH;NH,PbL|F8T2, and CH;NH;PbLIPTPD spectra closely
match the absorption profile of chemically oxidized ASFH,
F8T2, and PTPD (Figure SSa—c); and (jii) the CH;NH;PbL|
PTB1 spectrum is consistent with a spectrum previously
published for PTB1,*' the transient spectra can be assigned to
the formation of hole polarons on the HTM due to extraction
from the CH;NH,Pbl; valence band. Moreover, these
observations provide direct evidence that the quenching of
the CH;NH;PbI; PL presented in Figures 2 and 3 is indeed due
to hole transfer to the HTM.

The population of holes in the different CH;NH,Pbl;HTM
combinations was monitored by probing the maximum of the
transient absorption band as a function of time after excitation.
The resulting traces are shown in Figure 4b for F8T2, ASFH,
PTPD, and PTBI (see Figure S6 for all HTMs). As holes in the
HTM recombine with the electrons of the CH;NH;PbI;
conduction band, the signal decays nonexponentially and can
be fitted with a stretched exponential function:

AOD x exp[—(é)a].ls This type of decay is consistent with

recombination in systems that contain a significant amount of
disorder.'®?%** In this case, the stretched exponential could
signify the energetic disorder of the HTM as well as
recombination over a broad range of distances. The decay
lifetime, 7., can be approximated as the time taken for the
signal to drop to 50% of its original value.'®*”

Having a large ratio between the time constants for
extraction and recombination is important for sustained charge
separation in a solar cell. Indeed, Marchioro et al. found that
this ratio was on the order of 10° in the case of state-of-the-art
HTM spiro-OMeTAD.” Table 1 shows that similar ratios are
obtained with polymeric HTMs, as 7. is at least 200 000 times
slower than 7yp in all cases where the HTM is energetically
capable of hole extraction.

In Figure 4c, we plot the maximum of the transient
absorption trace, AOD,,,,, against AE. AOD is related to the
concentration of photogenerated transient species and so the
yield of hole transfer. Therefore, these data suggest that hole
injection increases with AE and supports the general trend
found in the PL study. However, we stress that in order to
obtain an absolute yield from TAS the signal must be corrected
for the extinction coefficient of the oxidized polymer in
accordance with the Beer—Lambert law.

A key feature of PSCs that has been at the heart of their
unprecedented rise in PCE over recent years is their high Vc/
E; ratio of 0.76.'° This compares favorably to the same
parameter in other solution-processed photovoltaic technolo-
gies such as OSCs, in which V¢/E, is rarely higher than 0.55.%
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Table 1. Summary of the Key Results Found for the
CH,;NH;PbL;IHTM Samples Investigated

AE Tree/ Tyr
HTM (eV) n mAOD, ., Tyr (ps) T (ms)  (x10°)
F8BT —0.51 0 0.0071
F8T2 —-0.11 0.084 0.0141 - - -
ASFH 0.07 0.77 0.0419 521 0.16 0.3
PTAA 0.21 0.873 0.109 375 0.0792 0.2
PTPD 0.22 0.885 0.0468 316 0.36 1.1
P3HT 0.47 0.935 0.139 282 121 4.3
PTB1 0.5 0.937 0.0907 226 0.453 2

In donor—acceptor OSC devices, exciton binding energies can
be as high as 0.5 eV, meaning that in order to produce an
electron and hole by harvesting an exciton a large energy offset
must be installed at the donor—acceptor interface. This has the
negative effect of decreasing the quasi-Fermi level splitting and
so the V¢ It has been shown here that this is not the case for
CH;NH;Pbl; as remarkably high hole yields can be achieved at
low AE. This is most probably because the binding energy of
excitons within CH;NH,Pbl; is around 6 meV," and so at
room temperature they are easily thermalized into free
electrons and holes that can be extracted with ease. Therefore,
the current observations help rationalize the favorable Vio/E,
ratio in PSCs compared to OSCs as less voltage loss is
necessary for hole extraction in the former case.

The present study has also shown evidence for possible
future gains in the V¢ of PSCs. As found by the Seok group,
the V¢ is maximized when the CH;NH;PbLIHTM energy
offset, AE, is at a minimum.”> We have shown here that highly
efficient hole extraction at the CH;NH;PbL;JHTM interface is
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possible at AE ~ 0.07 eV. Moreover, at this value of AE, hole
extraction is on the order of 100,000 times faster than the
subsequent electron—hole recombination across the hetero-
junction. With this in mind, the V¢ of future PSCs could be
optimized by incorporating HTMs with AE in the range 0 <
AE < 0.18 eV, without dramatic losses in the value of ;.. This
goes some way to explaining the success of HTMs with deep-
lying HOMO levels such as PTAA,* TFB,* KR131,” and
TPA-CN™ as these materials can extract a significant amount of
charge while minimizing the voltage loss in the cell.

B CONCLUSIONS

In summary, we have employed transient and steady-state
optical spectroscopy to probe hole extraction at the
CH;NH;PbL,JHTM interface. PL spectroscopy illuminated
the acute trend between the hole yield and the interfacial
energy offset, AE, with # = 77% and hole transfer on the
subnanosecond scale at AE ~ 0.07 eV. Further increases in AE
beyond this value resulted in relatively small improvements in
extraction. In addition, hole transfer has been observed through
energetic barriers of around 0.11 eV, which has been tentatively
attributed to energetic disorder at the CH;NH;PbL;JHTM
heterojunction. The findings of the PL study have been
supported by TAS measurements, which proved the full
transfer of holes from the CH;NH;PbI; valence band to the
HTM. Moreover, TAS measurements demonstrated that the
recombination of holes in the HTM with electrons in the
CH;NH,Pbl; conduction band typically occurs at least 200 000
times slower than the initial hole transfer. The implications of

these findings for the Vo of PSCs have been highlighted, and
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we suggest that further gains could be made by using HTMs
with 0 < AE < 0.18 eV in future PSC designs.
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