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Context & scale

The implementation of

monolayers of small molecules

(self-assembled monolayers,

SAMs) at buried interfaces

together with a deeper

understanding of loss

mechanisms bears tremendous

opportunities for a further

increase in the solar energy

conversion efficiency of

photovoltaic and photocatalytic

devices. Carbazole-based SAMs

(recently used in world record

perovskite/silicon tandem solar

cells) are fine-tuned by varying the

size of molecules and by selecting

specific functional groups.
SUMMARY

Identification of electronic processes at buried interfaces of charge-
selective contacts is crucial for photovoltaic and photocatalysis
research. Here, transient surface photovoltage (SPV) is used to
study the passivation of different hole-selective carbazole-based
SAMs. It is shown that transient SPV and transient photolumines-
cence provide complementary information on charge transfer ki-
netics and trapping/de-trappingmechanisms, and that trap-assisted
non-radiative recombination losses originate from electron trap-
ping at the SAM-modified ITO/perovskite interface. The hole trans-
fer rates and the density of interface electron traps, obtained by
fitting SPV transients with a minimalistic kinetic model, depended
strongly on the SAM’s chemical structure, and densities of interface
traps as low as 109 cm�2, on par with highly passivated c-Si surfaces,
were reached for Me-4PACz, previously used in record perovskite/
silicon tandem solar cells. The extracted hole transfer rate constants
and interface trap densities correlated well with the corresponding
fill factors and open-circuit voltages of high-efficiency solar cells.
Separation of photogenerated

charge carriers is a key for

photovoltaic and photocatalytic

solar energy conversion and can

be directly investigated by surface

photovoltage (SPV) techniques.

The application of the time-

resolved SPV together with kinetic

modeling allows for the

identification of dominating loss

mechanisms as a function of the

nature of SAMs at buried

interfaces to the metal-halide

perovskite absorber implemented

in high-efficiency solar cells.
INTRODUCTION

The passivation of contacts is decisive for achieving high solar energy conversion

efficiencies of solar cells. Interfacial recombination losses at buried interfaces

disappear at ideally passivated contacts, i.e., recombination-active defect states

are absent at charge-selective contacts, and minority charge carriers do not reach

the corresponding ohmic contact where they recombine.1 In conventional high-

efficiency solar cells such as those based on crystalline silicon (c-Si) and gallium

arsenide absorbers,2 charge-selective pn-homojunctions are practically free of

interface defects.

Solar cells based on halide perovskite (HaP) absorbers also bear the potential for very

high efficiencies.2–4 In solar cells with HaP absorbers, charge-selective contacts are

realized by heterojunctions, which, on the one hand, allows careful tuning of the en-

ergy level alignment;5,6 yet, on the other hand, could have an impact on the stability

of the entire device.7 Self-assembled monolayers (SAMs) are widely known for their

unique ability to passivate the surface of semiconductors by chemical bonding to

the surface, with themost prominent example being the widely studied c-Si.8 Recently,

it has been shown that SAMs containing a carbazole core can replace commonly used

high-efficiency hole transport layers (HTL) such as poly-triarylamine (PTAA), boosting

the efficiency of c-Si/HaP-based tandem solar cells to a record efficiency of above

29%3,9 and of organic single junction solar cells (OSCs) to over 18%.10,11
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In particular, the SAM 2PACz ([2-(9H-carbazol-9-yl)ethyl]phosphonic acid) has

expanded the choice of available hole-selective layers by a rare entry: It has been

shown that it did not introduce any non-radiative recombination losses compared

with films deposited on quartz glass, as measured by absolute photoluminescence

(PL),3 despite allowing for efficient hole extraction and thus high fill factors in

perovskite solar cells. Usually, charge-selective layers induce a reduction of the PL

quantum yield and PL decay time,12 known as ‘‘quenching.’’13 In addition, a recently

presented SAM, Me-4PACz ([4-(3,6- dimethyl-9H-carbazol-9-yl)butyl]phosphonic

acid), led to a milestone combination of low ideality factor with high open-circuit

voltage,9,14 with the ideality factor being one of the parameters that presumably

prevented perovskite solar cells from reaching the fill factors of mature solar cells

technologies.15,16 Additionally, SAMs can be considered as a model system since

slight differences in their atomic structure change their functionalization without

altering the perovskite bulk quality, morphology, and thickness, which might influ-

ence charge carrier kinetics, as confirmed by, e.g., grazing-incidence wide-angle

X-ray scattering measurements.9

This work is dedicated to a detailed analysis of the various charge carrier dynamics

occurring in the perovskite/SAM-modified indium tin oxide (ITO) interface by

utilizing steady-state and transient surface photovoltage (SPV).17 Our detailed anal-

ysis allows to determine differences in the passivation quality, selectivity, and hole

transfer rate depending on the structure of the SAM. This introduces a technique

for quantifying charge extraction for which there is no standard as yet in the perov-

skite research field andmight give guidelines for the design of ideal charge-selective

contacts.

Elucidating fundamental properties of buried interfaces in perovskite-based devices

is still challenging.18 Current-voltage (J-V) measurements are a major high-sensitivity

method often used for the characterization of buried interfaces.19,20 J-V measure-

ments require two electrical contacts, which can hinder unambiguous interpretation

of data, and the contribution of different interfaces cannot be separated. Hence,

to-date, experimental analysis of recombination losses in a single buried interface re-

mains a challenge.21 The measurement of absolute PL spectra allows for the extrac-

tion of the quasi-Fermi-level splitting in a bulk semiconductor and its correlation with

surface passivation, for example, in high-efficiency p-i-n perovskite solar cells.22 How-

ever, the PL analysis does not directly give information about the passivation mech-

anism. Transient photoluminescence (tr-PL) can give information about the charge

carrier recombination kinetics at a specific buried interface by using relatively

advanced modeling of tr-PL decays for interpretation.23 However, in most cases,

quenching of PL signals by charge separation, such as charge transfer at charge-

selective contacts, and by increased recombination rates cannot be unambiguously

distinguished, and quite strong dependencies of PL transients on experimental con-

ditions can make the analysis of PL transients even more complicated.24–27

In contrast to J-V and PL measurements, SPV measurements track the change in the

surface potential upon photoexcitation and give information about the direction of

charge separation, i.e., a positive (negative) SPV signal suggests the preferred sep-

aration of holes (electrons) toward the sample’s surface.17 For OSCs, intensity-

modulated SPVmicroscopy has been shown to be a valuable tool to probe variations

in carrier dynamics due to heterogeneity in the buried surface chemistry.28 Thus, by

performing tr-SPV measurements, one can track the charge carrier dynamics in a

specific interface over a wide time domain, from the generation of e-h pairs to their

separation in space and different e-h recombination paths.
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Figure 1. Model diagram and the experimental system

(A) Model diagram for describing the different process upon photoexcitation: the generation rate of e-h pairs upon light excitation is shown in green

and denoted as G; the hole (electron) transfer rate from the perovskite to the ITO and back transfer of hole (electron) from the ITO to the perovskite is

shown in red (blue) and denoted as Kh (Ke) and Khb (Keb), respectively; electron trapping/de-trapping processes at ITO/SAM interfacial traps (denoted as

Nit) are shown in purple. FB,e denotes the barrier height for electron transfer from the conduction band of the perovskite to the ITO.

(B) Schematic device stack and the SPV measurement setup, a mica sheet is used as a spacer between the sample‘s surface and the SPV probe, Rm

denotes the measurement resistance.

(C) The molecular structure of the different SAMs studied in this work.
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In practice, tr-PL and tr-SPV measurements are usually performed at rather different

repetition rates of laser pulses for excitation (frep) due to the fact that charge separation

results in strong and long-living SPV signals, whereas tr-PL signals are quickly quenched

below the sensitivity limit. Supasai et al.29 obtained by tr-SPVmeasurements at low frep
(1 Hz) for HTL/HaP junctions, depending on the HTL, different carrier recombination ki-

netics as well as an indication for de-trapping of charge carriers in the ms timescale and

longer. For deeper interpretation, direct correlation experiments between tr-PL and

tr-SPV are required. For this purpose, in this work, several PL and SPV transients

were measured under identical conditions at frep = 1 and 125 kHz. Furthermore, tr-SPV

transients at different intensities were alsomeasured at frep = 2 Hz in order to gainmore

information about relatively slow trapping and de-trapping processes.

In general, molecules used for the formation of SAMs are characterized by their bind-

ing group(s) to a substrate, a molecular chain, and a functionalizing head group.30

In this work, different molecules with a phosphonic acid (-PO(OH)2) binding group

to ITO, a CnH2n chain (n = 2, 4, and 6), and different carbazole derivatives as

head groups were used (see Figure 1C). The thickness of the SAM layers is of the

order of 1 nm.31
Joule 5, 2915–2933, November 17, 2021 2917
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Different chain lengths and head groups have a strong influence on dipole moments

and tunneling lengths for charge transfer. The resulting dipole moments affect the

barrier heights between the energies of the HOMO (highest occupied molecular

orbital) and the valence band edge of the HaP and of the LUMO (lowest unoccupied

molecular orbital) and the conduction band edge of the HaP, whereas the tunneling

length, determined by the insulating alkyl chain, affects the width of the barriers.32

Figure 1A shows a schematic band diagram of an ITO/SAM/HaP junction with corre-

sponding electron and hole transfer rate constants from the HaP into ITO (Ke and Kh,

respectively) and back from ITO into the HaP (Keb and Khb, respectively). A larger Kh

implies greater hole selectivity (Kh >> Ke), whereas a smaller density of interfacial

electron traps, Nit, implies higher passivation quality of the ITO/SAM interface

and minimized interfacial losses. A minimalistic kinetic model without considering

limitations due to drift and diffusion was developed for the simulation of SPV tran-

sients under adequate conditions. The application of the model allowed for the

extraction of the interfacial electron trap densities as well as the hole transfer rate

constants for each SAM system.

To begin, work functions and charge separation within SAMs are compared by

measuring the spectra of the contact potential difference (CPD) at high sensitivity. Sec-

ond, electron trapping at SAM-modified ITO/HaP interfaces is established by perform-

ing complementary tr-PL and tr-SPVmeasurements at high frep. Third, intensity-depen-

dent trends in the kinetics of SPV transients at low frep are investigated in more detail

for ITO/HaP and ITO/SAM/HaP systems. Fourth, amodel based only on rate equations

is introduced and applied to the simulation and fitting of SPV transients in order to

extract values for transfer rate constants and densities of electron traps at SAM-modi-

fied ITO/HaP interfaces. Finally, the correlation between interfacial trap densities and

the open-circuit voltages as well as between the hole transfer rate constants and the fill

factors are demonstrated for corresponding high-efficiency solar cells based on HaP.
RESULTS AND DISCUSSION

Charge separation in the isolated ITO/SAM system

Figure 2 shows the change in the steady-state CPD spectrum of a bare ITO surface,

compared with the spectra of SAM-covered ITO using different SAMs—2PACz,

MeO-2PACz (a variant that leads to lower open-circuit voltage, VOC), and Me-

4PACz. The CPD at the lowest photon energy corresponds to the value in the

dark. The CPD spectrum was converted to the absolute work function (WF) using a

freshly peeled highly oriented pyrolytic graphite (HOPG) reference sample

(WFHOPG = 4.65 G 0.05 eV).33 The values of the WF in the dark were 4.65 eV for

the bare ITO and 4.93, 5.09, and 5.20 eV for MeO-2PACz, 2PACz, and Me-4PACz,

respectively. The largest change in the WF was observed for 2PACz and Me-

4PACz, which can be attributed to the stronger dipole of the isolated molecules

2PACz and Me-4PACz (�1.7 D) compared with MeO-2PACz (�0.2 D), in accordance

with previous reports.3,9

As can be seen from Figure 2A, the WF of the bare ITO surface decreased from 4.65

to 4.60 eV under illumination (corresponds to a positive SPV) for photon energies

larger than 3.0 eV, i.e., the band gap of ITO. The change of the SPV signals of

bare ITO implies an upward band bending on the ITO surface, which is typical for

an n-type semiconductor with a surface depletion layer, in accordance with previous

reports in the literature.34,35 Incidentally, an upward band bending is caused by the

trapping of electrons at surface states. The positive SPV signals were strongly sup-

pressed for the ITO covered with SAMs, suggesting strongly reduced surface
2918 Joule 5, 2915–2933, November 17, 2021



Figure 2. Steady-state CPD measurements of the different ITO/SAM samples

(A and B) Steady-state CPD measurements of the different ITO/SAM samples (A) and their

derivative (the derivative of the ITO was scaled by 1/3) (B), the green and blue arrows denote the

distinct transition energies observed in the derivative spectra for Me-4PACz and 2PACz,

respectively. Illumination was performed with a quartz prism monochromator and a Xe lamp from

the front (SAM) side (for a reference spectrum of the intensity of the Xe lamp as a function of

wavelength, see Figure S1).
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band bending and therefore a strong reduction of electron trapping at surface

states, i.e., within the experimental sensitivity of the CPD setup, all three different

SAMs passivate defects at the ITO surface. Details in SPV spectra can be better

resolved in the derivative spectra (Figure 2B). Based on the peaks of the derivative

of the CPD signal, different light-induced transitions that lead to SPV signals associ-

ated with absorption, photogeneration, and charge separation in SAMs can be ex-

tracted.17,36 Aside from the transitions related to the bare ITO substrate at 3.0,

3.7, 4.0, and 4.3 eV, distinct SPV peaks were observed for 2PACz and Me-4PACz

at 3.60 and 3.45 eV in the minima, whereas the peak was several times higher for

Me-4PACz (which was confirmed by repeating the measurements three times,

as shown in Figure S5). Although it has been shown that the energy gap between

the highest occupied and lowest unoccupied molecular orbitals (HOMO-LUMO

gap) of the SAM deposited on the substrate can be sensitive to the ambiance and

substrate, and need not be identical to that of the dissolved molecules in solution,37

the energetic positions of the peaks are in good agreement with the HOMO-LUMO

gaps extracted from the absorption spectra of 2PACz and Me-4PACz molecules dis-

solved in Tetrahydrofuran (3.54 and 3.44 eV, respectively9). Importantly, a distinct

SPV feature related to the HOMO-LUMO gap of MeO-2PACz (around 3.2 eV3) was

not observed.

The sign of the SPV derivative depends on the charge carrier distribution in the sam-

ple after photoexcitation and charge separation. The sign of the derivative is nega-

tive (positive) if the density of electrons (holes) is higher closer to the surface. Thus,
Joule 5, 2915–2933, November 17, 2021 2919



ll
OPEN ACCESS Article
the negative sign of the 1st derivative at 3.60 and 3.45 eV indicates that holes

photogenerated in 2PACz andMe-4PACz were injected into the ITOwhereas photo-

generated electrons preferentially remained in the SAMs (see Figure 1A). Therefore,

the derivatives of the SPV spectra of 2PACz and Me-4PACz directly showed the abil-

ity for hole transfer across the ITO/SAM interface into ITO caused by the directed

dipole across the SAM layers (�1.7 D).3,9 This is not the case for MeO-2PACz since

no distinct feature is observed at 3.2 eV and can be explained by a much lower

dipole moment across the SAM layer (�0.2 D) due to (partial) compensation of the

polarization charge in the phosphonic anchoring group by the two methoxy groups

on top of the carbazole3,9 (see also Figure 1C). Incidentally, incomplete coverage by

MeO-2PACz molecules can be ruled out as a reason, as indicated by X-ray photo-

electron spectroscopy (XPS) and infrared spectroscopic ellipsometry measurements

(see section S3). Since the absorption coefficients of MeO-2PACz and 2PACz are

rather similar,3 it can be concluded that hole transfer from MeO-2PACz to the ITO

is much less efficient than from 2PACz or Me-4PACz.

Trapping of electrons photogenerated in the perovskite at the SAM-modified

ITO/HaP interface

Having established that the hole transfer efficiency is lower for MeO-2PACz

compared with 2PACz and Me-4PACz, we now turn our attention to investigate by

time-resolved measurements how this observed difference translates to the charge

transfer kinetics in the perovskite layers deposited on the different SAMs. All time-

resolved measurements shown hereinafter were performed using front excitation

(illumination through the perovskite side). To verify that the illumination direction

does not play a significant role in determining the shape of the transients, a compar-

ison between front versus back illumination using different excitation wavelengths is

shown in section S4. Usually, since the SAMs serve as an HTL, at first sight, it may

seem that a shorter PL decay is an indication for a faster hole transfer or quenching

of holes in the HaP absorber, an interpretation that is widely common in the litera-

ture.38–40 However, a faster PL decay can also be caused by other processes such

as electron trapping, as will be shown in the following by comparing PL and SPV tran-

sients measured under identical conditions. Figure 3 shows in (A) and (B) a compar-

ison between tr-PL and tr-SPV for two different samples, ITO/MeO-2PACz/HaP and

ITO/Me-4PACz/HaP, using a repetition rate of frep = 1 kHz. Figure 3A shows that the

PL decay of the layer stack with Me-4PACz is significantly slower than when using

MeO-2PACz as HTL.

Figure 3B shows SPV transients for the same samples. The negative SPV transient in

the entire time range for the ITO/Me-4PACz/HaP sample reveals that Me-4PACz

serves as a selective layer for holes, which promotes hole injection to the ITO, result-

ing in an accumulation of electrons in the perovskite layer. The minimum in the SPV

indicates that almost all holes are transferred into the ITO; the subsequent increase

suggests that they slowly recombine with electrons across the interface. In the case

of MeO-2PACz, a different transient is found: a positivemaximum in SPV is observed

at short timescales (t < 1 ms), which indicates electron trapping at the interface. The

subsequent negative SPV signal indicates the transfer of holes to the ITO. The fact

that the minimum in the SPV signal is reached at much shorter times for Me-

4PACz (t < 1 ms) than for MeO-2PACz (t� 8 ms) is strong evidence that the hole trans-

fer rate to ITO is significantly higher for the Me-4PACz molecules. In addition, the

negative SPV amplitude was nearly five times higher for ITO/Me-4PACz/HaP than

for ITO/MeO-2PACz/HaP. Thus, an additional process occurred in ITO/MeO-

2PACz/HaP, shortly after the laser pulse, leading to a higher density of electrons

in the MeO-2PACz-modified ITO/HaP interface compared with the surface of the
2920 Joule 5, 2915–2933, November 17, 2021



Figure 3. tr-PL versus tr-SPV transients

(A and B) tr-PL (normalized) (A) versus tr-SPV (B) for ITO/MeO-2PACz/HaP (red) and ITO/Me-4PACz/

HaP (green) using a 515 nm laser at a frequency of 1 kHz.

(C) Normalized SPV (black, multiplied by �1 for the sake of comparison) and PL (blue) transients for

ITO/Me-4PACz/HaP using a 515 nm laser, at a frequency of 125 kHz. The vertical dashed line highlights

the rise time (see text) of the SPV transient and the dashed line on the PL transient is shown to illustrate the

change from the fast initial decay to the mono-exponential decay at t > 300 ns.
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perovskite. This additional fast process (t < 1 ms), which is observed for ITO/MeO-

2PACz/HaP, can be explained by fast electron trapping close to the MeO-2PACz-

modified ITO/HaP interface. Fast electron trapping also explains the faster PL decay

observed for ITO/MeO-2PACz/HaP. Therefore, when tr-SPV and tr-PL are measured

under the same conditions, both methods are complementary and enable to deter-

mine in a non-ambiguous way that the fast PL decay seen for ITO/MeO-2PACz/HaP

is caused by fast electron trapping at the MeO-2PACz-modified ITO/HaP interface,

rather than the common interpretation of faster hole transfer in ITO/MeO-2PACz/

HaP compared with ITO/Me-4PACz/HaP.

For ITO/Me-4PACz/HaP, the PL decay is dominated by quenching, i.e., fast hole

transfer from HaP into ITO, and by the recombination lifetime. As was shown

recently, for samples with high decay times, the hole transfer time can be approxi-

mated from the PL decay by the initial differential decay time.23 Thus, for the sake

of comparison with the PL transient shown in Al-Ashouri et al.,9 the PL transient

was measured at a higher frequency (frep = 125 kHz, Figure 3C, blue). From the PL

transient, by inspecting the early times when the PL decay changes to a single-expo-

nential decay, the hole transfer time amounts to roughly 300 ns for ITO/Me-4PACz/

HaP, in excellent agreement with the value reported recently.9

Figure 3C shows the normalized absolute SPV transient for ITO/Me-4PACz/HaP

(frep = 125 kHz). The SPV signal reached its maximum at a time of 300 ns (rise

time, marked by a dashed line). In the SPV measurement, this rise time corresponds
Joule 5, 2915–2933, November 17, 2021 2921
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directly to the transport time of photogenerated holes from the HaP absorber into

the ITO and gives evidence that the interpretation of the PL decay was correct

and agrees well with the hole extraction time that was found using the differential

lifetime analysis22 used in Al-Ashouri et al.9

Thus, in the case of ITO/Me-4PACz/HaP, tr-SPV is found to be a direct and simple

method to assess the hole transfer time, without the need for numerical modeling

or complex analysis. In contrast, for ITO/MeO-2PACz/HaP, such a simple analysis

cannot be made due to the overlap with the identified competing process of elec-

tron trapping at the MeO-2PACz-modified ITO/HaP interface at times shorter than

about 1 ms. The observed correlation between PL and SPV decay suggests that at

the time when the maximum SPV signal is reached, recombination of charge carriers

via different recombination paths, as well as the rate of hole back transfer from the

ITO to the HaP, overcomes the rate of hole transfer into the ITO. In order to under-

stand and describe these systems more carefully and to extract the specific hole

transfer rate constant from the tr-SPV transients, modeling with the help of a kinetic

model is used, as shown later in the text.

SPV transients over a wide time range

Figure 4 shows SPV transients measured at frep = 2 Hz, on a logarithmic timescale up to

100 ms for ITO/HaP (A) and for ITO/SAM/HaP (SAM: MeO-2PACz, 2PACz, and Me-4-

PACz, (B)–(D), respectively), whereas the intensity of the laser pulses was varied be-

tween 0.03 and 46 mJ/cm2. For comparison, 0.03 mJ/cm2 laser fluence generates

approximately the same charge carrier density as under steady-state 1-sun conditions

� 33 1015 cm�3. Such intensity-dependent measurements can reveal the influence of

traps on the charge carrier dynamics and the interplay between charge transfer, trap-

ping, and de-trapping as a function of the charge carrier generation and thus the injec-

tion level. For the bare ITO substrate (Figure 4A), the sign of all SPV transients was pos-

itive over the whole-time range, i.e., electrons were preferentially separated

toward the ITO/HaP interface. As expected for hole-selective ITO/SAM contacts (Fig-

ures 4B–D), the SPV transients were negative. Due to electron trapping at the ITO/

SAM contact, as mentioned before, small positive SPV signals appeared at very short

times for MeO-2PACz for all intensities and 2PACz, although with very small signals.

For the bare ITO contact, the maximum SPV signals reached values of only 1 mV for

0.03 mJ/cm2 and 18mV for 46 mJ/cm2 within about 400 and 30 ns, respectively. For all

intensities, the decays of the SPV transients can be approximated by a superposition

of two processes, being more clearly separated for high intensities. At high inten-

sities, the initial positive maxima in the SPV signals decreased within about 0.6 ms

and increased again afterward within 2 ms before decreasing again, resulting in a sec-

ond maximum.

For the ITO/SAM contacts, for the low intensity of 0.03 mJ/cm2, the maximum nega-

tive SPV signals were reached within about 70 ms (MeO-2PACz), and 0.2 ms

(Me-4PACz). For the ITO/MeO-2PACz contact and a laser intensity of 46 mJ/cm2, a

first negative maximum of �46 mV was reached at about 0.8 ms and a second nega-

tive maximum of �48 mV was reached at 12 ms, whereas the process leading to the

first negative maximum evolved like a shoulder at shorter times for the intermediate

intensities. On the other side, shoulders appeared at longer times (range of about

10–100 ms) in the transients of ITO/2PACz/HaP and ITO/Me-4PACz/HaP. The high-

est SPV signals (�72 mV) were reached in the maximum intensity for ITO/Me-4PACz/

HaP (46 mJ/cm2), meaning that hole separation is most efficient for pulsed excitation

of this sample. Overall, the kinetics of charge separation varied over more than two
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Figure 4. SPV transients excited at frep = 2 Hz

(A–D) SPV transients excited at frep = 2 Hz for ITO/HaP (A) and for ITO/SAM/HaP with MeO-2PACz

(B); 2PACz (C) and Me-4PACz (D). The laser fluences were P = 46, 5, 0.43, and 0.03 mJ/cm2 (black,

red, blue, and green lines, respectively). The excitation wavelength was 600 nm.
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orders of magnitude, from 0.2 to 70 ms, depending on the SAM.We further note, that

since the vertical diameters of the perovskite grains were larger than the thickness of

the perovskite films deposited on the different SAM contacts (as shown in Figure S2),

i.e., the influence of suitable different distributions of grain boundaries on the ki-

netics of charge separation could be neglected, the observed differences are mainly

attributed to the different trapping/de-trapping processes occurring at the SAM-

modified ITO/HaP interface.

At times longer than about 1 ms, SPV signals were observed for all samples, where

the highest signals at long times in relation to the negative maximumweremeasured

for MeO-2PACz. A very slow relaxation of SPV signals can be related to very slow

de-trapping processes, transport limitations due to low conductivity or potential

barriers for back transfer of charge carriers.17

The phenomena related to SPV transients over a wide time range on ITO/SAM/HaP

are summarized in Figure 5. At very short times, small positive signals appeared,

which are most pronounced for MeO-2PACz and which are related to the trapping

of electrons in the SAM-modified ITO/HaP interface. Then, the SPV signals rose to

a first negative maximum in the time range of 0.1–1 ms due to the transfer of holes

to the ITO. It followed a decay (or shoulder) of the SPV signals within about 1 ms

due to recombination of electrons and holes. A second local negative maximum

(or shoulder) appeared within 1–50 ms, followed by a decay within about 0.5–1 ms

and a decay within hundreds of ms.

Since the dynamic processes that are usually associated with a timescale of tens of ms

are de-trapping of charge carriers41,42 and since the relative magnitude of this
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Figure 5. Summary of the different phenomena occurring in SPV transients over a wide time range

Summary of the different phenomena occurring in SPV transients over a wide time range and corresponding assignment of dominating processes in the

different time ranges. The processes include fast trapping of electrons near the ITO/SAM interface, followed by hole transfer to the ITO, radiative and

non-radiative recombination of e-h pairs in the perovskite layer, release of trapped electrons from the ITO/SAM interface to the perovskite layer, and

recombination of de-trapped and back-transferred charge carriers.
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feature increased with the decreasing intensity of the laser pulses, the second nega-

tive maximum (or shoulder) can be assigned to the release of electrons from occu-

pied trap states at the SAM-modified ITO/HaP interface toward the perovskite layer.

The magnitude of this additional feature differed substantially between the different

SAMs. This is most notable in MeO-2PACz, where the second maximum is most pro-

nounced (see Figure 4B), resulting in even higher SPV values compared with the

initial SPV rise. The fact that for MeO-2PACz a clear signal of a trapping process

occurred at the short times is in line with the fact that this sample also exhibited

the largest increase in the retarded SPV signal between 1–50 ms, resulting from a

release of the trapped electrons from the SAM-modified ITO/HaP interface to the

bulk of the perovskite. Based on the comparison between the different SAMs shown

in Figure 4, the extent of electron trapping at the ITO surface is largest for the bare

ITO, followed byMeO-2PACz, 2PACz, and is nearly absent in Me-4PACz (no positive

peak was observed at t < 0.1 ms).

Interfacial trap densities and hole transfer rates

The extraction of charge transfer rate constants and densities of traps at interfaces

from SPV transients demands rather complex models, since the simultaneous

change in the distribution of charge carriers both in time and space should be

considered in simulations of SPV transients.43–45 The application of ITO/SAM/HaP
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systems and a relatively high value of frep allowed for a drastic simplification of the

simulation model for SPV transients and even for the extraction of parameters by

the fitting of measured SPV transients with simulated SPV transients.

In our model, since the timescales of the carrier dynamics probed using tr-SPV range

from several tens of ns to thems-sec range, the influence of drift and diffusion on SPV

transients is neglected, i.e., charge carriers are assumed to be homogeneously

distributed in the HaP layer. This assumption is reasonable due to short transit times

(of the order of 2–20 ns for a layer thickness (L) of 0.5 mm and diffusion constants of

0.1–1 cm2/s )9,46,47 and due to the very low density of equilibrium charge carriers in

HaP (the width of a space charge region would be much larger than the layer

thickness).48 The influence of very slow relaxation processes (t > 1 ms), observed

for frep = 2 Hz, was eliminated by choosing frep = 1 kHz for the measurements. At

this value of frep, trapping and de-trapping of electrons are practically not influenced

by slow relaxation processes due to the much shorter time ranges involved (1–50 ms).

Furthermore, the charge separation length for calculating the SPV was kept constant

at half of the layer thickness.17 This assumption is also reasonable since the SAM

layer and the width of the surface space charge region at the ITO surface are

much thinner than the thickness of the HaP layer and because the charge carriers

are homogeneously distributed over the HaP layer. This allows to solve the model

without considering boundary conditions, implying that in the model, the bulk

cannot be distinguished from the respective interfaces. However, in the model it is

needed to account for a positive experimental SPV signal due to trapped electrons in

the SAM-modified ITO/HaP interface. Hence, in the calculation of the SPV signal (see

Equation 7 further on), the density of the interfacial electron traps, Nit, is formally

merged into the SAM layer (see Figure 1A), and these trapped electrons are not

considered to reside in the HaP layer. Thus, whereas in the model the interfacial

trap density is considered per volume (units of cm�3), the interfacial trap density

was converted to surface trap densities ~Nit where ~Nit is equal to Nit 3 L/2 (in units

of cm�2).49

The kinetic model to describe the SPV transients applied here (see also Figure S10)

contains 6 rate equations for the densities of holes (p) and electrons (n) in the HaP

layer, of holes (pITO) and electrons (nITO) in the ITO layer, and electrons in bulk trap

states (nt) and interfacial trap states (nit) (1–6) and one equation for the calculation

of the SPV signals (7). For Equation 7, a net-charge balance was performed within

the HaP layer, which, according to charge neutrality, is equal to the net

charge outside the HaP layer, p-n-nt = nITO + nit � pITO, and the charge separation

distance was assumed to be half the layer thickness, L/2. The band-to-band

free carrier photogeneration is assumed by setting the initial condition n = p =

6.23 1014 cm�3 at t = 0 (for more details see section S6). The rate equations contain

transfer and back transfer rate constants for holes and electrons (Kh, Ke, Khb, and

Keb, see Figure 1A, respectively) and the parameters Cb, ni, Nit, Nt, vh, ve, sht,

set, sith, site, sit, and tiD (radiative recombination constant, density of intrinsic

charge carriers in HaP, density of interface traps per unit volume, density of traps

in HaP, thermal velocity of holes, thermal velocity of electrons, capture cross sec-

tions for holes and electrons at traps in HaP and at interface traps, respectively,

and electron lifetime at interface traps). The dielectric constant of vacuum and

the relative dielectric constant are denoted by ε0 and εr, respectively. More details

are given in section S6.

dp

dt
= � Khp +KhbpITO � Cb

�
pn� n2

i

�� pshtvhnt � psithvhnit (Equation 1)
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dn

dt
= � Ken+KebnITO � Cb

�
np� n2

i

�� nsetveðNt � ntÞ � nsiteveðNit � nitÞ+ nit

tiD

(Equation 2)
dnt

dt
= nsetveðNt � ntÞ � pshtvhnt (Equation 3)
dpITO

dt
= Khp � KhbpITO (Equation 4)
dnITO

dt
= Ken� KebnITO (Equation 5)
dnit

dt
= nsitveðNit � nitÞ � psithvhnit � nit

tiD
(Equation 6)
SPV =
L

2
,

�
p � n� nt

�
L

εrε0
(Equation 7)

Figure 6A illustrates simulated SPV transients with the effect of increasing ~Nit. For a

given set of charge transfer parameters (Kh, Ke, Khb, and Keb) as indicated in the

caption, when ~Nit increases from a low value of 2.5 3 108 up to 2 3 1012 cm�2 (cor-

responds to Nit values of 10
13 up to 1016 cm�3), a gradual increase in a positive SPV

signal is observed in the timescale of 1 ns–10 ms. An increasing value of ~Nit leads to a

larger density of electrons trapped at the SAM-modified ITO/HaP interface and re-

sults in an excess of holes in the HaP layer and therefore inducing a change from

predominantly negative to predominantly positive SPV signals.

Figure 6B illustrates simulated SPV transients and the effect of increasing hole trans-

fer rate constant for a given ~Nit (see caption). It can be seen that as Kh gradually

increases from 103 to 107 s�1, the SPV becomes more negative, and at some point

(Kh > 106 s�1 in the specific case shown in Figure 6B) the rate of hole transfer over-

comes the rate of interfacial trapping of electrons at the SAM-modified ITO/HaP

interface. Therefore, the positive SPV signal at the short times diminishes. The com-

parison of the experimental SPV transients shown in Figure 4 with the simulated tran-

sients in Figures 6A and 6B demonstrates that the characteristic features in the SPV

transients can be very well reproduced by the model and therefore account for the

interplay between trap passivation and hole transfer rate. Thus, the simulation re-

sults reveal the dual function of the SAMs as a selective contact: (1) passivation of

the ITO surface to prevent trapping of electrons and (2) fast transfer of photogener-

ated holes into the ITO.

The excellent reproduction of the characteristic features in the tr-SPV transients by

our model simulations allows to fit measured SPV transients with a minimum number

of fitting parameters and to extract transfer rate constants and trapping parameters.

In the fits, the parameters ~Nit, Kh,Ke, Khb, and Keb were kept variable depending on

the given interface, whereas the parameters of bulk HaP were kept constant, i.e., in-

dependent of the sample (the parameters of bulk HaP are given in the SI, table T2).

Figure 6C shows the measured and fitted transients for the bare ITO/HaP and ITO/

MeO-2PACz/HaP, ITO/2PACz/HaP, and Me-4PACz/HaP samples.

In order to investigate the influence of chain length on transfer rates, we have

compared samples comprising nPACz molecules, with n being 2, 4, or 6 denoting

the number of hydrocarbons in the (insulating) aliphatic chain. Figure 6D compares
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Figure 6. Simulated and fitted tr-SPV curves

(A) Simulated tr-SPV curves as a function of varying ~Nit (A) and Kh (B), all other parameters were kept

constant as the values found for MeO-2PACz (see Table S3).

(C) tr-SPV of the different SAM/perovskite samples including the fitting results shown in black.

(D) Hole transfer rate constants for Me-4PACz compared with nPACz series extracted by fitting the

tr-SPV measurements. All tr-SPV measurements were performed under frep = 1 kHz. For all

simulations, the injection level was kept constant at 6.2 3 1014 cm�3.
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measured and fitted SPV transients for ITO/nPACz/HaP (n = 2, 4, 6) and ITO/Me-

4PACz/HaP. The slope of the initial rise of the SPV transients decreases as the chain

length increases, meaning that the hole transfer rates decrease with increasing chain

length of nPACz (which was further confirmed using a laser repetition rate of 2 Hz and

back illumination, as shown in Figure S9). The reduction of the hole transfer rates is

caused by an increase in the width of the tunneling barrier with increasing aliphatic

chain length. However, despite the fact that Me-4PACz and 4PACz have a similar

chain length, Me-4PACz exhibits a much faster hole transfer, even faster than

2PACz. This difference could be related to the strong influence of the overall dipole,

the specific functional group termination and/or differences in the morphology of

the SAMs on the shape of the barrier.

Figure 7 summarizes the fitting results for the different samples, yielding different

values of interfacial trap densities and charge transfer rate constants — ~Nit, Kh,Ke,

Khb, and Keb for each of the samples (for a list of values see Table S3). Figure 7 shows

that bare ITO does not form a hole-selective contact with HaP (Ke was even larger

than Kh). Therefore, the positive tr-SPV signal for ITO/HaP is a combination of pref-

erential injection of electrons to the ITO and of electron trapping at the ITO/HaP

interface. In contrast, for the ITO/SAM/HaP systems, the values of Kh were much

larger than Ke, demonstrating the hole-selectivity of the different SAMs. When

comparing the different SAMs, a clear trend of increasing Kh is seen, suggesting

that the hole transfer rate is the highest for Me-4PACz, followed by the nPACz series

where Kh is roughly 4–10 times lower, depending on the carbon-chain length, and
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Figure 7. Summary of the fitting results for the different ITO/SAM/HaP samples

(A) Hole versus electron transfer rate constants (Kh versus Ke), the dashed line corresponds to

Kh = Ke (lack of selectivity).

(B) Kh versus interfacial trap density, ~Nit. the numbers 2, 4, and 6 denote the chain length in the

nPACz series.
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even about 1–2 orders of magnitudes lower for MeO-2PACz. This trend is in line with

the charge separation efficiency of the isolated ITO/SAM systems shown in Figure 2B

and points to the crucial role of the SAM in the overall charge carrier dynamics of the

ITO/SAM/HaP system. We note that the obtained range of Kh values for the SAM-

modified contacts, 105–106 s�1, is 2–3 orders of magnitudes lower than the Kh values

reported by Hutter et al. for standard HTL such as Spiro-OMeTAD using time-

resolved microwave conductivity (TRMC) measurements.50 On the one hand, the

lower Kh values for the SAM-modified contacts w.r.t. to the reported Kh values for

Spiro-OMeTAD, and, on the other hand, the superior solar cell performance of

HaP solar cells utilizing SAM-modified contacts as HTL suggest that a higher passiv-

ation quality of the SAM-modified ITO/HaP interface compared with significant los-

ses due to non-radiative recombination in the ITO/Spiro-OMeTAD/HaP interfaces,

overweighs the relatively slower hole extraction rates for the SAM-modified ITO/

HaP contacts. The highest value of interfacial electron trap states ~Nit (10
11 cm�2)

and the lowest value of hole transfer rate constants Kh (3.8 3 104 s�1) were obtained

for ITO/HaP. In contrast, the lowest value of ~Nit (� 2 3 109 cm�2) and the highest

value of Kh (4.7 3 106 s�1) were obtained for ITO/Me-4PACz/HaP. Thus, for Me-

4PACz, the characteristic time until about 2/3 of the holes have been transferred

into the ITO, i.e., 1/Kh, amounts to �213 ns, in excellent agreement with the SPV

rise time of 300 ns extracted from Figure 3C. This shows that the application of
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Figure 8. Correlation plots for the different SAMs

(A) Open-circuit voltage versus the density of interface traps.

(B) Fill factor versus the hole transfer rate constant of the corresponding solar cells (the FF values

were taken from Al-Ashouri et al.9). Error bars indicate the standard deviation of values recorded

from at least 5 solar cells.
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Me-4PACz molecules for the formation of a SAM led to a highly efficient passivation

of interface traps with a density of surface states as low as at highly passivated c-Si

surfaces.51

The extracted Kh and ~Nit values can be used to compare the hole transfer rate with

the trapping rate of electrons on the SAM-modified ITO/HaP interface �siteveNit.

For ~Nit value of 4 3 109 cm�2 (corresponds to Nit value of 1.6 3 1014 cm�3 in

2PACz) a trapping rate of 5 3 104 s�1 is obtained. Therefore, in cases where Kh

>> siteveNit, as is the case for 2PACz and Me-4PACz (Kh = 1.1–4.7 3 106 s�1), negli-

gible losses due to trap-assisted non-radiative interfacial recombination are ex-

pected, as discussed next.
Correlation to device performance

Larger values of ~Nit imply additional losses in the open-circuit voltage (VOC) due to

trap-assisted non-radiative interfacial recombination. In Figure 8A, the values of VOC

of solar cells, which also contain an electron-selective contact (an identical electron-

selective contact, C60, was used for all samples), are correlated with ~Nit for identi-

cally prepared samples but without the electron-selective contacts. For a bare

ITO/HaP contact, the VOC is much lower than the SAM-modified ITO contacts, as

one would expect from a value of ~Nit of about 10
11 cm�2. The reason is that ITO is

more electron selective than hole selective, so that a photoinduced potential

with the opposite sign additionally reduces VOC. For the ITO/MeO-2PACz/HaP

stack, an interfacial trap density of ~Nit = 5 3 1010 cm�2, improves the Voc over

bare ITO stacks. Further reducing the interfacial trap density to a value of about
~Nit = 4 3 109 cm�2, the VOC remained practically constant for 2PACz and Me-

4PACz at the highest level of 1.165 V on average, i.e., this high VOC is not limited

by such low values of ~Nit anymore.

The fill factor (FF) of solar cells depends sensitively on series resistances. High series

resistance reduces the short-circuit current and the FF of the solar cell. Tunnel bar-

riers at charge-selective contacts can introduce additional series resistance into solar

cells. All the SAMs in this study contain an insulating aliphatic carbon chain, CnH2n,

which poses a tunnel barrier for charge carrier transfer. The width of the tunnel bar-

rier is determined by the chain length, n, and the resistance is expected to increase

with increasing tunneling barrier width.52 In general, the transport properties of the
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hole-selective tunnel barrier are merged in the value of Kh. In Figure 8B, the values of

FF are correlated with Kh for identically prepared samples based on nPACz (n = 2, 4,

and 6) and Me-4PACz, but without the electron-selective contacts. The value of the

FF increased with increasing Kh and reached the highest value for the highest Kh.

Thus, since the electron transfer rate is not the rate-limiting step in the solar cell

operation, as demonstrated and discussed in section S5, the hole-transfer rate can

significantly limit the FF. Therefore, the chain length of the molecules in the SAMs

can control the hole transfer rate and also the FF due to the increased tunneling dis-

tance. However, due to the fact that the hole transfer rate of Me-4PACz is signifi-

cantly faster than that of 2PACz and 4PACz, it is clear that the chemical structure

of the molecular head group—here, the methyl group versus H, also plays an impor-

tant role in charge transfer. This is not surprising since the dipole-related SPV signals

were significantly larger for Me-4PACz than for 2PACz (Figure 2B), i.e., dipoles can

strongly influence the shape of tunnel barriers. In addition, for other conjugated

SAM systems, An et al. suggested that as the electronic cloud distribution of the

HOMO of the SAM becomes more aggregated and continuous, the rate of hole

transfer enhances.53Whether this conclusion also applies to the different SAMs stud-

ied here remains to be determined. It can be suggested that the enhanced hole

transfer rate and FF for Me-4PACz could be related to the �0.1 eV increase in the

WF observed for Me-4PACz (Figure 2A), leading to an increase in the barrier height

for electron transfer to the ITO (FB,e in Figure 1A). A similar effect (which is some-

times referred to as ‘‘back surface field’’) was also suggested by Knesting et al. for

OSCs54 and can help suppress non-radiative recombination at the HTL contact

and thus enhance the selectivity of Me-4PACz compared with the nPACz series.55

However, it is also important to note that other factors aside from the WF of the

SAM-modified ITO affect the hole transfer rate. Among them are the tunneling

length (given mainly by the insulating chain length and the orientation of the

SAMs with respect to the surface), the specific interaction between the SAM’s func-

tional group and the first perovskite layer on top, and whether the dipole effect,

observed on the bare SAM-modified ITO, remains the same after the deposition

of the perovskite layer.

Conclusion

In this work, hole-selective contact systems for HaP films based on SAMs bound to ITO

electrodes were studied by transient surface photovoltage (SPV). Transient SPV

proved to be a powerful technique that provides new insights on the different loss

mechanisms and charge transfer limitations in high-efficiency solar cell devices. Thanks

to the fact that transient SPV requires only a bottom contact, it enabled to study and

optimize specifically the ITO/SAM/HaP interface. Although the interpretation of tran-

sient SPV is often complex due to the different charge carrier dynamic processes that

occur simultaneously, the combination of transient SPV and transient PL allowed to

identify electron trapping in the ITO/HaP interface and to unambiguously determine

the charge carrier separation and recombination processes over several orders of

magnitudes in time. It was shown that electron traps at the ITO can be well passivated

by carbazole-based SAMs with phosphonic acid anchoring groups and that the chain

length of the molecules and the head groups can strongly influence the passivation

and charge transfer kinetics. Aminimalistic kinetic model based only on rate equations

has been developed for the simulation of SPV transients. Values of parameters impor-

tant for suitable limitations in solar cells, such as the density of interface traps ð ~Nit) and

the hole transfer rate constant (Kh), were obtained by modeling measured SPV tran-

sients with excellent agreement between simulation and experiment. By applying

our kinetic model, we find that the main loss mechanisms are insufficient hole selec-

tivity and electron trapping at the SAM-modified ITO/HaP interface. The optimal
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SAM, based on Me-4PACz for the given experiments, not only provided the fastest

hole transfer rate constant to the ITO (4.7 3 106 s�1) but also the highest degree of

passivation of the ITO, with a very low density of interfacial electron traps (� 2 3

109 cm�2). The extracted quantities of interfacial trap densities and hole transfer

rate constants correlated very well with the resulting VOC and the FF of corresponding

solar cells and explain the remarkable performance of the Me-4PACz SAM, leading to

the recent record photoconversion efficiency of perovskite/silicon tandem solar cells

of 29.15%.9

We suggest that our model can be applied to future transient SPV studies utilizing

combinations of other absorbers and contact materials, in cases where spatial distri-

bution of charge carriers in the absorber layer can be neglected due to fast diffusion

of the charge carriers. We believe that our findings can stimulate further density

functional theory analysis to predict the effect of the exact molecular structure of

the different SAMs on the density of interfacial traps as well as the charge transfer

rate from the absorber to the selective contact. In the future, transient SPV could

be used as a powerful tool for the investigation of buried interfaces, which enables

quantification of the passivation quality and charge extraction kinetics of different

selective contacts for thin-film optoelectronic devices, enabling them to reach their

maximum theoretical efficiency.
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