IENAPPLIED MATERIALS

XINTERFACES

www.acsami.org

Research Article

Understanding Hole Extraction of Inverted Perovskite Solar Cells
Zhewei Zhang, Madhu Sheri, Zachariah A. Page, Todd Emrick,* Akinori Saeki,* Yao Liu,*

and Thomas P. Russell*

Cite This: ACS Appl. Mater. Interfaces 2020, 12, 56068—-56075

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations @ Supporting Information

ABSTRACT: This paper describes a correlation between charge extraction
and energy-level alignment at the interface of polymeric hole transport layers
and perovskite active layers. By tailoring the composition of the conjugated
backbone of the hole transport material, energy levels between perovskites
and hole transport layers are varied. Matching the band alignment at
perovskite/hole transport interfaces dramatically improved charge extraction
and thus device performance. Time-resolved microwave conductivity
measurements, performed to elucidate hole transfer kinetics, suggest that
hole transport layer energy levels greatly influence hole extraction efficiency
at this interface, a finding that agrees well with device performance metrics.
Furthermore, photoluminescence, Mott—Schottky, and space charge limited
current measurements support that energy-level alignment between the hole
transport layer and perovskite active layer enables more eflicient hole
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extraction and transport at the device interface. The insight surrounding hole extraction in inverted perovskite devices will help
design effective hole transport materials, which, in turn, facilitates the production of more efficient solar cells.
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B INTRODUCTION

Perovskite solar cells (PSCs) are rapidly advancing the pace of
photovoltaic research, with power conversion efliciencies
(PCEs) increasing from 3.8% to a certified value of 25.2%
over the last decade. The device structure of PSCs has evolved
from liquid-based dye-sensitized solar cells to mesoporous
structures with a solid hole transporter and to the planar
heterojunction designs examined today.'”> Planar PSCs
consist of a perovskite active layer sandwiched between solid
charge transport layers, specifically a hole transport layer
(HTL) and an electron transport layer (ETL). When an HTL
is used as the device bottom contact, it defines an inverted
configuration. Inverted PSCs, inspired by organic solar cells,
have been of considerable interest since the discovery of
bipolar transport in perovskites and perovskite/fullerene planar
heterojunction in 2013.° In general, inverted PSCs are less
efficient than their mesoscopic counterparts, but their
fabrication is more straightforward and compatible with the
well-established, solution-based, low-temperature roll-to-roll
preparation used to produce organic solar cells.””

To achieve high-performance inverted PSC devices, efficient
charge extraction and transport across each interface is
critically important.'”"" Optimal energy-level alignment for
each of the contacting layers in the device will increase open-
circuit voltage (Voc) and enhance charge transport and
extraction, thereby promoting a hi%her short-circuit current
density (Jsc) and fill factor (FF).'” The interfacial contact
between the perovskite active layer and the HTL or ETL
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dictates charge extraction efficiency and, in turn, perovskite
solar cell performance.">™"” Fullerene and its derivatives, such
as [6,6]-phenyl-C¢;-butyric acid methyl ester (PC4BM), are
the most widely used ETL materials in inverted PSCs.'®
Fullerenes efficiently passivate trap states in perovskites, extract
electrons, and block holes, making them highly successful ETL
materials in inverted PSCs.'”~*” Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) was the first material examined as an HTL in
inverted PSCs;*® since then, numerous inorganic com-
pounds,24 such as NiO_, "> CuSCN,**** PbS,*’ Cu,0, and
CuO,*'™** have been tested as HTLs in PSCs. Recently,
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) has
been utilized as an effective HTL in inverted PSCs, yielding a
PCE of 22.3%.”" Nevertheless, a comprehensive understanding
of hole extraction in inverted PSCs is still lacking. Notably,
modulating the energy level of the HTL is advantageous for
improving band alignment and charge extraction at the
perovskite/HTL interface in inverted PSCs.>> ™" For example,
surface modification of PEDOT:PSS increases the work
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Figure 1. (a) Schematic of the device architecture: ITO/HTL/MAPbI;/PC4BM/Cyy-lonene/Cu; (b) chemical structures of the polymeric HTLs;

and (c) chemical structure of Cyy-ionene.

function and correspondingly the V¢ of perovskite devices.*®

In general, organic HTL materials are advantageous for facile
synthetic tunability, thus opening avenues to examine the
relationship between band alignment and charge extraction at
the HTL/perovskite interface.

Here, to correlate energy-level alignment and interfacial
charge extraction at the perovskite/charge transport layer
boundary in PVSCs, we fabricated and characterized fullerene/
methylammonium lead triiodide (MAPbI;) perovskite planar
heterojunction solar cells comprising a series of three anionic
poly(arylene vinylene)-based HTLs (Figure 1). Specifically,
the HTLs were (1) poly(benzothiadiazole vinylene-alt-2,5-
bis(4-sodium sulfonate)butoxy)-1,4-phenylenevinylene)
(PVBT-SO3); (2) poly(5,6-difluorobenzo[c][1,2,5]thiadiazole
vinylene-alt-2,5-bis(4-sodium sulfonate)butoxy)-1,4-phenyle-
nevinylene) (PVF,BT-SO;); and (3) poly(2,3,5,6-tetrafluor-
obenzene vinylene-alt-2,5-bis(4-sodium sulfonate)butoxy)-1,4-
phenylenevinylene) (PVF,-SO;).*”*" These polymers all
contain identical sulfonate pendent groups and possess
different arylene vinylene-based conjugated backbones, which
tailor their HOMO energy levels. Using these polymers as
HTLs at the interface between an MAPDI; active layer and
indium tin oxide (ITO) electrode, the electronic structure at
the contacting interface was varied to study the hole extraction
process. The anionic pendent groups of the HTLs were found
in perovskites with similar structures and morphologies,
eliminating other variables that influence perovskite charge
extraction and transport. Overall, tuning the energy levels of
the perovskites and the HTLs dramatically improved hole
extraction and increased the device efficiency by over 30%,
consistent with time-resolved microwave conductivity
(TRMC) measurements.

B EXPERIMENTAL SECTION

Materials. Cgy-ionene, PVBT-SO;, PVF,BT-SO;, and PVF,-SO,
were prepared according to previously reported procedures.’”*'
Methylammonium iodide (MAI, >99.5%), Pbl, (>99.99%) and
PC4BM were purchased from Xi'an Polymer Light Technology
Corp. y-Butyrolactone (GBL, >99%) was purchased from TCI,
dimethyl sulfoxide (DMSO, anhydrous, >99.7%) was obtained from

Acros Organics, and chlorobenzene (anhydrous, >99.8%) was
received from Sigma-Aldrich and used without further purification.

Fabrication of Perovskite Devices. ITO-coated glass substrates
(1.5 X 1.5 cm? 15 Q/sq), obtained from South China Science &
Technology Ltd., were cleaned by sequential ultrasonic treatment in
detergent, deionized water, acetone, and isopropyl alcohol, and then
oven-dried at 60 °C to remove the residual isopropanol, followed by
UV-ozone treatment for 15 min. PVBT-SO;, PVF,BT-SO;, or PVF,-
SO; solution in deionized water was applied by spin-coating at 3500
rpm for 40 s onto precleaned ITO substrates. After spin-coating, the
substrates were transferred into a N, (g)-filled glovebox. To
synthesize MAPDI; perovskite films, the precursor solution was
prepared by dissolving Pbl, and MAI (1:1 molar ratio, 930 mg/mL in
total) in a 3/7 (v/v) mixture of DMSO and GBL. This precursor
solution was stirred at 60 °C for 4 h and then deposited onto the
polymer-coated substrates with a two-step spin-coating procedure:
(1) 1500 rpm for 20 s and (2) 4000 rpm for 60 s. Chlorobenzene
(300 uL) was applied to the spinning substrate during the second
spin-coating step at 40 s before the end of the procedure. The samples
were then thermally annealed at 100 °C for 10 min inside the
glovebox (N, (g) atmosphere, <0.1 ppm O,, <0.1 ppm H,0). A 60—
70 nm PCq-BM layer was cast onto the perovskite film from a
chlorobenzene solution (20 mg/mL) inside the glovebox. Sub-
sequently, Cgo-ionene in trifluoroethanol (2 mg/mL) was spin-coated
onto the PC4BM surface as an interlayer with a thickness of ~10 nm.
Finally, a Cu cathode (100 nm) was deposited onto the Cgy-ionene
layer under high vacuum (107 mbar) using a thermal evaporator and
metal shadow mask to define an area of 0.04 cm? by the overlap of the
ITO and the Cu cathode.

Device Characterization. Current Density—Voltage (J—V). The
J—V characteristics of the devices were measured under simulated
AML.5G irradiation (100 mW/cm?) using an EnliTech Class AAA
Solar Simulator containing a Xe lamp equipped with an AM1.5G filter
in the glovebox. The light intensity was adjusted with an NREL-
calibrated Si solar cell with a KG-5 filter. Keithley 2400 was used as
the source meter at a scanning rate of 100 mV/s (with a voltage step
of 10 mV).

Time-Resolved Microwave Conductivity (TRMC). MAPbI; with or
without the HTL was prepared in the same manner as the solar cells,
without the electrode, and by replacing fluorine doped tin oxide
(FTO)/glass with a quartz plate. The sample was set in a resonant
cavity and subjected to continuous microwave exposure at ~9.1 GHz.
The excitation laser from an optical parametric oscillator (OPO,
Continuum, Inc., Panther) seeded by the third harmonic generation
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Figure 2. Representative J—V curves of perovskite solar cells containing HTLs composed of (a) PVBT-SO;, (b) PVF,BT-SO;, and (c) PVF,-SO;.
(d) PCE histograms generated from ~90 device measurements (~30 devices were fabricated for each HTL composition).

of a Nd:YAG laser (Continuum, Inc., Surelite II, S—8 ns pulse
duration, 10 Hz) was set at SO0 nm at an incident photon density (I,)
of 1.3 x 10" photons cm ™2 pulse™". The laser pulse was exposed from
the HTL side, and the excitation wavelength was chosen to minimize
laser absorption by the HTL. The low I, allows for a precise
evaluation of 7y, since @Y fiy., lies in the flat region (¢p ~ 1),
unaffected by a small change of I,. The photoconductivity transient
Ao is converted to the product of the quantum efficiency of charge
carrier generation (¢) and the sum of charge carrier mobilities, Y
(= py + p_) by pYu = Ac (eIOFlight)_l, where e and Fyg, represent
the unit charge of a single electron and a correction factor,
respectively. The solar cells were kept at room temperature in air.

B RESULTS AND DISCUSSION

Fullerene/perovskite planar heterojunction solar cells were
fabricated containing a series of poly(arylene vinylene)-based
anionic polyelectrolytes (Figure 1). Aqueous solutions of
PVBT-SO;, PVE,BT-SO;, and PVF,-SO; were spin-coated
separately onto ITO substrates, to serve as HTLs (Figure S1).
The perovskite precursor solution (Pbl, and MAI) was first
spin-coated onto the HTL-coated substrates, followed by
thermal annealing at 100 °C for 10 min to form the
photoactive perovskite layer. As shown in Figure S2, uniform
and continuous perovskite films appeared essentially identical
irrespective of the polymers employed, which is consistent with
the X-ray diffraction patterns (Figure S3), which showed
similar perovskite order and orientation. PC4qBM was
deposited onto the perovskite layers to facilitate electron
extraction from perovskite to ETL, followed by spin-coating a
thin interfacial modification layer of Cgy-ionene (Figure 1c)."!
Finally, copper (Cu) electrodes were deposited by thermal
evaporation on the Cgy-ionene layer. Figure 2 presents
representative J—V curves obtained for these devices, with
the inset tables showing the corresponding device parameters.
Devices with PVBT-SO; HTLs performed optimally, with a
maximum PCE of 18.4%, V¢ of 1.06 V, Jsc of 22.5 mA/cm?,
and FF of 77%. PVF,BT-SO; HTLs provided a moderate
device performance, with a maximum PCE of 13.6%, mainly

56070

due to lower Jsc and FF values, while devices containing PVF,-
SO; HTLs were the least efficient of those studied, with PCE
of 7.3%, Ve of 1.00 V, Jsc of 13.0 mA/cm?, and FF of 56%.
Figure 2d shows the histogram of the average PCEs calculated
from forward and reverse scans for all of the independent
devices. Over 30% of the devices (11 devices) with PVBT-SO,
HTLs exhibited efficiencies exceeding 17%, while the majority
of devices with PVF,BT-SO; or PVF,-SO; HTLs gave
efficiencies below 12 and 6%, respectively. As shown in Figure
S4, EQE and the stabilized power output results are also
consistent with the J—V measurements, confirming the
superior performance of PVBT-SO;-based devices. As shown
in Figure S5, surface energies were calculated to be 42.5 mN/
m for PVBT-SO;, 424 mN/m for PVE,BT-SO;, and 42.5
mN/m for PVF,-SO; surfaces. Thus, since these polymer
HTLs bear the same ionic pendent group and afford similar
surface energies, the electronic structure associated with the
conjugated backbone must be a critical determining factor for
device efficiency.

Ultraviolet photoelectron spectroscopy (UPS) was used to
characterize the intrinsic electronic characteristics in the
polymer thin films and at the polymer—metal interface (Figure
3a,b). All of the polymer interlayers showed negligible
influence on the work function of the metal electrode, as
evidenced by the similar secondary electron cutoft in the high
binding energy region of the spectra (Figure 3a, Table S1):
The average secondary electron cutoff (E.) = 4.48, 4.54, and
4.60 eV for PVBT-SO;, PVE,BT-SO,, and PVE,-SO,,
respectively. The average HOMO onset was observed at
0.79, 0.86, and 1.06 eV from the Fermi levels for PVBT-SO;,
P4VF,BT-SO;, and PVF,-SO;, respectively (Figure 3b). Thus,
the calculated average ionization potentials (IPs) of PVBT-
SO;, PVF,BT-SO;, and PVF,-SO; from the UPS measure-
ments are 5.27, 540, and 5.66 €V, respectively. We then
performed photoelectron yield spectroscopy (PYS) to
determine IPs of the polymer interlayers. As shown in Figure
3¢, PVBT-SO;, PVE,BT-SO;, and PVF,-SO; gave IP values of
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Figure 3. (a) E,,. and (b) HOMO onset of the UPS spectra; (c)
photoelectron yield spectroscopy (PYS) characterizations of HTLs on
metal substrates; and (d) energy-level diagram of HTLs and MAPbI,
perovskite.

5.43, 5.53, and 5.83 eV, respectively, noting that the
fluorinated polymer gave the largest IP value, in accordance
with the electron-withdrawing characteristic of fluorine that
induce a deeper HOMO energy level.*” This is in close
agreement with the values estimated by UPS. Thus, the energy-
level diagram of perovskite and the HTLs can be illustrated as
seen in Figure 3d.

Flash hyphen photolysis time-resolved microwave con-
ductivity (TRMC) measurements were performed to study
hole transporting process from the perovskite layer to the
various HTLs. By comparing the ¢X i transients (¢ is the
quantum efficiency of charge carrier generation and Y u is the
sum of charge carrier mobilities) of perovskite/PCsBM and

HTL/perovskite/PC4,BM films, the hole transfer yield (17yr)
is evaluated by*

¢ 2 u(t)

where ¢ Y pu(t) and @Y pyr () are the time-dependent ¢ u
without and with an HTL, respectively.

Figure 4a shows the ¢ Y u(t) and ¢ X pyri (t) transients for
the three polyelectrolyte HTLs, with PVBT-SO; showing the
most rapid decay, followed by PVF,BT-SO; and PVEF,-SO;.
The resultant 7y values of the three HTLs, evaluated
according to hole transfer yield, are shown in Figure 4b (nyr
= 1 signifies complete perovskite to HTL hole transfer). By
analyzing the nyr kinetics with a stretched exponential
function (exp(—(kt)”)), the four parameters of 7, (initial
hole transfer yield at the time resolution of TRMC), 7,
(saturated hole transfer yield at ~3 ps), k (hole transfer rate
constant), and /3 (power factor) were obtained.

Table 1 summarizes hole transfer kinetics and indicates that
devices containing PVBT-SO; show 7, (0.63) nearly 2 times

Myt

Table 1. Summary of Hole Transfer Kinetics

HTL Mo Neat k(s™) B
PVE,-SO; 0.32 0.80 8.4 X 10° 1.00
PVE,BT-SO, 0.34 0.90 1.6 X 10° 0.99
PVBT-SO, 0.63 0.91 7.5 X 10° 1.00

that of devices containing PVF,BT-SO; (0.34) and PVE,-SO,
(0.32) HTLs. The #;1(t) values increase rapidly and reach 7,
= 0.80—0.91. The k values are 8.4 X 10° s! for PVF,-SO;, 1.6
X 10° 57! for PVF,BT-SO;, and 7.5 X 10° s™* for PVBT-SO;,
demonstrating the most efficient hole extraction by PVBT-SOs.
The PVBT-SOj-based device showed the highest PCE
(17.57%) among those analyzed (PVF,BT-SO;: 13.16% and
PVF,-SO5: 6.69%), consistent with the hole transfer yield and
the position of the HOMO energy level. Optimizing the
energy-level alignment at the HTL/perovskite interface is

(a) 40 —— MAPbI,/PCBM 404 —— MAPbI,/PCBM 404 —— MAPbI,/PCBM
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Figure 4. (a) ¢) Yy transients and (b) semilogarithmic plot of hole transfer yield 77;;; and time measured by TRMC (4., = 500 nm, I, = 1.3 X 10"!

photons/ cm?) for each device.
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Figure 6. (a) PL spectra and (b) TRPL spectra for glass/HTL/perovskite samples; (c) Mott—Schottky plots of devices measured at 10 kHz probe
frequency; and (d) SCLC measurements of the devices containing different HTLs (TFL = trap-filled regime).

clearly impactful for maximizing hole transfer kinetics and
device performance.

TRMC evaluation was used to predict Jc and PCE of the
devices based on the observed correlation between TRMC
results and device parameters of other HTL materials. In the
previous study on the hole transfer dynamics evaluated by
TRMC," the logarithm of the product of initial hole transfer
yield (7,) and rate constant (k) was found to correlate with Jgc
and PCE of MAPbI;-based perovskite solar cell among various
HTL materials. Using this indicator (In(74k)), the Jsc and PCE
of the perovskite solar cells were interpolated and predicted
using three HTL materials from their TRMC results. The
devices containing PVBT-SO; gave the best predicted
performance with a Joc of 22.9 mA/cm® and a PCE of
16.3%, while those containing PVF,BT-SO; (Jgc = 17.9 mA/
cm?, PCE = 9.6%) and PVF,-SO; (Jsc = 16.3 mA/cm? PCE =
7.9%) were much lower (Figure S5), in agreement with
experimental results.

To investigate the hole extraction capability of the selected
HTLs, steady-state photoluminescence (PL) and time-resolved
photoluminescence (TRPL) decays at the peak emission of
405 nm were conducted for perovskite films on substrates
coated with different HTLs. As shown in Figure 6a, the PL is
strongly quenched in the presence of the PVBT-SO; HTL,

56072

indicative of efficient hole extraction. The TRPL decays are
shown in Figure 6b. The single-exponential fits reveal PL decay
constants of 23.40, 17.78, and 9.25 ns™! for PVE,-SO,,
PVE,BT-SO;, and PVBT-SO; layers, respectively. The results
indicate that improved hole extraction and charge dissociation
are achieved at the PVBT-SO;/perovskite interface, in
comparison to the other samples, and suggest that the band
energy alignment at the HTL/perovskite interface is crucial for
charge extraction, charge transfer and recombination. Thus,
PVBT-SO; is the most efficient HTL having suitable energy-
level alignment with the perovskites. We also performed PL
and TRPL characterizations of perovskite films cast on ITO
substrates (Figure S6). The data also support the most efficient
hole extraction of PVBT-SO;-based devices.

Figure 6¢ shows the Mott—Schottky plots of the three HTL-
containing perovskite devices, which were recorded at a
frequency of 10 kHz in the dark. Here, the Mott—Schottky
equation was used to determine the flat-band potential of the
three hole transport materials. The Mott—Schottky equation is
given as™
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where C, is the space charge capacitance per unit area; g, €, and
& are the electron charge, semiconductor dielectric constant,
and permittivity of free space, respectively; and N, V, Vi, k,
and T are the carrier density, applied bias voltage, built-in
potential, Boltzmann constant, and absolute temperature,
respectively. From this equation, the built-in potential is
determined from the intercept of the linear region, which
represents the applied potential. Applying the experimental
data to this equation, the flat-band potential of the three hole
transport materials were calculated as 0.63 eV for PVBT-SO;,
0.47 eV for PVE,BT-SO;, and 0.30 eV for PVF,-SO,. Standard
p—n junction solar cell theory predicts that the V¢ of the
device under illumination is limited by the V,; of the
junction.” Therefore, the value of V; is crucial for device
performance and devices with the PVBT-SO; HTL possessed
the largest V}; and thus produced the highest V.

In Figure 6d, the space charge limited current (SCLC)
method is used to calculate the hole mobilities of the
perovskite devices with the selected HTLs. The J—V curve
measured by the SCLC method is described in three regimes: a
linear ohmic regime, a trap-filled regime beyond trap-filled
limit voltage (Vg ), and a trap-free SCLC regime. In the trap-
free regime, the dark current shows a quadratic dependence (k
= 2), known as the Child’s law region according to the Mott—
Gurney law. The SCLC mobility values are calculated from*

_ A
D e

where Jj is the current density, u is the charge mobility, V}, is
the applied voltage, &, is the free space permittivity, € is the
relative dielectric constant of the perovskite, and L is the
thickness of the perovskite layer. The relative dielectric
constant & of MAPbI, is 32 according to a previous study.®’
Curve fitting in the Child’s law region provides the charge
carrier mobility y of the perovskite together with different
HTLs as 0.36 cm”* V™' 57! for PVBT-SO3, 0.31 cm®* V™' 57! for
PVF,BT-SO;, and 0.03 cm® V! s7' for PVF,-SO;. Thus,
devices with a PVBT-SO;/perovskite structure afforded the
highest hole mobility. Since the conductivities of the three
polymers are at the same level (Figure S7), the higher hole
mobility of devices containing PVBT-SO; may be attributed to
the better energy-level alignment between PVBT-SO; and
perovskite.

B CONCLUSIONS

The correlation between hole extraction and energy-level
alignment of the HTL/perovskite interfacial contact region has
been examined in detail. By varying the chemistry of the
conjugated backbone of the HTL polymers, energy levels
between perovskites and HTLs were better aligned, dramat-
ically improving hole extraction efficiency and device perform-
ance. The hole transfer kinetics extracted from TRMC
measurements show that an HTL with a suitable HOMO
energy level is crucial for aligning the electronic structure and
hole extraction efficiency at the HTL/perovskite interface. PL
and electrical measurements further confirmed that improved
alignment between the HTL and perovskite enables more
efficient hole extraction and transport at the device interface.
The experimental solar cell device performance was in good
agreement with TRMC measurements and predictions,
opening an avenue for evaluating structure—property relation-
ships of interfacial layers through hole transfer kinetics

analyses. These experimental results and theoretical calcu-
lations provide a comprehensive understanding of hole
extraction and are anticipated to guide the design of next-
generation hole transport materials for perovskite-based solar
cell devices.
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