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Lin et al. report the nonuniform doping of perovskite polycrystalline films by
several metal ions and the homojunctions formed within each individual grain. The
built-in electric field within each grain reduces the recombination of charge carriers
at grain boundaries and grain interiors, leading to increased efficiency of
perovskite solar cells.
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Perovskite solar cells with embedded homojunction
via nonuniform metal ion doping

Yuze Lin," Tao Li,” Ye Liu," Behzad Bahrami,> Dengyang Guo,” Yanjun Fang,® Yuchuan Shao,’
Ashraful Haider Chowdhury,® Qi Wang,' Yehao Deng," Alexei Gruverman,” Tom J. Savenije,”

Qiguan Qiao,® and Jinsong Huang'-¢/*

SUMMARY

A long photoluminescence decay lifetime has been regarded as a
generic indication of long charge carrier recombination lifetime in
semiconductors such as metal halide perovskites (MHPs), which
have shown tremendous success in solar cells. Here, we report
that MHP polycrystalline films with extrinsic metal ions have a very
long charge recombination lifetime, but a much shorter photolumi-
nescence decay lifetime, and this huge difference can be explained
by a model of lateral homojunction within each individual grain. The
lateral homojunction is formed due to the doping along grain
boundaries by metal ions, and then verified by nanoscale potential
mapping and transient photo-response mapping. The built-in elec-
tric field within each grain reduces the recombination of free charge
carriers within the perovskite grain and along grain boundaries,
while the free electrons and holes are collected to cathode and
anode through the grain boundaries and grain interiors, respec-
tively. Then, the efficiencies of MHP polycrystalline solar cells are
increased.

INTRODUCTION

The history of efficiency enhancement for thin-film solar cells has witnessed the
importance of reducing charge-recombination loss within devices, including both
at the electrode contacts and inside the photoactive layers.' A long charge carrier
recombination lifetime in semiconductor materials, including metal halide perov-
skites (MHPs) have shown tremendous success in solar cell applications.® ' Many ef-
forts have been devoted to increase the carrier recombination lifetime in polycrystal-
line MHP solar cells by increasing the grain size and crystallinity via film growth
modification'® and by passivating charge traps either on the surface or at grain
boundaries (GBs) of perovskite films.'”?* Photoluminescence (PL) intensity and
decay lifetime are generally used to characterize the charge recombination lifetime
due to its simplicity to measure.

Extrinsic metal ions have been investigated in MHPs on their influence of PL inten-
sity, lifetime, and the device performance.?” Several metal ions, such as K*, Na™,
Rb*, Ca?*, Cd?*, AI**, and Eu®*, have been added into MHP thin films as additives
to increase the PL intensity and/or lifetimes and then improve the device efficiency of
MHP solar cells. K*, Na*, and Cd?* ions have shown defect passivation effect in
perovskite thin films?®?%; Na* was also reported to reduce disorder and nonradiative
recombination rate within perovskite thin films; Rb* was initially thought to form an
alloy with perovskites, but was later found to mainly stay at GBs and play a similar
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role with K*.?” The addition of Ca®* could improve perovskite crystallinity and thus
reduce defect density’’; AI** was also reported to improve the quality of thin films
with reduced nonuniform strain®'; Eu®* was used to reduce the formation of Pb°
and [° under illumination and improve the photostability of MHPs due to the redox
shuttle of Eu®*/Eu®*.?? Recently, we demonstrated that Ag®, Sr**, and Ce®* ions
could heavily dope the surface of perovskites even into metallic in some cases,
and they preferred to stay at perovskite surfaces, leaving the interior of perovskite
grains much less doped.* This nonuniform doping of metal ions provides a chance
to form homojunctions in polycrystalline perovskite thin films between individual
perovskite grains and their adjacent GBs and/or surface.

In this work, we show that MHP polycrystalline films with extrinsic metal ions dopants
have a very long charge recombination approaching 5 pus measured by time-
resolved microwave conductance (TRMC), but a much shorter PL decay lifetime of
tens of nanoseconds, which is different from the reported passivated ions mentioned
above. A model of lateral p-n homojunction within each individual grain is proposed
to explain the huge difference in measured charge recombination lifetimes. The
lateral p-n junction is formed due to the doping along GBs by metal ions; then the
built-in electric field within each grain reduces the recombination of free electrons
and holes, while the free electrons and holes are collected to cathode and anode
through the GBs and grain interiors, respectively. The reduced charge recombina-
tion results in the increased efficiency of MHP polycrystalline solar cells.

RESULTS

PL decay and charge carrier recombination lifetime

Several types of metal ions, including Ag™, Sr?*, and Ce3* ions, which have been
demonstrated to dope the perovskite surface,”® were added into polycrystalline
MHP films to study the influence on the performance of MHP solar cells. In contrast
to some other ions such as Na*, K*, and Rb™, which generally passivate perovskite
defect, these ions were found to behave like n-type dopants and that the highest
occupied level of Ag, Sr, and Ce are closer to the conduction band minimum
(CBM) of the methylammonium iodide (MAI)- or Pbl,-terminated surface. Here,
we found that the addition of 0.1%-0.2% (weight ratio) of metal ions with different
valence charges, including Ag™, Sr**, and Ce®*, into methylammonium lead iodide
(MAPblI3) thin films can quench their PL by 40%-87% (Figure S1). It should be noted
here that all of the impurity elements of high-purity commercial Pbl, are at the level
of parts per million (ppm)—for example, Ag < 0.1 ppm, Sr < 0.05 ppm, and Ce <0.05
ppm, which are much lower than what we added in the perovskite precursor solution.
The PL quenching effect is confirmed by the study of PL lifetime variation using time-
resolved PL (TRPL) measurement. As shown by the PL decay curves in Figure 1A, the
pristine MAPblI; film deposited on glass shows PL decay lifetimes with a maximum
value of ~2.0 us, but the addition of all types of metal ions (Ag™, Sr?*, and Ce®")
dramatically reduces PL decay lifetime down to 40-130 ns. Even in the stacking
structures with both electron and hole transport layers, these metal ion additives
further decrease the TRPL lifetime of MAPbI; (Figure S2). MAPbl; films with metal
ion additives made by other deposition methods such as blade coating showed
the same PL quenching behavior (Figure S3). Surprisingly, these metal ion additives
increased the power conversion efficiencies (PCEs) of MHP solar cells, once the
amount of the added ions was optimized. We evaluated the impact of ion addition
to device performance in solar cell devices with a p-i-n structure of indium tin oxide
(ITO)/poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)/MHP/[6]-phenyl-C61-
butyric acid methyl ester (PCBM)/Cgo/bathocuproine (BCP)/copper (Cu), as shown
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Figure 1. Lifetime measurement and device performance

(A) TRPL decay curves of MAPbl; with or without metal ion additives.

(B) J-V curves of FAg gsMAg 15Pb(lp.g5Bro.15)-based solar cells blending with metal ions. The inset is
the device structure of perovskite solar cells: ITO/PTAA/MHP/PCBM/C60/BCP/Cu.

(C) TRMC traces of MAPbIs with or without metal ion additives.

in Figure 1B. The MHP layers have the compositions of MAPbl3 or FAq gsMAg 15
Pb(lp.g5Bro.15)3, where FA is formamidinium. The PCEs of the MAPbl; devices with
the addition of these extrinsic metal ions (Ag*, Sr**, Ce**) were improved from
17.4% to 18.6%-19.4% after these ion contents were optimized, which varied from
0.07% to 0.2% (Table S1). Similarly, the addition of these extrinsic metal ions
increased the stabilized PCEs of FAg gsMAg 15Pb(lg g5Bro.15)3 solar cells from 18.7%
t0 20.8% (Figure 1B; Table S1), and the photocurrent curves showed negligible cur-
rent hysteresis (Figure S4). Relative to the control device based on FAg gsMAg 15
Pb(lo.s5Bro.15)s without any additive, the device with Ce3* doping showed higher
external quantum efficiency in whole spectra, with 1.9 mA cm 2 higher integrated
current density (Figure S5). From the PCE statistics of 30 solar cells with and without
metal ions, >60% of the solar cells with Sr?* or Ce3* showed PCEs higher than 19%
(Figure S4), which is better than those of the control devices without dopants. The
very small amount (0.1%-0.2%) of extrinsic metal ion additives do not obviously
affect the light stability of the devices, while a high concentration (5%) of Sr** or
Ce3* increases the light stability of the MAPbl; films (Figure Sé).

Although the solar cell efficiencies have not reached the record values, itis very inter-
esting that the addition of a very small amount of extrinsic ions reduced the PL, while
it enhanced the device efficiency and device yield. To understand this unusual
behavior, we measured free carrier recombination lifetimes by TRMC in the MHP
films doped by extrinsic metal ions. The excitation light has a wavelength of
500 nm and large fluence of 7 4+ 4 nJ cm~2, which is close to that in the TRPL mea-
surement. It generates a charge carrier concentration of (3.6 + 2.1) x 10" cm™3,
which is large enough to avoid artifacts in the photoconductivity measurement
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Figure 2. Proposed model of lateral homojunction

The proposed scheme of the model of metal ion doping MHP. Using MAPbI3 as an example, where
the metal ions gathered in GBs of MHP thin film, and then downshifted band bending toward GBs;
the charge separation increases and recombination decreases.

caused by minority carrier traps or depletion-region modulation®**; the detailed
analysis can be found in the supplemental experimental procedures and Figures
$7-510. We selected univalent Ag*, divalent $r?*, and trivalent Ce3* to be blended
with MAPbl; deposited on quartz for this study. The excitation laser with a 500-nm
wavelength, which was used in TRMC measurement, cannot excite the metal halide
we added here, such as Agl with 440 nm absorption onset, to generate photocar-
riers, which can exclude the potential effect of the long-lifetime photocarriers in
Agl itself on the TRMC lifetime assessment of perovskite thin films. As shown in Fig-
ure 1C, the free carrier decay lifetime in pristine MAPbl; measured by TRMC is
2.1 ps, comparable to the measured PL decay lifetime of up to 2.0 ps, indicating a
weak surface charge recombination due to the high quality of these films formed
by our established methods.'? In striking contrast, the samples with metal ion addi-
tives display very long free carrier decay lifetimes of 4.1, 4.9, and 3.0 ps for the
MAPDbl; films blended with 0.1 wt% Ag*, 0.2 wt% Sr?*, and 0.1 wt% Ce>*, respec-
tively. These longer free carrier recombination lifetimes coincided with the better
device performance of MHP solar cells with metal ion additives. Fitting of the
TRMC traces under varied excitation light intensity using a simple model*? shows mi-
nority charge trapping density reduced upon metal ion doping (Figure S7).

Lateral homojunction model

We propose a model illustrated in Figure 2 to explain the enhanced efficiency in
perovskite solar cells with the addition of extrinsic metal ions and the discrepancy
between the long TRMC carrier lifetimes and the very short PL lifetimes. Since the
metal ions stay in the polycrystalline perovskite films after deposition and our previ-
ous study has revealed negligible incorporation of these ions into perovskite crystal
structures, they should accumulate in GBs and/or the surface of MHPs and cause n-
doping there. A nearly intrinsic grain interior and a doped GB form a homojunction
inside each individual perovskite grain. A doping-induced built-in electric field in
each grain separates the photogenerated electron-hole pairs, which quenches PL
and reduces the PL lifetime, while the spatial separation of free electrons and holes
slows down their recombination and increases the free carrier recombination lifetime
of MHP thin film and solar cells. The introduced halide counterions may also affect
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Figure 3. Potential distribution

CPD (mV)

Height and CPD images of MAPblIs thin films blending without and with 0.1% Ag*, 0.2% Sr?*, and 0.1% Ce®*, respectively. Eight grain boundaries are

labeled in the CPD images, and their height and CPD across the grain boundaries are displayed.

the doping efficiency, if they can change the surface or GB defect density, which is to
be determined by future study. The filling of some I~ vacancies may compensate
partially the n-doping from the extrinsic metal ions. However, electric measurements
showed that the perovskite surface with metal halide additives is largely n-doped,
indicating the doping effect is dominated by the introduced extrinsic metal ions.

Nanoscale potential mapping

To verify the formation of the homojunction at grain level, we conducted Kelvin probe
force microscopy (KPFM) measurement to find out the potential distribution of perov-
skite polycrystalline films at the grain scale. Here, we mechanically polished MHP thin
films to avoid the impact of the surface composition heterogeneity on surface work
function distribution and possible surface doping by the metal ions.*® Figure 3 shows
the KPFM potential images of MAPbl3 thin films without and with Ag*, Sr?*, and Ce3*
ions, respectively. The contact potential difference (CPD) in the measurements is
defined as (Pyp — Psample)/e. We used the same type of conductive tip (i.e., consistent
®yp); thus, the CPD value should be directly related to the work function of the
measured samples. Compared to the grain interiors, both upward and downward
band bending at the GBs are observed in the same pristine MAPbl; thin films, evi-
denced by the brighter and darker colors, respectively. From the CPD image in

Cell Reports Physical Science 2, 100415, May 19, 2021
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Figure 4. Charge carrier dynamics mapping

Contact mode AFM topography (A and B) of polished MAPbI; perovskite films without (A and C)
and with 0.2% Sr?* (B and D) and their corresponding TP-AFM-resolved mapping of charge carrier
lifetime (C and D).

Figure 3, one can find that ~80% of the GBs in the pristine MAPblI; films were still darker
(or higher work function) than the grain interior, while the other fraction GBs were
brighter (or lower work function) than the grain interior. The CPD difference between
GBs and their adjacent grains in the pristine MAPbl; thin film was between ~—25
and 50 mV, which can be explained by the composition variation-induced self-doping
of perovskites.*’*© Our previous study showed that MAl-rich MAPbl; displays p-type
behavior, while Pbl,-rich perovskite displays n-type behavior."’ Thermal annealing
may cause the evaporation of MAI, turning some GBs into the n-type, while the grain
interior may remain weakly p-type. There is a variation of heterogeneity among
different films prepared under different thermal annealing conditions. In contrast,
almost all MAPbl; films blended with Ag*, Sr**, and Ce®* ions show n-type GBs with
energy levels bending toward the Fermi level (i.e., brighter than the grain interior,
which means the reduced work function in GBs than those in grains). In MAPbI; films
blended with all types of metal ions, the CPD at GBs were larger than those of their
grain interiors, as shown by the cross-sectional CPD curves in Figure 3 and the statistics
of ACPD between grains and their adjacent GBs in Figure S11. Thus, the extrinsic metal
ions accumulating at GBs lead to Fermi-level pinning of perovskite at the GBs, which
causes the observed band bending and n-type doping behavior in the peripheral
area of perovskite grains. It should be noted that the CPD difference between the grain
interior and GBs measured here is expected to be smaller than the actual value,
because of the limited lateral resolution of the KPFM (tens of nanometers). This result
confirmed the n-type doping of the perovskite along the GBs and the formation of
lateral homojunctions at the grain level between the grain center and GBs by extrinsic
metal ion doping.

Charge carrier dynamics mapping

Charge carrier dynamics at the grain interior and GBs of perovskite thin films with
and without metal ion doping were mapped at the nanoscale using the recently
developed transient photo-response atomic force microscopy (TP-AFM).*#4% A
TP-AFM tip was placed and scanned on the surface of the perovskite film to collect
the light-induced charge carriers for measuring nanoscale charge carrier dynamics
such as apparent carrier recombination lifetime. Here, MHP thin films were also
mechanically polished to avoid the impact from the surface. Figures 4A and 4B
show 400 x 400 nm contact mode AFM topography images of polished MAPblI;
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perovskite films without and with 0.2% Sr?* perovskite films, respectively. The
150 X 150 nm area that includes the GBs on the topography image (indicated
by the red square) was selected for the nanoscale charge dynamics mapping. A
longer carrier recombination lifetime would indicate improved local charge carrier
dynamics. The apparent carrier recombination lifetime was imaged to reveal
spatial variations at GBs of perovskite films before and after metal ion doping.
As shown in Figure 4, Sr** doped MAPblI; thin films showed improved charge car-
rier recombination lifetimes at both grain interiors and GBs, compared to the
MAPbI3 film without additive, which is consistent with the lateral homojunction
model we propose above. The mean of apparent charge carrier lifetimes at GB
in the 0.2% Sr2* perovskite films (~2.40 us) sample is longer than that of the con-
trol sample (~2.12 ps).

Electroluminescence (EL)

One question arises as to why the MHP solar cells with these metal ions still have
comparable open circuit voltage (Vo) with the pristine ones, since the PL quantum
yield (PLQY) is significantly lower. It is noted that the PLQYs of semiconductor films
are broadly used to evaluate the quality of nonbulk heterojunction-type thin film
photovoltaic materials, and it is often observed that a large PLQY of perovskite
films results in a larger device Voc. We argue that one should analyze the device
Voc deficit using external EL efficiency of a solar cell under forward bias, since it
represents the reciprocal operation condition of a solar cell under illumination,
which is in agreement with recent practice.” The external quantum efficiency
(EQE) of a light-emitting diode (LED) is not only determined by the radiative
charge recombination but is also related to charge transport, which is more rele-
vant to the operation of a real solar cell device. This also explains why some quan-
tum dots (QDs) with almost unity PLQY cannot be directly transferred to a high Voc
in solar cells, because the ligands of QDs impede the charge injection to QDs. In
our case, the formed doped channels help not only the charge extraction in solar
cells but also the injection of electrons and holes into perovskites when the device
operates as a LED. The measured maximum electroluminescence EQE (EQEg,) of
solar cells based on MAPbIl; with metal ions additives increased from 0.02% to
0.032%-0.04% (Figure S12), compared with the control device without additives,
indicating that the metal ion additives do not put a higher ceiling for the Voc of
perovskite solar cells. This agrees with the TRMC measurement results that no
more nonradiative charge recombination channels were introduced by ion doping.
Actually, the reduced trap density from the TRMC measurement indicates that the
LED may even have a larger efficiency. The longer charge carrier recombination
lifetimes in perovskite active layers, along with higher device EQEg, coincided
with the better device photovoltage and performance of MHP solar cells with
metal ion additives.

DISCUSSION

In summary, we found that the addition of the metal ions quenched radiative charge
recombination while they dramatically slow down the bimolecular charge recombi-
nation in MHPs. Then, a model of lateral homojunction was proposed in MHP thin
films blended with extrinsic metal ions. The presence of a homojunction in individual
perovskite grains in doped films should have a strong impact on the light to current
conversion process in solar cells in many ways, such as minimizing the charge recom-
bination by separating photogenerated electrons and holes spatially into different
transport channels and facilitating the charge separation in low-dimensional perov-
skites. The electron-hole separation also makes the materials less sensitive to
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defects at GBs. The homojunction formed by the doping concept can be broadly
applied to other MHP applications in which a long carrier recombination lifetime is
needed, such as photodetectors and radiation detectors.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Jinsong Huang (jhuang@unc.edu).

Materials availability
This study did not generate new unique materials.

Data and code availability

The published article includes all of the data analyzed and necessary to draw the
conclusions of this study in the figures and tables of the main text and supplemental
information. Further information and requests for additional data should be directed
to the lead contact.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2021.100415.
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