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MATERIALS SCIENCE

Inch-sized high-quality perovskite single crystals by
suppressing phase segregation for light-powered

integrated circuits

Yucheng Liu"?, Yunxia Zhang', Xuejie Zhu', Zhou Yang', Weijun Ke?, Jiangshan Feng’,
Xiaodong Ren’', Kui Zhao', Ming Liu3, Mercouri G. Kanatzidis?*, Shengzhong (Frank) Liu

The triple-cation mixed-halide perovskite (FA,MA,Cs1.,)Pb(IBr;_,)3s (FAMACs) is the best composition for thin-film
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solar cells. Unfortunately, there is no effective method to prepare large single crystals (SCs) for more advanced
applications. Here, we report an effective additive strategy to grow 2-inch-sized high-quality FAMACs SCs. It is
found that the judiciously selected reductant [formic acid (FAH)] effectively minimizes iodide oxidation and
cation deprotonation responsible for phase segregation. Consequently, the FAMACs SC shows more than fivefold
enhancement in carrier lifetimes, high charge mobility, long carrier diffusion distance, as well as superior uniformity
and long-term stability, making it possible for us to design high-performance self-powered integrated circuit
photodetector. The device exhibits large responsivity, high photoconductive gain, excellent detectivity, and fast
response speed; all values are among the highest reported to date for planar-type single-crystalline perovskite
photodetectors. Furthermore, an integrated imaging system is fabricated on the basis of 12 x 12 pixelated matrixes

of the single-crystal photodetectors.

INTRODUCTION

Halide perovskite semiconductors have demonstrated rapid progress
in photovoltaic and optoelectronic applications because of their broadly
tunable compositions [APbX;, A = Cs*, CH;NH;* (methylammonium
or MA"), or CH(NH,)," (formamidinium or FA*); X = Cl, Br, I,
or mixture thereof] (1-4), achieved using simple processing ap-
proaches, strong light absorption (5, 6), large mobilities (7, 8), and
long carrier diffusion lengths (9, 10). For photovoltaic application,
the power conversion efficiency of single-junction perovskite solar
cells has now reached 25.5% (11, 12). Thus, halide perovskite solar
cells are the fastest-growing photovoltaic technology to date. Currently,
the most efficient perovskite solar cells were based on polycrystal-
line perovskite thin films (13, 14). However, the massive amorphous
or low crystallinity grain boundaries in the polycrystalline thin films
are proven to be the main root cause for the low thermal decomposition
temperature and pathways for ion migration, two major reasons lead-
ing to poor stability and notorious J-V (15, 16). Compared to poly-
crystalline thin films, perovskite single crystals (SCs), essentially free
of grain boundary, have shown markedly enhanced optoelectronic
performance, including longer carrier diffusion length (~10 um)
(17-19), lower trap densities (~10° to 10" cm™) (20, 21), higher car-
rier mobilities (~100 cm? V™!s71) (7, 22), extended absorption spec-
trum (6, 23), and suppressed ion migration effect (17, 24), which
guarantee superior device performance with improved stability while
maintaining high solar cell efficiency. Thus far, the solution-grown
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perovskite SCs using single-cation MAPbX; (X = Cl, Br, and I) (25, 26),
FAPDX; (4, 27), and CsPbX; (I, 28) and dual-cation FA,MA,_,PbX;
(29, 30), FA,Cs1.,PbX3 (31), and MAPb,Se;_ X3 (32) have been well
studied. The perovskite SCs can also be used as inexpensive solid-
state broadband and narrowband photodetectors operating in the
ultraviolet-visible-near-infrared (UV-vis-NIR) regions, x-ray de-
tectors, or even gamma detectors. For a photodetector, one of the
most important figures of merit is the specific detectivity (D¥), which
characterizes the lowest light intensity it is able to detect with cer-
tainty. The specific detectivity is determined by the responsivity and
dark noise current of the photodetector (33). Therefore, it is imperative
to design and synthesize high-quality materials with low trap-state
density to achieve suppressed dark current, high photon absorption,
and long carrier diffusion length for best possible photoresponsivity.
While the original development started with single-cation MAPbI;
(12), it is further transitioned to develop more stable and higher-
efficiency perovskite materials. By substituting MA with FA, the
equally interesting a-FAPbI; perovskite is harvested, but unfortunately,
in ambient conditions, a-FAPbI; is thermodynamically unstable
because the FA" is too large for the perovskite cage and undergoes a
phase transition to a yellow 8-FAPbI; perovskitoid phase (34). The
structural instability of FAPbI; was recently addressed by partial
substitution of MA, Rb, and Cs for FA and Br for I (35, 36). Therefore,
more recent efforts have been devoted to multiple-cation mixed-halide
perovskites, which are relatively stable with suppressed ionic migra-
tion, reduced photovoltaic hysteresis, and record efficiency, as
demonstrated by the incorporation of Cs/MA/Br ions into the FAPbI;
perovskite to form triple-cation mixed-halide (TCMH) polycrystal-
line perovskite thin films with composition of (FAgsMAg 15Cs.05)
Pbl, 55Brg 45 (37). However, the composition and ratio, especially the
Cs contents of the TCMH perovskites for the state-of-the-art devices
reported by different research groups, are not consistent (38, 39). For
the TCMH composition perovskites, phase segregation into yellow
phases such as 3-CsPbI; and §-FAPbI; are often observed during
the crystallization process (40, 41). The existing yellow phases in
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perovskites act as trapping or scattering centers that negatively af-
fect the charge carrier mobility and carrier recombination dynamics
deteriorating the optoelectronic performance of SCs. By analyzing
the experimental results from crystal growth studies, the main rea-
sons for the phase separation are as follows (Fig. 1A): First, iodide
can be easily oxidized into I, and triiodide ions (I3~ ions) under
heating and illumination by the oxygen dissolved in solution (this
oxidation process can be expressed as Eqs. 1 and 2); second, depro-
tonation of CH(NH,)," to CHNH,NH and H* (CH;NH;* to CH;NH,
and H") occurred upon heating, as described in Eqs. 5 and 6. The
above oxidation and deprotonation processes effectively reduce the
supersaturation concentrations of iodide ions (I"), MA", and FA" in
the single-crystal growth solution, thus slowing down the rate of crys-
tallization. In addition, the triiodide ions (I3~) with larger diameter
may produce large hole-trapping centers during the growth of SCs,
and I, in the solution would initiate chemical reaction (Eq. 2) with
I” to again form I3, leading to imbalanced ratios of I, MA*, and FA¥,
likely favoring the yellow phases 5-CsPbl; and 3-FAPbI;. Both the
iodide ion vacancies and impurity phases in SCs degrade the crys-
talline quality and deteriorate the optoelectronic performance of the
SC devices.

RESULTS AND DISCUSSION

In this work, we show that the phase separation can be eliminated
by suppressing the oxidation and deprotonation processes. On the
basis of Fig. 1A, a chemically reducing reactant is expected to help
suppress the oxidation and deprotonation reaction mentioned above.
In this regard, formic acid (HCOOH or FAH) is selected, as it is
readily soluble in the solution. It is of ideal redox potential to reduce
only I, molecules and I5™ ions without affecting other chemicals in

A
A7 + O, + 4H —— 2I, + 2H,0 (1)
Fods  o— = @
H* + CO,+ 27 —— I, + HCOO™ (3)
} Reduction of iodine
H* + CO,+ 37 —— I + HCOO™ (4)
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Fig. 1. Mechanism of phase separation suppressed by formic acid to TCMH
perovskite single-crystal growth from FAMACs solution. (A) lodide oxidation,
reduction reaction, and deprotonation/protonation in single-crystal growth solu-
tion. (B) Suppressed phase segregation in TCMH perovskite single-crystal growth by
adding formic acid. (C) Phase segregation in TCMH perovskite single-crystal growth
without adding formic acid.

Liu et al., Sci. Adv. 2021; 7 : eabc8844 10 February 2021

the growth solution. Moreover, its reaction product is CO; that es-
capes from the solution without any contamination. More specifi-
cally, HCOOH eliminates undesirable iodide oxidation on the basis
of the following reactions (see Eqgs. 3 and 4 in Fig. 1) (42)

HCOO +21° - 21" +H* + CO,!

HCOO™ +I; - 31" +H" + CO,}

The FAH can reduce I to I” in the single-crystal growth solution,
wherein the formed H* simultaneously inhibits the deprotonation
of CH(NH,)," to CHNH,NH and H* (Eq. 7). Furthermore, the above
reactions have no influence on solution volume; hence, the concen-
tration of all relevant reactants in the solution is kept unchanged,
and the designed stoichiometric ratio is maintained. Here, we report
the successful growth of TCMH perovskite SCs with the state-of-
the-art composition of FA( 9Csp 95MAg ¢sPbl, 7Brg 3 (FAMACs). We
demonstrate that, with FAH addition in the precursor solution, pure-
phase and high-quality FAMACs SCs can be obtained (Fig. 1B). In
contrast, the yellow phase like 3-CsPbl;, §-FAPbI;, and FAMACs SCs
are crystalized simultaneously but separately in solution (Fig. 1C).

To investigate the effect of FAH on the growth of FAMACs SCs,
we begun by adding different concentrations (0, 1, 2, 3, and 5%
in volume) of FAH in the precursor solution [FAMACs in y-
butyrolactone (GBL)]. The solution was prepared by dissolving
stoichiometric FAI, MABr, CsBr, Pbl,, and PbBr, in GBL at room
temperature (ca. 21°C), forming a transparent bright yellow solution
with concentration of 1.2 M, as shown in Fig. 2A. Then, the solutions
were transferred to an oven and the temperature was increased to
60°C. After heating the solutions at 60°C for 5 hours, the tempera-
ture was slowly increased from 60° to 95°C with a slow ramp rate of
5°C/hour. Then, after continuously heating the solution at 95°C for
48 hours, a progressively darker color was observed until it turned
reddish brown as the FAH concentration decreases (5, 3, 2, 1, and
0% FAH), as shown in Fig. 2A (top). This gradual color change is
attributed to the formation of I, and I3~ ions. When the heating pro-
cess is carried out in a glovebox (in the absence of oxygen), the oxi-
dation markedly decreases, as indicated by the stable bright yellow
color (fig. S1), highlighting the role of oxygen in stimulating the oxi-
dation reaction to form triiodide. Accordingly, growing the SCs un-
der vacuum or a nitrogen flow might be a good choice. However, this
is a relatively costly suboptimal option. In addition to oxygen, heat-
ing and illumination will also promote the oxidation of iodide and
the deprotonation of amine ions. Instead, we use FAH as a powerful
reducing agent to inhibit the oxidation and deprotonation.

Besides the color change of the solution, the number of crystals
formed at the bottom of the container also increases as the concen-
tration of FAH increases. As shown in Fig. 2A (bottom), it seems that
adding 1% FAH is effective to reduce the amount of I" ions being
oxidized to I5” ions, as evidenced by the color change of the solution.
Unfortunately, under these conditions, we do not observe any crys-
tallization, even after 48 hours of heating. However, in the case of
FAH >1%, several SCs formed at the bottom of the container, and
the higher the concentration of FAH, the more SCs were formed. This
indicates that FAH not only is a typical reducing agent but also can
promote the crystallization for this perovskite system. To determine the
optimal FAH concentration for the FAMACs SC growth, 2, 3, 4, and
5% FAH was separately added into four precursor solutions and heated
at 95°C. As shown in Fig. 2B, after 54 hours, a small crystal and two
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Fig. 2. Effect of formic acid addition to precursor solution and SC growth. (A) Photographs of the precursor solution with different concentrations of formic acid be-
fore and after heating at 95°C. (B) Photographs of SC growth in precursor solution with different concentrations of formic acid. (C and D) Photographs of the FAMACs SCs
grown in precursor solution without formic acid for about 10 days and with 2% formic acid for about 27 days, respectively. (E) Powder x-ray diffraction (XRD) patterns of
ground powder from a large FAMACs SC grown in precursor solution with and without formic acid. (F and G) XRD 26 scan on the top facet of FAMACs SC and high-resolution
rocking curve of the (110) and (220) diffractions of FAMACs SC grown in precursor solution with and without formic acid. a.u., arbitrary units. Photo credit: Yucheng Liu,

Shaanxi Normal University.

big crystals formed in the solution with 2% FAH addition. In the case
of 3% FAH, there were 11 smaller crystals formed. By increasing the
FAH concentration to 4%, about 50 crystals were harvested. Further
increasing the FAH concentration to 5% produced several hundred
crystals. Meanwhile, when the concentration was raised to 3%, mul-
tiple smaller crystals formed and attached to each other. By system-
atically optimizing the concentration of FAH, we concluded that for
the reaction condition used, the optimal concentration is at 2%.
Note that, by increasing the temperature to 105°C, crystals can
eventually be obtained in the solution without addition of FAH.
However, a large number of needle-like yellow crystals also appear
in the container, as shown in fig. 2, and the following x-ray diffrac-
tion (XRD) test confirmed that these yellow crystals were mainly
3-CsPbl;. As discussed above, the lack of I, MA™, and FA" ions in
the solution results in phase separation into the yellow phase 3-CsPbl;.
In addition, because of the appearance of the yellow needle-like
crystals, the shape of the obtained SCs is irregular, their surface is
not smooth, and there are still yellow crystals left on the black SCs,
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as shown in Fig. 2C. However, on addition of 2% FAH to the initial
solution, we observe crystals of FAMACs SCs being formed at ~90°C,
indicating that the effect is initiated by a change in the solution com-
position with FAH addition. Figure S3 shows photographs of the
large-sized FAMACs SCs before and after they were harvested from
the growth solutions. The detailed growth process of the large-sized
FAMACs SCs is provided in Materials and Methods. It is found that
all of the large crystals adopt rhombic hexagonal dodecahedra ge-
ometry (Fig. 2D). The surface of the freshly grown crystals appears
to be black and glossy. We note that Yang et al. (43) have reported
the addition hypophosphorous acid (H3PO;) to prevent the oxida-
tion of iodine in the crystallization of CH;NH;3Pbl; from GBL. Howev-
er, we failed to obtain the FAMACs SCs in the limited experimental
space that we explored without the addition of FAH (fig. S4). It
seems that H;PO, as the reducing agent may not be suitable in this
TCMH perovskite system. H3PO, effectively inhibits the oxidation
of iodide ions, but it also hinders crystal growth from solution. The
solution with no crystals when H3PO, was added after heating for
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48 hours at 95°C and the solution with crystals when FAH was add-
ed are shown in fig. S4.

Figure 2E compares the powder XRD patterns measured from the
needle-like yellow crystals, the FAMACs SC grown in the solution
with 0% FAH (0% FAH FAMACs SC), and the FAMACs SC grown
in the solution with 2% FAH (2% FAH FAMACs SC). The XRD
patterns demonstrate that the needle-like yellow crystals belong to
8-CsPbl; and 3-FAPDI;, and the 3-CsPbl; peaks are observed in the
0% FAH FAMAC:s SC, but not in the 2% FAH FAMACs SC. The
powder XRD of 2% FAH FAMACs SC shows very sharp Bragg peaks
at 14.08°,19.93°, 24.43°, 28.34°, 31.69°, 40.37°, and 42.98°, correspond-
ing to the (100), (110), (111), (200), (210), (220), and (300) planes of
the cubic crystal structure, respectively. To evaluate crystalline quality,
the large SCs were directly used for XRD measurements. As shown
in Fig. 2F, the x-ray 26 scan on the maximal facet of a typical FAMACs
SC shows only (110) and (220) diffraction peaks, suggesting well-
structured single-crystalline eminence. The higher diffraction inten-
sity of the 2% FAH FAMACs SC demonstrates higher crystallinity
than the 0% FAH FAMACs SC. We further measured the high-
resolution x-ray rocking curve of these two XRD peaks (Fig. 2G, left),
with all showing very small full width at half maximum (FWHM),
only 0.0202° and 0.0169°, respectively. Compared to the 2% FAH
FAMAC:s SCs, the reference samples (0% FAH FAMACs SCs) show
much inferior quality with the FWHM as wide as 0.0561° and 0.0353°,
respectively. In short, the 2% FAH FAMACs SC is clearly better. In
addition, the 2% FAH FAMAC:s SC is phase stable in ambient envi-
ronment, as demonstrated by stable visual appearance, consistent
XRD patterns (fig. S5), and x-ray photoelectron spectroscopy (XPS)
(fig. S6) after more than 40 days of exposure in ambient environ-
ment. The better thermal stability was also observed from thermo-
gravimetric analysis measurements (fig. S7). Compared with the
0% FAH FAMACs SC that decomposes at 294°C, the 2% FAH FAMACs
SC is more stable with no signature of thermal decomposition until
310°C. Moreover, it is more stable than the most popular version of
the MAPbI; and FAPbI; SC material (4). To verify that Cs and Br
were successfully incorporated into the perovskite SCs, XPS mea-
surements were performed on a large single crystal. As shown fig.
S8, the resulting stoichiometry, as calculated from the relative peak
areas, was found to be Cs:Pb:I:Br = 1:19.2:55.4:6.5, which is similar
to the values of 1:20:54:6 in the SC growth solution. Furthermore,
the ratio of I/Br was determined to be 8.67 + 0.61 by XPS measure-
ments (fig. S9), consistent with the stoichiometric ratio of 9 in the
growth solution. In contrast, the I/Br ratio in the 0% FAH FAMACs
SCs is 5.26 * 1.28; the noticeable iodide deficiency indicates that
substantial amounts of I” ions were oxidized during the crystalliza-
tion process without FAH.

Optical properties of the FAMACs SC are shown in Fig. 3. The
absorption spectra show that the crystal has a direct bandgap of
1.52 eV for 0% FAH FAMACs SC and 1.49 eV for 2% FAH FAMACs SC
(Fig. 3A). From photoemission yield spectroscopy in air (PYSA)
measurements, we estimated the valence band maxima (VBM) of
FAMAC:s SCs to be situated at —5.46 and at —5.65 eV from the vac-
uum level for 0% FAH FAMACs SC and 2% FAH FAMAC: SC,
respectively (Fig. 3B). By combining these values with the corre-
sponding optical band gaps, we deduce the conduction band mini-
mum (CBM) to be at —3.94 eV for 0% FAH FAMACs SC and at
—4.16 eV for 2% FAH FAMACs SC (Fig. 3C). In Fig. 3D, the steady-
state photoluminescence (PL) reveals close to a twofold increase in
PL intensity emanating from the 2% FAH FAMACs SC, a strong
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indication for the reduction in the number of nonradiative recom-
bination centers.

PL was used to study the stability of FAMACs SCs. Figure 3
(E and F) illustrates that the 0% FAH FAMACs SC shows no chang-
es in the PL peak position, but its intensity increases by 39.5% from
the initial value and then degrades to 22.7% from the maximum
value in PL intensity under continuous 510-nm laser irradiation for
12 hours, as shown in Fig. 3G. Under the same conditions, the 2% FAH
FAMACs SC sample retains the same PL peak and the intensity in-
creases only 9.1% after 15 hours of irradiation. Furthermore,
time-resolved PL measurements performed upon 510-nm excitation
showed the average carrier lifetime of the 2% FAH FAMACs SC to
be increased from 5.74 us (0% FAH FAMACs SC) to 8.41 s, and
the recombination rate decreased by 46.5% (Fig. 3H). Therefore, strong
PL enhancement indicates that the 2% FAH FAMACs SC suppress-
es the nonradiative recombination defects. The longer lifetime in
the 2% FAH FAMACs SC indicates fewer defect states and less crys-
talline disorder as compared to the 0% FAH FAMACs SC. Note that
both these two SCs show much longer lifetime than the single-cation
FAPbI; SC (1.61 us) and MAPbI; SC (0.38 us), indicating the supe-
rior photoelectronic properties of the TCMH perovskite.

To confirm crystal uniformity, we also mapped the PL intensity
and lifetime of SCs with 510-nm excitation (Fig. 3, I and J) and
found that from the 2% FAH FAMACs SC, the intensity is higher,
with longer lifetime and much more uniformity than the 0% FAH
FAMACs SC. The separate PL intensity mapping and PL lifetime
mapping are shown in fig. S10. Figure 3 (K and L) summarizes the
PL intensity and lifetime measured on both types of crystals. It shows
that the 2% FAH FAMACs SCs exhibit lower density of traps, as
signposted by longer lifetime (8.74 + 0.62 us) and higher intensity
(2.44 + 0.59 x 10" counts). In comparison, the 0% FAH FAMACs
SCs show much higher traps, as evidenced by the shorter lifetime
(6.39 + 0.97 us) and lower intensity (1.41 + 0.15 x 107 counts), which
is about two times smaller than the 2% FAH FAMACs SCs. The ex-
cellent optical uniformity combined with the enhanced PL makes it
a promising candidate for large-area optoelectronic applications.

Next, we investigated the key semiconducting parameters such
as trap density (ny), charge mobility (1), and carrier diffusion length
(Lp) of the FAMACs SC. First, we estimated the relative dielectric
constant (g,) from the capacitance-frequency measurement in the
range of 100 Hz to 30 MHz (fig. S11A). Capacitance of the FAMACs
SC was determined using an impedance analyzer (fig. S11B). The
trap state densities (n;) in the 2% FAH FAMACs SCs and 0% FAH
FAMACs SCs were measured using the space charge-limited cur-
rent (SCLC) method on hole-only and electron-only devices (Fig. 4,
A to D), and their device structures are Au/FAMACs SC/Au and Ag/
phenyl-C60-butyric acid methyl ester (PCBM)/FAMACs SC/PCBM/
Ag, respectively, as inserted in the figures. Each current-voltage (I-V)
curve exhibits three distinct regions, including ohmic region (red lines),
a trap-filling region (purple lines), and a trap-free SCLC region (green
lines). The hole and electron trap density were calculated using the
equation ny = 2goe, Vrpr/ qL2 (44), where €, &, g, and L are the vacuum
permittivity, the relative dielectric constant, the elementary charge,
and the thickness of the FAMACs SCs, respectively. As shown in
Fig. 4E, the density of hole trap density decreases to 4.2 + 2.1 x 10° cm
after addition of 2% FAH in the precursor solution, which is about
two orders of magnitude lower than the 0% FAH FAMACs SC devices
(2.6 + 1.3 x 10" cm ™). The apparent density of electron traps also
decreases from 5.1 +2.2 x 10" cm > t0 1.6 + 0.5 x 10" cm ™. These
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Fig. 3. Optical characterization of the FAMACs SCs. (A) UV-vis-NIR absorption spectra and corresponding Tauc plots determining the extrapolated optical bandgap of
2% FAH FAMACs and 0% FAH FAMACs SC. (B) PYSA measurements showing VBM at —5.46 eV for 0% FAH FAMACs SC and —5.65 eV for 2% FAH FAMACs SC. (C) Band
alignment of the 2% FAH FAMACs and 0% FAH FAMACs SC. Energy levels are expressed from the vacuum, which is set at zero. (D) Steady-state PL spectra of 2% FAH
FAMACs and 0% FAH FAMACs SC excited at 510 nm. (E to G) Irradiation stability investigation of the 2% FAH FAMACs and 0% FAH FAMACs SC in air with ambient tem-
perature and illumination under 510-nm laser. (H) Time-resolved PL comparison of the 0% FAH FAMACs SC, 2% FAH FAMACs SC, FAPbI3 SC, and MAPbI; SC excited at
510 nm. (Iand J) PL mapping comparison of the 0% FAH FAMACs SC and 2% FAH FAMACs SC. (K and L) Statistics of PL intensity and lifetime for both 2% FAH FAMACs SCs

and 0% FAH FAMACs SCs.

results further demonstrate the dual suppression effect (iodide ion
oxidation and cation deprotonation) of FAH. The hole and electron
mobilities of 2% FAH FAMACs SCs and 0% FAH FAMACs SCs were
measured by a time-of-flight method (45). The FAMACs SCs devices
with the device structure of Au/FAMACs SC/PCBM/Au (fig. S12)
were fabricated. The hole mobility of 2% FAH FAMACs SCs was found
tobe 219 + 18 cm® V™' s! (Fig. 4, F and H), much higher than that
of the 0% FAH FAMACs SCs of 125+ 21 cm® V™' ™' (Fig. 4, G and H).
A comparable electron mobility of 197 cm”* V™! s™' was measured
for the 2% FAH FAMACs SCs (fig. S13).

The above results indicate that growing FAMACs SCs with FAH
addition yields better crystals with improved optical and electronic
properties. Using the . value obtained from the time-of-flight method
and the carrier lifetime t from time-resolved PL, the diffusion length
(Lp) can be calculated using Lp = kg Tut/g (46), where kg is the
Boltzmann’s constant, T is the temperature, and g is the elementary
charge. In particular, the hole diffusion length L was derived to be
71 + 5 um for the 2% FAH FAMACs SCs and 46 + 8 um for the
0% FAH FAMACs SCs (Fig. 4I), which is about five times longer than
the values (0.2 to 12 um) reported in single-cation perovskite SCs
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such as MAPDI; (26), MAPbBTr; (26), FAPbI; (27), and FAPbBr; (46),
demonstrating significantly better property of the present triple-
cation perovskite SCs. To confirm the higher quality of the FAMACs
SCs, a detailed property parameter comparison between the published
results and ours is shown in table S1.

With the above superior optoelectronic properties of TCMH
FAMAC:s SC including high charge mobility, low trap density, long
carrier diffusion length, and ambient stability, we fabricated lateral
structure perovskite single-crystal solar cells using these SCs. As shown
in fig. S14, the lateral structure perovskite single-crystal solar cell
array is designed and fabricated on the 2% FAH FAMACs SC. De-
tailed analysis and characterization of the single-crystal solar cell ar-
ray is shown in fig. S14. Even though the short-circuit current density
(Jsc) of the integrated solar cells decreases slightly, but the total open-
circuit voltage (Vi) accumulates with the number of cells. Specifical-
ly, the Vi is 0.74 £ 0.04 V for 1 solar cell, 2.11 + 0.05 V for 3 solar
cells, 3.51 + 0.12 V for 5 solar cells, and 6.86 + 0.18 V for 10 solar
cells. We noticed that this is an important strategy for obtaining
large V. values because it can provide large bias voltage for special
electronic devices such as integrated circuits.
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Fig. 4. Trap density, charge mobility, and carrier diffusion length measurements. (A to D) Current-voltage curves of hole and electron devices of 2% FAH FAMACs
SCs and 0% FAH FAMACs SCs, respectively. Solid lines are obtained by fitting the data. (E) Statistics of calculated trap density for 2% FAH SCs and 0% FAH FAMACs SCs.
(F and G) Normalized time-of-flight hole charge transient curves of 2% FAH FAMACs SC and 0% FAH FAMACs SC devices under illumination (wavelength, 532 nm) with
various bias voltages. (H) Statistics of measured hole mobility for 2% FAH FAMACs SCs and 0% FAH FAMACs SCs. (1) Statistics of calculated diffusion length for 2% FAH

FAMACs SCs and 0% FAH FAMACs SCs.

As mentioned above, large bias can be easily obtained by integrating
different numbers of lateral structure perovskite SC solar cells. For
more choices, the output biases can be adjusted by the number of
solar cells in series. Here, in this work, we advanced in fabrication
the self-powered integrated circuits (SP-ICs) photodetector by com-
bining the FAMACs SC solar cell array and the photodetector array.
Figure 5A illustrates the connection of the SP-IC photodetector, in
which the solar cells provide bias for photodetectors. As illustrated
in Fig. 5B, the detector is integrated using 12 interdigit grid Au
wires. The active channel dimension between two adjacent Au pads
was 1.7 mm in length and 2 mm in width. The grid line was about
60 pm in width and 300 nm in thickness, and the gap between two
grid lines is 40 um, giving an active device area of about 1.36 mm?,
As an efficient power supply, the solar cell should respond rapidly
to the light. In Fig. 5C, the photocurrent rise speed to the light of the
solar cell and detectors at a 5-V bias is compared. The response time
is defined as the duration needed for the photo response to rise
(decay) from 10% (90%) to 90% (10%). Under the same pulse laser light
(460 nm), the rise time of the solar cell is 0.67 us, which is faster
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than the 2% FAH FAMACs SC detector (0.88 us) and 0% FAH
FAMACs SC detector (1.29 us). These results indicate that the solar
cell is an ideal candidate power supply for the integrated circuit
photodetector. We further examined the response photocurrent of
the 2% FAH FAMACs SC and 0% FAH FAMACs SC devices. Figure 5
(D and E) shows the photocurrent response powered by different
solar cells and under illumination using 460-nm laser light with in-
tensity ranging from 0.52 nW cm ™2 to 380 mW cm 2. As expected
from the high-quality 2% FAH FAMACs SC, the photocurrent is
measured as high as 5.81 x 10~ A under illumination (380 mW cm™2)
and powered by 10 small cells integrated, more than five orders
(4.92 x 10°) of magnitude increase compared to the dark current of
1.18 x 10°® A (fig. S15A). The dark current is a very important fac-
tor for applications in photodetectors and determines the detectivity,
responsivity, and the signal-to-noise ratio. It is known that as the
dark current mainly originates from material imperfections (such
as traps), devices with fewer charge trap show lower dark current.
Under the same illumination intensity, dark current and photocurrent
of the 0% FAH FAMACs SC device with the same design were measured
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Fig. 5. Fabrication and performance of self-powered perovskite SC detectors. (A and B) Photograph and schematic diagram of photodetector powered by integrated
lateral structure perovskite SC solar cells. (C) TPC response of solar cell and detectors at a 5-V bias under illumination of 460-nm laser light. (D and E) Photocurrent re-
sponse of the photodetector made on 2% FAH FAMACs SC and 0% FAH FAMACs SC under illumination (460 nm) at different light intensities and powered by different
solar cell integrations. (F) Responsivity, photoconductive gain, and detectivity of the 2% FAH FAMACs SC photodetector under illumination at light power density of
0.52 nW cm™2 and powered by different numbers of solar cells. Both active area and total area of the detector were used in the calculation. (G) TPC response of the
0% FAH FAMACs SC and 2% FAH FAMACs SC photodetector. (H) Frequency-dependent response of the 0% FAH FAMACs SC and 2% FAH FAMACs SC photodetector.

Photo credit: Yucheng Liu, Shaanxi Normal University.

to be 1.97 x 107 and 4.69 x 107> A, respectively. The on/off ratio
was calculated to be 2.38 x 10* (fig. S15B), more than 20 times
smaller than the 2% FAH FAMACs SC device (4.92 x 10°). Note
that the extremely low dark current demonstrated that the present
2% FAH FAMACs SC has good crystallinity and is grain bound-
ary free, which suppresses the recombination of charge carriers and
consequently lowers the dark current. Furthermore, the dark noise cur-
rent measured directly by a dynamic signal analyzer is shown in fig.
S$16. It can be seen that the noise current is barely sensitive to fre-
quency, indicating a negligible 1/f noise due to the minimized
trap density and the absence of grain boundary in the 2% FAH
FAMACs SC (22).

The key detector parameters such as responsivity (R), photocon-
ductive gain (Gain), and detectivity (D) as a function of the incident
light intensity were extracted and shown in fig. S17. Figure 5F shows R,
Gain, and D for the photodetector based on the 2% FAH FAMACs
SC under the biases provided by different numbers of solar cells.
With the synergy of suppressed dark current and boosted photo-
current, the highest R, Gain, and D are calculated to be 598.6 A W™/,
1613.8, and 6.7 x 10" cm Hz"> W™! (Jones) under the lowest mea-
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sured incident light of 0.52 nW cm ™ It is found that all of them are
much higher than the values of the 0% FAH FAMACs SC detector
of 424.6 AW™',1144.8, and 8.6 x 10" Jones (fig. S18), respectively.
These three parameters are also calculated using the whole device
area of 3.4 mm” for comparison, as shown in Fig. 5F. Because of the
low dark current and considerable photocurrent, these performance
parameters of the 2% FAH FAMACs detector are among the record-
high detectivity for perovskite photodetectors (47, 48). In addition,
the 2% FAH FAMACs SC detectors also have a wider linear response
range than the detectors based on 0% FAH FAMACs SC (fig. S19).
The response speed that reflects the ability of a photodetector to track
fast-varying optical signal was also studied. The response speed
(decay) of the FAMACs photodetector was measured by the tran-
sient photocurrent (TPC) method. Figure 5G shows the TPC decay
curves of the 2% FAH FAMACs SC and 0% FAH FAMACs SC
devices. By fitting the TPC decay curves with the single exponential
decay function, the response time of the 2% FAH FAMACs SC and
0% FAH FAMACs SC devices was derived to be 15.6 and 20.8 ps,
respectively. For a photodetector, the transit time-limited —3 dB cutoff
frequency can be expressed as (49)
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fosas = 0.443 photocurrents of the devices under different frequencies. From the
~3dB T : .

amplitude of the photocurrent, we can obtain the frequency response
where 1y, is the transit time of the device, which can be estimated from  of the devices. As shown in Fig. 5H, the —3 dB cutoff frequencies of
the TPC time of devices. On the basis of the TPC time, the -3 dB  the 2% FAH FAMACs SC and 0% FAH FAMACs SC devices are
cutoff frequencies of 2% FAH FAMACs SC and 0% FAH FAMACs  27.6 and 20.7 kHz, which is in accordance with that calculated from
SC devices are calculated to be 28.4 and 21.3 kHz. The frequency the TPC measurements. Note that the response speed is heavily de-
responses of the devices were studied with a square wave voltage-  pendent on device design. The present response speed is among the
driven laser as the light source and an oscilloscope recording the  fastest in all perovskite photodetectors using the similar device structure
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Fig. 6. Demonstration of the 2% FAH FAMACs SC integrated circuits for applications in optical imaging. (A to C) Schematic illustration of the measurement setup
for an integrated photodetector array (12 x 12—-pixel matrix) in a chip used for optical imaging. (D to F) Photocurrent responses of a 2 x 2-pixel matrix photodetector. Top:
Photocurrent signals versus time, recorded by selectively illuminating the pixels of a 2 x 2 detector matrix. A 460-nm wavelength laser beam is used as the illumination
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(as compared in table S2). In addition, good stability of the 2% FAH
FAMAC s SC device was also demonstrated by photocurrent mea-
surement (fig. S20).

To evaluate the imaging performance of the device, a computer-
ized multichannel data acquisition system is needed, as illustrated
in Fig. 6 (A to C). As an example, a 2 x 2-pixel matrix was tested
under illumination. Because of their high optoelectronic response,
only low light intensity of 5.1 uW ¢m ™ was used. The photocurrent
output signals from each pixel are simultaneously measured using a
four-channel oscilloscope. Figure 6 (D to F) shows the dynamic
photocurrent responses recorded when (D) only pixels (1,1) and
(1,2) areirradiated, (E) only pixels (1,1) and (2,1) are irradiated, and
(F) only pixels (1,1) and (2,2) are irradiated. The schematic and the
pixels indexing used are reported at the bottom of each graph, with
a green box indicating the pixels under irradiation. All four pixels
respond to the radiation with the same dynamic behavior, and the
irradiated pixels can be clearly identified and easily distinguished
from the nonillumination ones. Moreover, the pixels exhibit the
same outputs when illuminated within the same active area. For
practical applications, it is crucial to verify the uniformity of photo-
response performance of all pixels with the same illumination inten-
sity. To verify the feasibility of the self-powered photodetector array
for device integration purpose, the uniformity of photo response
performance of a 12 x 12-pixel devices was further explored. As
shown in Fig. 6G, an integrated solar module (five cells intercon-
nected in series to assure sufficient voltage output) was designed as
the power supply for the system. The dark current of the 12 x 12-pixel
matrix photodetector was measured to be 6 + 2 nA (Fig. 6H). When
light illumination is switched on, the current jumps up. The light
current is measured to be 210 + 3 nA when the light intensity is 7.6 uW
cm 2. It increases to 418 + 5 nA when the light intensity is increased
to 16.3 wW cm™ It is obvious that all of the devices exhibited a large
Tiight/Iqark ratio of 35 and 70 even under very low light intensity of 7.6
and 16.3 uW cm ™, suggesting that the detected optical signal can be
clearly distinguished from the background signal.

The above results illustrate that the present 2% FAH FAMACs
SC photodetector array has excellent uniformity and high potential
for application as a visible light image sensor. To test the applicability
of the device, a single pixel was used to perform laser light x-y scan
of a metal annular ring (optical image inserted in Fig. 6I). To con-
duct the measurement, we placed a metal annular ring between the
light and the photodetector array; only light penetrating the unshaded
region of the annular ring can be projected on the pixel. The re-
sponse photocurrent of the pixel was measured and then incorpo-
rated into a three-dimensional (3D) contrast map. As observed in
Fig. 61, the shape of the character ring can be clearly identified in the
high-contrast map. Under the same condition, the TCMH FAMACs
SC device presents much better resolution in contrast to the MAPbI;
SC device (fig. S21). Given a response speed much faster than the
time resolution of human eyes (~42 ms) (50), patterned FAMACs
perovskite SC-based visible light image sensors are expected to have
some important applications, e.g., artificial electronic eyes.

In conclusion, we have demonstrated the role of reductant (for-
mic acid) in suppressing phase segregation by reducing the oxidized
iodide ions and inhibiting cation deprotonation during growth of
very large TCMH FAMAC:s perovskite SCs. Our strategy based on
formic acid enabled us to obtain state-of-the-art perovskite SCs
with long carrier lifetime of 8.74 + 0.62 us, high charge mobility of
219 + 18 cm® V™' 57!, long carrier diffusion distance of 71 + 5 um,
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and superior uniformity and long-term stability in ambient condi-
tions. Furthermore, these brilliant optoelectronic properties can be
successfully transferred into a high-performance SP-IC photodetector.
The device exhibits large responsivity (598.6 A W), high photo-
conductive gain (1613.8), excellent detectivity as high as 6.7 x 10'* cm
Hz'"? W™, and a fast response speed as quick as 0.88 s in SP-IC
photodetection. A conformable imaging system based on a 12 x 12 pix-
elated matrixes of self-powered single-crystal photodetectors was
realized and tested. A good discrimination between pixels when
selectively illuminated was achieved for the device relevant to
imaging applications. This system opens a better avenue to SP-ICs,
sensors, etc.

MATERIALS AND METHODS

Chemicals and reagents

Formamidine acetate (CH4N,-C,H4O2; 99%), methylamine (CH;NH,;
40% in ethanol), hydroiodic acid (HI; 57% in water, with 1.5% H3PO,),
hydrobromic acid (HBr; 48% in water), formic acid (HCOOH or
FAH; 99%), and GBL (99%) were purchased from Aladdin Reagent
Ltd. PbI; (99.99%), PbBr (99.99%), and CsBr (99.99%) were pur-
chased from Xi’an Polymer Light Technology. Anhydrous ethanol
and anhydrous diethyl ether were purchased from Sinopharm Chem-
ical Reagent Ltd. Fullerene (Cgo) and 2,9-dimethyl-4,7-diphenyl-1,
10-phenanthroline (BCP) were purchased from Sigma-Aldrich. All
salts and solvents were used as received without further purification.

Materials synthesis

CH;3;NH;3Br (MABr) was synthesized according to the previously
reported method by reacting CH;NH, and HBr with the molar ratio
of 1.2:1 (51). Specifically, CH;NH, and HBr react in a round-bottom
flask under nitrogen atmosphere in an iced bath and with continu-
ous stirring for 6 hours. During the reaction, the HBr solution should
be added dropwise into the CH;NH,. After reaction, we collected
the powder product by evaporating the solvent of the resulting solu-
tion using a rotary evaporator. The MABr powder was obtained after
the collected powder product was dissolved in anhydrous ethanol,
recrystallized using anhydrous diethyl ether three times, and then
dried in a vacuum oven at 60°C for 12 hours. NH,CH=NH,I (FAI)
was synthesized by reacting HI and CH4N,-C,H40; in a round-bottom
flask (4). The reaction was finished in ice bath and under a nitrogen
atmosphere with stirring for 6 hours. Yellow-white powder was ob-
tained by reduced pressure evaporating the solutions at 65°C for
3 hours. The products were then dissolved in anhydrous ethanol,
recrystallized using anhydrous diethyl ether, and finally dried at
65°C in a vacuum oven for 24 hours.

Material property characterizations

Powder XRD patterns were collected using an x-ray diffractometer
equipped (2700BH) with a Cu tube (A = 1.5406 A) operated at 40 kV
and 30 mA. High-resolution XRD measurement was taken using
X’Pert Pro MRD, with Cu Kol line (A = 1.5406 A) with V = 40 kV
and I = 20 mA. Thermogravimetric analysis was performed on TA
SDT-Q600 V20.9 (Build 20). UV-vis-NIR absorbance spectra of
FAMAC:s SCs were measured at room temperature using a PerkinElmer
LAMBDA 950 UV-vis-NIR spectrophotometer with an integrating
sphere attachment operating in the 300- to 920-nm region. The photo-
graphs in this manuscript were taken by using an 8-megapixel digi-
tal camera. PYSA measurements were carried out on FAMACs SCs
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using a Riken Keiki photoelectron spectrometer (model AC-2). The
power number was set to 0.33. The collected energy range was 4.2 to
6.2 eV. UV intensity was set at 80 nW. XPS was performed on a photo-
electron spectrometer (ESCALAB 250Xi, Thermo Fisher Scientific)
to study the elemental composition of the FAMACs SCs. The steady-
state and time-resolved PL measurements of FAMACs SCs were
performed using a PicoQuant FluoTime 300 and FluoTime 100 spectro-
meter, with 510-nm excitation wavelength.

Growth of FAMACs SCs

FAMACs SCs were grown using inverse temperature crystallization.
Specifically, a stoichiometric molar ratio of FAMACs was dissolved
in GBL to prepare 1.2 M single-crystal growth solution in a glass
beaker. The beaker was then sealed with plastic wrap to exclude
dust, particulates, and other contaminants from the environment.
Upon constant stirring at room temperature for 24 hours, the salts
were completely reacted to produce a clear FAMACs precursor solu-
tion. Before use, 2% (in volume) FAH was added to the solution and
stirred for 10 min to disperse; then, the solution was filtered into a
clear crystal dish using Poly Tetra Fluoro Ethylene (PTFE) filter with
0.8-um pore size. For comparison, the same solution was filtered
into another clear crystal dish but without the addition of FAH. To
grow the SCs of FAMACs, we transfer the crystal dish (sealed with
plastic wrap) to a closed oven without vibration. The temperature of
the oven was heated to 60°C, and this temperature was maintained
for 5 hours. After heating the solutions at 60°C for 5 hours, the solu-
tions were slowly heated from 60°C with a slow ramp rate of 5°Ch™".
When the temperature was heated to 90°C, about one to three small
FAMAG:s crystals appeared at the bottom of the crystal dish. How-
ever, under similar conditions, the solution without FAH did not
yield any crystals at 90°C. To further increase the crystal size, the
temperature was gradually increased up to 110°C. The existing crystal
grew larger without formation of new crystallites. For the inch-sized
SCs, the large SCs were used as the seeds and continue to grow in
fresh solution for two to three periods. Note that the crystallization
takes about 27 days in a closed oven maintained at a regulated tem-
perature without interruption. For the solution without FAH, much
smaller crystals were obtained. These crystals were surrounded by a lot
of needle-like yellow crystals. All procedures were carried out under
ambient conditions and humidity of 55 to 57%.

Fabrication of integrated lateral structure perovskite
FAMACs SC solar cell array

The lateral structure solar cell array was designed and fabricated on
the 2% FAH FAMAC:s SC. First, a 20-nm-thick fullerene (Cgp) with
width of 100 um and length of 3 mm was thermally evaporated
on the top surface of a crystal, with the shape and dimension de-
fined by a shadow mask (shown in fig. S14A, right). Subsequently,
about 8-nm-thick BCP with the same shape was deposited on
Ceo. Then, half part of the Cgp and BCP area was covered by an in-
tegrated shadow mask with a width of 50 um and length of 3 mm,
and 150-nm-thick Au was thermal-deposited on the top surface as
the electrodes. Therefore, the device structure is Au/FAMACs SC/
Ce0/BCP/Au, and the area between the two electrodes is the final
device working area of 0.15 mm®. For the solar cell array, each two
adjacent solar cells were connected by a Au wire with a width of
50 um and a length of 1 mm. The photograph and schematic illus-
tration of the integrated FAMACs SC solar cell array are shown in
Fig. 5 (A and B).

Liu et al., Sci. Adv. 2021; 7 : eabc8844 10 February 2021

Fabrication of perovskite FAMACs SC SP-IC photodetectors
The SP-IC photodetectors were made by combining the lateral struc-
ture FAMACs SC solar cell array and the lateral structure FAMACs
SC photodetector array, as illustrated in Fig. 5A. The lateral struc-
ture FAMACs SC photodetector array was fabricated by depositing
interdigital Au electrodes via vacuum evaporation on the same
FAMAC:s SC. As in the photograph in Fig. 5 (A and B), the detec-
tor is integrated using 12 interdigit grid Au wires. The dimension
of active channel between two adjacent Au pads is 1.7 mm in length
and 2 mm in width. The grid line is 60 pm in width and 300 nm in
thickness, and the gap between two grid lines is 40 um. Therefore,
the active area and total area of the device are about 1.36 and 3.4 mm?,
respectively. The lateral structure FAMACs SC solar cell array was
fabricated on the same FAMACs SC as the photodetector array.

Fabrication of the devices for relative dielectric constant (g)
and SCLC measurements

The devices for relative dielectric constant measurements were fab-
ricated by depositing Au electrodes (100 nm in thickness) on two
opposite surfaces of the FAMACs SCs. For SCLC measurements, the
devices were fabricated by depositing Au electrodes (100 nm in thick-
ness) on two opposite surfaces of the FAMACs SCs to form the structure
of Au/FAMACs SC/Au for hole-only devices. For the electron-only
devices, 100-nm-thick Ag electrodes were deposited on the PCBM
layer to form the Ag/PCBM/FAMACs SC/PCBM/Ag structure. PCBM
was made on two opposite surfaces of the FAMACs SCs by drop coating.

Fabrication of devices for mobility measurements by
time-of-flight method

An Au (25 nm) anode was deposited on the top surface of the
FAMAC:s SC by thermal evaporation; a mask was used to define the
area. Electron-transporting layers were then made at the bottom
surface by depositing 20-nm Cgy and 8-nm BCP. Last, a 25-nm Au
semitransparent cathode was deposited using a thermal evaporation
system through a shadow mask under high vacuum.

FAMACs single-crystal SP-IC photodetector

performance measurements

All device performance characterizations were done in a dark metal
box to avoid electromagnetic and ambient light disturbance. The photo-
response of the devices was measured using a Keysight B2902A
source meter and a manual probe station. To measure the response
speed, a 460-nm semiconductor laser driven by a signal generator
(Tektronix, AFG3252C) was used as the light source to generate pulsed
laser beam, and the temporal response of the device was recorded
using a low-noise current preamplifier (SR570) with a mixed do-
main oscilloscope (Tektronix, MDO3104). Noise current at differ-
ent frequencies was measured using a spectrum analyzer (Keysight
35670A) with a low-noise current preamplifier (SR570). To measure
the frequency response of the devices, a 460-nm semiconductor la-
ser driven by a signal generator (Tektronix, AFG3252C) was used as
light source, and the TPCs of the devices were collected by an oscillo-
scope. The incident intensity was measured using an optical power
meter (VEGA OPHIR PD300-UV) and calibrated with a silicon
photodetector. All measurements were taken at room temperature.

Imaging measurement
The imaging capability of the self-powered integrated FAMACs SC
photodetector array was measured by moving the objects on a homebuilt

100f 12



SCIENCE ADVANCES | RESEARCH ARTICLE

x-y scanning system that can collect the current signal of the detec-
tor matched with the object positions. Specifically, the object was
fixed on an x-y scanning stage between the light and the photode-
tector array and was allowed to move in and out of the laser beam in
both the x and y directions to obtain a complete image. A Keysight
B2902A source meter connected to the x-y scanning system was used
to record the response current corresponding position coordinates.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/7/eabc8844/DC1
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