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ABSTRACT
Electrically Anisotropic Layered Perovskite Single Crystal

Ting-You Li
Organic-inorganic hybrid perovskites (OIHPs), which are promising materials for
electronic and optoelectronic applications (1-10), have made into layered organicinorganic hybrid perovskites (LOIHPs). These LOIHPs have been applied to thin-film
transistors, solar cells and tunable wavelength phosphors (11-18). It is known that devices
fabricated with single crystal exhibit the superior performance, which makes the growth of
large-sized single crystals critical for future device applications (19-23). However, the
difficulty in growing large-sized LOIHPs single crystal with superior electrical properties
limits their practical applications. Here, we report a method to grow the centimeter-scaled
LOIHP single crystal of [(HOC2H4NH3)2PbI4], demonstrating the potentials in mass
production. After that, we reveal anisotropic electrical and optoelectronic properties which
proved the carrier propagating along inorganic framework. The carrier mobility of ininorganic-plane (in-plane) devices shows the average value of 45 cm2 V–1 s–1 which is
about 100 times greater than the record of LOIHP devices (15), showing the importance of
single crystal in device application. Moreover, the LOIHP single crystals show its ultrashort carrier lifetime of 42.7 ps and photoluminescence quantum efficiency (PLQE) of 25.4
%. We expect this report to be a start of LOIHPs for advanced applications in which the
anisotropic properties are needed (24-25), and meets the demand of high-speed
applications and fast-response applications.
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Chapter 1 Introduction
In the beginning of this thesis, we introduce the chemical formula A2A’n-1MnX3n-1. The
formula defined LOIHPs where A and A' are organic ammonium cations, M is a metal
cation, and X is a halide anion; the value n represents the number of inorganic layers
between two ammonium organic layers consisting of A. In one extreme case where n = ∞,
the crystal structure is constructed as OIHPs structure, which means that the inorganic
framework is continuous in three dimensions (Extended Data Figure 1a). In the other
extreme case where n = 1, the crystal structure is constructed as the LOIHPs structure,
which means that the inorganic framework is continuous only in two dimensions (Extended
Data Figure 1b), implying an electrically anisotropic structure (11, 15).
OIHPs have been demonstrated to achieve a conversion efficiency of 20% (4, 5) in
photovoltaic solar cell and been promising materials for light-emitting diode (7, 8) and
laser (9, 10) by low-cost solution process. The high-quality single crystal of OIHPs with
the continually inorganic framework structure provides the high electrical mobility (20)
which may extend the application to high-speed devices. LOIHPs also have been made into
transistors, solar cells, tunable wavelength phosphors (11-18). Those reports hope that the
LOIHPs could enhance the stability, tunability of wavelength and the PLQE comparing
with OIHPs by its layered structure. However, the previous reports of LOIHPs have
exhibited the lower mobility with the value of 0.55 cm2 V–1 s–1 comparing to OIHPs with
the value of 20 to 60 cm2 V–1 s–1 limit high-speed applications (15, 20). Because the
framework structure of the in-plane of LOIHPs is similar to OIHPs framework structure,
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we expected the mobility of in-plane devices as high as OIHPs single crystal devices. This
implication is why we study the optical and electrical anisotropic properties of LOIHP.
In order to figure out this problem of low mobility, firstly, we successfully grow the cmsized LOIHP single crystal of [(HOC2H4NH3)2PbI4] by precisely controlling the growth
condition, enabling the fabrication of devices based on the LOIHP single crystal. Secondly,
we tried to measure the electrically anisotropic properties for proving that carriers are
blocked from inorganic layer to inorganic layer. The investigation of electrically
anisotropic properties was performed by analyzing the magnitude difference of
conductance and photoresponsivity where the crystallography plane be precisely defined
by single crystal X-ray diffraction (SCXRD) (Extended Data Figure 2). In order to exclude
interference from contact resistance, the angle-dependent four-point measurements were
performed; the conductance of in-plane devices shows no obvious angle-dependence but
shows 1 to 2 orders of magnitude larger than the conductance of devices being built on
through-plane with the change of measuring angles. We further measured the angledependent photoresponsivity which shows the same trend as the angle-dependent
conductance. Thirdly, The Hall measurements show that the average mobility of in-plane
devices is up to 45 cm2 V–1 s–1, which is 100 times higher than the previous record of
LOIHP polycrystalline film devices (15) and perform as OIHPs devices. These results
imply that the organic layer would limit the charge transport and thus choosing
crystallography plane is needed for high mobility transport devices based on LOIHPs.
Besides, the results of optoelectrically and electrically anisotropic properties open a new
class of designing advanced devices (24-25). Also, the ultra-fast response characteristics
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of the device, proved by the ps-scale PL lifetime, and PL internal quantum efficiency of
25.4% suggesting its potential for optically high-speed operations.
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Chapter 2 Experiment
2-1 Synthesize large-sized single crystal
For preparing large-sized single crystal, 1.5 g PbI2 (99%) was dissolved in 12 ml of 57%
HI in a 20 ml sample vial. After that, 0.8 g HOC2H4NH2 (99%) was added and the
precipitate dissolved by ultrasound at room temperature. The solution was cooling down
to 3.7 oC with 1 oC min-1 cooling rate. Few hours later the small single crystal would appear.
Collecting the small single crystal as seeds and put one seed into another preparing solution
containing 1.5 g PbI2 and 0.8 g HOC2H4NH2 and 15 ml 57% HI in a 50 ml vial. After that,
the solution was cooling down to 3.7 oC with 1 oC min-1 cooling rate. Waiting for few days
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the cm-sized single crystal will appear (Fig 1.a). After cm-sized single crystals are grown,
we collect the cm-sized single crystals and wash it by hexane. Selecting the washing
solvent is important, some polar solvent will decompose the crystals, and some solvent will
interact with the materials and make the surface of materials rough. After some testing, we
select the hexane to be the washing solvent for perovskites.

2-2 SCXRD for checking the quality of LOIHP
SCXRD is the most trustable data of understanding the cell structure, so we use it to check
the LOIHP. The SCXRD can recognize the structure with Å scale resolution by the shortwavelength X-ray of Mo target.

2-2-1 Method of X-Ray structure analysis
1. Single crystal intensity data was collected by Bruker APEX DUO with Mo Kα radiation
(wavelength 0.71073 Å ) at 100 K.
2. Cutting the small piece from cm-sized single crystal and checking the crystallography
plane by Bruker D8 Venture SCXRD Cu target at room temperature. After the small piece
is checked, the crystallography plane of cm-sized single crystal can correspond.
3. Powder X-ray diffraction is done by Bruker D8 Advance powder XRD with Cu Ka
radiation and low angle kit at room temperature.
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2-2-2 Processes of SCXRD
We cut a small piece of LOIHP from the cm-size single crystal and put it on the SCXRD
mount. After that, we rotate the mount to check the crystal is located in the center of the
X-ray beam and the sensor and decrease the temperature to 100K for reducing the
interference from thermal lattice vibration. The photo of the small crystal was taken for
corresponding the crystal contour and its cell structure. The XRD pattern was collected at
100K and used the setting of 0.8 Å resolution.

2-3 Fabrication of LOIHP devices
The devices of LOIHP were hard to fabricate due to its small crystal size. However, in this
previous paragraph of this thesis, we already knew how to synthesize the cm-sized single
crystal. The cm-sized single crystal making the fabrication become much easier. In this
fabrication, we used the shadow mask with the cross pattern. This cross pattern is designed
by two 20 um wire making the distance between each electrode are 20 um and the size of
each electrode are 300 um x 300 um. We used the e-beam evaporation because the
depositing energy of e-beam evaporation is small. If the depositing energy is too lager like
sputter, ALD, the LOIHP crystal would be broken.
2-3-1 Method of Fabrication
Tapping the shadow mask with 20 um distances between two electrodes on the
corresponding crystallography plane and deposited 60 nm gold with by electron gun
evaporator with 0.6 Å deposition rate under 10-6 torr. In this part, we need to notice that
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the faster deposition rate is meaning the larger deposition energy. The larger deposition
energy will damage the materials and that also is reason why we don't choose sputter to
deposit.

2-3-2 Processes of fabrication
To determine the electrically anisotropic properties, the crystallography plane was
checked by SCXRD before metal deposition (Extended Data Figure 2d) and we built the
metal-semiconductor-metal structure (MSM) on both in-plane and through-plane with
different directions (Fig. 2a) by depositing Au electrodes with same size, active area and
deposited conditions (Extended Data Figure 4). The same depositing condition is important
if we want to compare different device; the same active area lets us compare the
photoresponsivity directly. In this part, we should notice that we need to tap the shadow
mask carefully. If we tap the shadow mask too hard on crystals, the shadow mask will scar
the surface of crystals. But if we tap the shadow mask too soft on the crystals, after
depositing, the pattern on the crystal will deform.
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2-4 Electrical and optoelectronic measurement of LOIHP
To check whether the electrically anisotropic exist or not, the Electrical and
optoelectronic measurement were down. In this part, we focus on knowing the
photoresponsivity and conductance of the both in-plane and through-plane of this material.
This part is the core of this thesis. After we understand the electrically isotropic properties,
we can realize the mechanism of electron transport. Besides, we can choose the electron
transport plane to see whether the electron transport plane performs the better performance
of mobility which is the important factor for high-speed devices.
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2-4-1 Method of electrical and optoelectronic measurement
1. Electrical properties were measured by Keithley 4200-SCS parameter analyzer with
Keithley 4210-PA and a Cascade CM300 probe station at room temperature. The Newport
1000 W Xenon Lamp 66921 light source with a Newport monochromator were used for
photoresponsivity measurement. To confirming the size and uniform intensity distribution
of incident light spot, the optical profiles was measured by a beam profiling camera Ophir
Spiricon silicon CCD cameras SP620U and the power at each wavelength were measured
by a calibrated photodiode power sensors Newport 818-UV. Devices were excited by a
uniformly distributed intensity spot (3080 μm x 1167 μm) and the photoresponsivity 𝑅 was
calculated by below formula:

𝑅=

𝐼𝑝ℎ𝑜𝑡𝑜 − 𝐼𝑑𝑎𝑟𝑘
𝑃𝑜𝑤𝑒𝑟 𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑎𝑐𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎

The active area of the sample is defined by 20 μm (distance between two electrodes) x 300
μm (width of electrodes).
2. Hall mobility is measured by HMS-3000 Hall Measurement System.

2-4-2 Processes of electrical and optoelectronic measurement
To realize the basically electrical properties, the four-point electrical measurement
indicated that the conductance of in-plane devices does not have significantly different with
the change of measuring angle; in the opposite, the conductance of through-plane devices
are obviously different with the change of measuring the angle. Especially, the in-plane
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devices have two orders of magnitude of conductance larger than the through-plane 90degree devices (Fig. 2b). Moreover, the photoresponsivity measurement shows the
electrically anisotropic properties between in-plane devices and through-plane devices. We
also can find the anisotropic conductance and photoresponsivity of through-plane devices
with the different measuring angle. In the four-point electrical measurement, we should
notice that the resistance under dark of LOIHP is big, so we need to use the high sensitive
probe station and semiconductor characterization system such like Keithley 4200 to
measure it.
After the angle dependent characterization, we focus on measuring the electrically
anisotropic properties of in-plane devices and thought-plane with 90-degree devices (Fig.
3a). In the wavelength dependent photoresponsivity measurement, it shows the same
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tendency over a wide range of incident light wavelengths from 360 nm to 600 nm (Fig. 3b),
where the largest photoresponsivity is found at 550 nm incident light in both conditions.
Moreover, the electrically anisotropic property was further confirmed by comparing the
dependent power photocurrents, where the through-plane 90-degree device shows a twoorder smaller photocurrent with larger applied voltage (Fig. 3c, 3d). In the power dependent
photoresponsivity measurement under 550 nm incident light from 7.5 W/m2 to 75 W/m2.

2-5 Optical measurement of LOIHP
After the electrical and opto-electric measurement, we realize the anisotropic properties.
For checking the optical properties of LOIHP, we start from UV-Vis absorption and PL
spectrum and end off time-resolved photoluminescence (TRPL).
2-5-1 Method of Optical measurement
1. Time-resolved photoluminescence measurement
The TRPL experiment was carried out using a frequency doubled ti:sapphire MIRA 900
pulsed laser by Coherent Inc. The MIRA laser has a nominal pulse-width of 180
femtoseconds, with a pulse frequency of 76 MHz and a primary wavelength of 800 nm.
The samples were subsequently excited with a frequency doubled 400 nm line, using a
coherent harmonic generator. The emission from the samples were then collected,
collimated and focussed into a spectrometer for spatial dispersion of the signal into
wavelength, following which a Hamamatsu syncroscan streak camera unit, with an optimal
resolution of 5 ps, was used to temporally resolve the emission signal.
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2. UV-Vis absorption
We measured the reflection spectrum and transmission spectrum with 1 nm resolution; we
calculated the absorption spectrum.
3. Photoluminance measurements
The injection light of the PL measurement was using the 473nm laser with D4 filter at
room temperature. After the room temperature measurement, the temperature dependent
PL was measured with the temperature range from 13K to 300K.

2-5-2 Process of optical measurement
The optical properties of LOIHP single crystal were investigated using UV-Vis
absorption and photoluminesce measurements (Fig. 4a). The photoluminesce shows a 230
nm blue shift comparing to the OIHP (CH3NH3PbI3) due to the band filling effect (24). The
exciton absorption peak at 560 nm is due to its 2-D confined layer structure. Moreover, we
compared the 2D-bromide perovskite (HOC2H4NH3)2PbBr4 and OIHP bromide perovskite
(CH3NH3PbBr3) single crystals. It also shows about 140 nm PL blue shift (Extended Data
Figure 3). Also, PL spectrum in Extended Data Figure 3 suggested the tunable light
emission feature via changing the halide, the organic group or mixing halide in synthesized
processes (12).
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In the temperature dependent PL, the PL internal quantum yield of 25.4% is estimated
by comparing the integrated intensity of band edge from 525 to 575 nm at room
temperature and 13K (Fig. 4b). The main peak shows 3.2 nm blue shift from 546.8 nm to
543.6 as the temperature increases from 13K to 160K. We predicted that the result is from
the additional hot carriers which occupy the higher energy state with increasing
temperature. The following 7.9 nm red shifting with temperature increasing to 300K is due
to the lattice expansion (Fig. 4c). The temperature dependent PL distributions are shown
in Extended Data Figure 5. The peak at 546.8 nm and 551.5 nm at 13 K could be attributed
to different polarization exciton states (13). The PL shifting behaviors of the 551.5 nm at
13K are shown in Extended Data Figure 6a. The PL lifetime was measured by streak
camera with 5 ps resolution and 150 fs wavelength-tunable laser pulse where the fast and
slow component are respectively 42.7 ps and 439 ps at 547nm at room temperature (Fig.

4d), which is significantly shorter than reported 3-D perovskite (19) due to its quantum-
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confined effect (25). The PL lifetime-intensity distributions image is shown in Extended
Data Figure 6b.

23
Chapter 3 Result and Discussion
3-1 The result of Synthesize large-sized single crystal
After the precisely controlling the concentration of precursor, the large-sized single crystal
be grown. The large-sized crystal create the possibility of fabricating devices on top of a
single crystal which was impossible in the past due to the small size of single crystal.
Because we can grow the large-sized crystals, we make the measuring of the anisotropic
properties to be possible. In the later paragraph, we will reveal the electrically anisotropic
properties and proved the electron is propagating along the inorganic layer. After that, we
are interesting in whether the mobility of in-plane devices perform as OIHP. This part is
most important of this thesis, if the large-sized crystal was not be grow, nothing will happen.
3-2 The result of SCXRD
The crystal structure of LOIHP single crystal measured by SCXRD and the high crystal
quality was identified by its low final R factors and high completeness (refer to Rint, R1 and
R2 in Table. S1). The space group is P 21/c and the unit cell axials a, b and c are 10.2, 9.0
and 8.9, respectively.
The SCXRD result of the crystal illustrates its 2D layered structure (Fig 1.b) and implies
the electrically anisotropic properties; interval distance of inorganic active semiconductor
PbI42- anion layer and organic HOC2H4NH3+ cation layer (Fig. 1c) are 6.314 Å and 3.748
Å , respectively, where the interval distance stands a chance of Å -scale devices. The organic
HOC2H4NH3+ layer could be replaced with other ammonium cation chains to tune the
dielectric constant and band gap energy (13); the iodide also could be changed to other
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halide or mix different halide to tune the luminescence for different applications (Extended
Data Figure 3).
3-3 The result of fabrication
For the electrical neutrality, ideally, the top and bottom side of the single crystal are the
organic HOC2H4NH3+ layers. However, the organic HOC2H4NH3+ layer does not fully
cover the top and bottom side so that the metal could directly contact the inorganic PbI42layer (Extended Data Figure 2c). After the fabrication, we can measure the electric
properties.

3-4 The result of electrical and optoelectronic measurement
This experimental result clearly indicated that the charge transport is along Pb-I-Pb
inorganic pathway in the 2D layered perovskite structure, implying the possibility to build
self-assembled Å -scale devices in the crystal by its electrically anisotropic property.
Because the electrically anisotropic properties, we are interesting in how the in-plane
devices perform and whether it perform like 3-D perovskites.
After that, Hall measurement of the in-plane devices reveal Hall mobility of 45 cm2 V–1 s–
1

which is 100 times larger than the past report of 2D-perovskites and perform like the

OIHP; this result opens the possibility of building the devices on the in-plane for the better
carrier transport properties.
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In the power dependent photoresponsivity measurement under 550 nm incident light from
7.5 W/m2 to 75 W/m2 (Fig. 3e), the ratio of photoresponsivity between in-plane and
through-plane 90 degree devices is increasing with the power density decreasing which is
meaning that the photoresponsivity of through-plane 90 degree devices need the larger light
power density to work. The larger applied voltage and incident light power density of
through-plane 90-degree devices suggested that through-plane 90 degree devices need the
larger energy to letting electron punch through the HOC2H4NH3+ anion layer to conducting.
In optoelectronic measurements are also agreeable with previous result of electrical
measurement. It also proved the electron are easier propagate along the inorganic layer.
Besides, the high photoresponsivity would open a possibility for high sensitive photo
detector.

3-5 The result of optical measurement
The exciton peak from the absorption spectrum is an evidence of the quantum
confinement structure which is agreeable of the structure result from SCXRD. The PL
internal quantum yield of 25.4% reveal a chance to be a high efficiency phosphor.
The fast-response characteristic makes it a highly promising candidate for high-speed
applications, such as the phosphor material in white light communications, where the
lifetime of conventional phosphor, Y3Al5O12:Ce3+ is limited to us-scale because of the
interionic energy transfer (26).
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Chapter 4 Conclusion
We have reported the average 45 cm2 V–1 s–1 mobility which open opportunities for highspeed applications building on top of LOIHP. Moreover, the electrically anisotropic
properties open a new class of designing optoelectronic and electronic devices such as
polarization sensors (24-25) made by LOIHPs. Besides, this nature of structure also could
be brought into LED and laser via its automatically Å -scale quantum well without
boundary defect and high power consumption in fabricating processes. Furthermore, the
ultrafast ps-scale lifetime overcomes the speed confinement from phosphor of VLC
comparing YAG phosphor with us-scale lifetime.
For achieving above application with better performance, we are undertaking to replace
the organic group for tuning the band gap energy and conductivity of organic group layer.
In the transistor side, the strategy is longer the organic group to create the grater anisotropic
electrical property to avoid the leakage current from gate to source and drain. In the LED
and Laser applications, the organic group will be replaced by the compound with smaller
bandgap to raising up the efficiency of the devices.
This is a different way from typical solid state fabrication for fabricating the electronic
devices by tuning the organic functional group. This material precipitates a method to
make advanced future electronic devices.

27
REFERENCES
1. Lee, Michael M., et al. "Efficient hybrid solar cells based on meso-superstructured organometal halide
perovskites." Science 338.6107 (2012): 643-647.

2. Burschka, Julian, et al. "Sequential deposition as a route to high-performance perovskite-sensitized solar
cells." Nature 499.7458 (2013): 316-319.

3. Jeon, Nam Joong, et al. "Compositional engineering of perovskite materials for high-performance solar
cells." Nature 517.7535 (2015): 476-480.

4. Zhou, Huanping, et al. "Interface engineering of highly efficient perovskite solar
cells." Science 345.6196 (2014): 542-546.

5. Yang, Woon Seok, et al. "High-performance photovoltaic perovskite layers fabricated through
intramolecular exchange." Science 348.6240 (2015): 1234-1237.

6. Gottesman, Ronen, et al. "Extremely slow photoconductivity response of CH3NH3PbI3 perovskites
suggesting structural changes under working conditions." The journal of physical chemistry letters 5.15
(2014): 2662-2669.

7. Cho, Himchan, et al. "Overcoming the electroluminescence efficiency limitations of perovskite lightemitting diodes." Science 350.6265 (2015): 1222-1225.

8. Chin, Xin Yu, et al. "Lead iodide perovskite light-emitting field-effect transistor." Nature
communications 6 (2015).

9. Xing, Guichuan, et al. "Low-temperature solution-processed wavelength-tunable perovskites for
lasing." Nat. Mater 13.5 (2014): 476-480.

28
10. Deschler, Felix, et al. "High photoluminescence efficiency and optically pumped lasing in solutionprocessed mixed halide perovskite semiconductors." The journal of physical chemistry letters 5.8 (2014):
1421-1426.

11. Dou, Letian, et al. "Atomically thin two-dimensional organic-inorganic hybrid
perovskites." Science 349.6255 (2015): 1518-1521.

12. Pathak, Sandeep, et al. "Perovskite Crystals for Tunable White Light Emission." Chemistry of
Materials 27.23 (2015): 8066-8075.

13. Tanaka, Kenichiro, et al. "Electronic and excitonic structures of inorganic–organic perovskite-type
quantum-well crystal (C4H9NH3) 2PbBr4." Japanese journal of applied physics 44.8R (2005): 5923.

14. Lemmerer, Andreas, and David G. Billing. "Effect of heteroatoms in the inorganic–organic layered
perovskite-type hybrids [(ZC n H 2n NH 3) 2 PbI 4], n= 2, 3, 4, 5, 6; Z= OH, Br and I; and [(H 3 NC 2 H 4
S 2 C 2 H 4 NH 3) PbI 4]." CrystEngComm 12.4 (2010): 1290-1301.

15. Kagan, C. R., D. B. Mitzi, and C. D. Dimitrakopoulos. "Organic-inorganic hybrid materials as
semiconducting channels in thin-film field-effect transistors." Science 286.5441 (1999): 945-947.

16. Dohner, Emma R., et al. "Intrinsic white-light emission from layered hybrid perovskites." Journal of
the American Chemical Society 136.38 (2014): 13154-13157.

17. Dohner, Emma R., Eric T. Hoke, and Hemamala I. Karunadasa. "Self-assembly of broadband whitelight emitters." Journal of the American Chemical Society 136.5 (2014): 1718-1721.

18. Smith, Ian C., et al. "A layered hybrid perovskite solar‐cell absorber with enhanced moisture
stability." Angewandte Chemie International Edition 53.42 (2014): 11232-11235.

19. Fang, Yanjun, et al. "Highly narrowband perovskite single-crystal photodetectors enabled by surfacecharge recombination." Nature Photonics(2015).

29
20. Shi, Dong, et al. "Low trap-state density and long carrier diffusion in organolead trihalide perovskite
single crystals." Science 347.6221 (2015): 519-522.

21. Dong, Qingfeng, et al. "Electron-hole diffusion lengths> 175 μm in solution-grown CH3NH3PbI3
single crystals." Science 347.6225 (2015): 967-970.

22. Saidaminov, Makhsud I., et al. "High-quality bulk hybrid perovskite single crystals within minutes by
inverse temperature crystallization." Nature communications 6 (2015).

23. Liu, Yucheng, et al. "Two‐Inch‐Sized Perovskite CH3NH3PbX3 (X= Cl, Br, I) Crystals: Growth and
Characterization." Advanced Materials 27.35 (2015): 5176-5183.

24. Low, Tony, et al. "Plasmons and screening in monolayer and multilayer black phosphorus." Physical
review letters 113.10 (2014): 106802.

25. Xia, Fengnian, Han Wang, and Yichen Jia. "Rediscovering black phosphorus as an anisotropic layered
material for optoelectronics and electronics."Nature communications 5 (2014).

26. Chichibu, S., et al. "Spontaneous emission of localized excitons in InGaN single and multiquantum well
structures." Applied Physics Letters 69.27 (1996): 4188-4190.

27. Takeoka, Yuko, et al. "Systematic studies on chain lengths, halide species, and well thicknesses for
lead halide layered perovskite thin films." Bulletin of the Chemical Society of Japan 79.10 (2006): 16071613.

28. Polland, H-J., et al. "Lifetime enhancement of two-dimensional excitons by the quantum-confined
Stark effect." Physical review letters 55.23 (1985): 2610.

29. Wang, Lei, et al. "Interionic Energy Transfer in Y 3 Al 5 O 12: Ce 3+, Pr 3+ Phosphor." Journal of
Applied Physics 108.9 (2010).

30
SUPPLEMENTARY INFORMATION

31

32

33
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Supplementary Table 1│Crystal data and structure refinement for [(HOC2H4NH3)2PbI4].
Empirical formula

C2 H8 I2 N O Pb0.50

Formula weight

419.49

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P 21/c

Unit cell dimensions

a = 10.2263(9) Å

= 90°.

b = 9.0447(7) Å

= 100.273(4)°.

c = 8.9390(8) Å

 = 90°.

Volume

813.55(12) Å 3

Z

4

Density (calculated)

3.425 Mg/m3

Absorption coefficient

17.941 mm-1

F(000)

728

Crystal size

0.30 x 0.20 x 0.15 mm3

Theta range for data collection

2.024 to 26.422°.

Index ranges

-12<=h<=12, -11<=k<=9, -11<=l<=11

Reflections collected

5886

Independent reflections

1658 [R(int) = 0.0343]

Completeness to theta = 25.242°

99.9 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.9485 and 0.2950
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Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1658 / 0 / 63

Goodness-of-fit on F2

1.084

Final R indices [I>2sigma(I)]

R1 = 0.0276, wR2 = 0.0676

R indices (all data)

R1 = 0.0296, wR2 = 0.0687

Extinction coefficient

n/a

Largest diff. peak and hole

2.500 and -2.037 e.Å -3
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Supplementary Table 2│Atomic coordinates (x 104) and equivalent isotropic displacement parameters
(Å 2x 103) for [(HOC2H4NH3)2PbI4]. U(eq) is defined as one third of the trace of the orthogonalized U ij
tensor.
________________________________________________________________________________
x

y

z

U(eq)

________________________________________________________________________________
Pb(1)

5000

I(1)

1862(1)

I(2)

10000

5000

25(1)

9568(1)

4308(1)

34(1)

5201(1)

7910(1)

7956(1)

42(1)

C(1)

1733(8)

5249(9)

3669(8)

45(2)

C(2)

1484(7)

3643(9)

3599(8)

45(2)

N(1)

2201(6)

5730(7)

5270(6)

43(1)

O(1)

518(5)

3311(6)

4478(6)

48(1)

________________________________________________________________________________
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Supplementary Table 3│Bond lengths [Å ] and angles [°] for [(HOC2H4NH3)2PbI4].
_____________________________________________________
Pb(1)-I(1)

3.1815(5)

Pb(1)-I(1)#1

3.1815(5)

Pb(1)-I(2)

3.2257(4)

Pb(1)-I(2)#1

3.2258(4)

Pb(1)-I(2)#2

3.2313(4)

Pb(1)-I(2)#3

3.2313(4)

I(2)-Pb(1)#4

3.2314(4)

C(1)-C(2)

1.475(10)

C(1)-N(1)

1.490(9)

C(1)-H(1A)

0.9900

C(1)-H(1B)

0.9900

C(2)-O(1)

1.400(8)

C(2)-H(2A)

0.9900

C(2)-H(2B)

0.9900

N(1)-H(1C)

0.9100

N(1)-H(1D)

0.9100

N(1)-H(1E)

0.9100

O(1)-H(1)

0.8400

I(1)-Pb(1)-I(1)#1
I(1)-Pb(1)-I(2)

180.0
90.120(11)
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I(1)#1-Pb(1)-I(2)

89.880(11)

I(1)-Pb(1)-I(2)#1

89.880(11)

I(1)#1-Pb(1)-I(2)#1

90.120(12)

I(2)-Pb(1)-I(2)#1

180.0

I(1)-Pb(1)-I(2)#2

87.346(11)

I(1)#1-Pb(1)-I(2)#2

92.654(11)

I(2)-Pb(1)-I(2)#2

89.120(7)

I(2)#1-Pb(1)-I(2)#2

90.880(8)

I(1)-Pb(1)-I(2)#3

92.654(11)

I(1)#1-Pb(1)-I(2)#3

87.346(11)

I(2)-Pb(1)-I(2)#3

90.880(7)

I(2)#1-Pb(1)-I(2)#3

89.120(8)

I(2)#2-Pb(1)-I(2)#3

180.0

Pb(1)-I(2)-Pb(1)#4

159.929(18)

C(2)-C(1)-N(1)

110.6(6)

C(2)-C(1)-H(1A)

109.5

N(1)-C(1)-H(1A)

109.5

C(2)-C(1)-H(1B)

109.5

N(1)-C(1)-H(1B)

109.5

H(1A)-C(1)-H(1B)

108.1

O(1)-C(2)-C(1)

108.8(6)

O(1)-C(2)-H(2A)

109.9

C(1)-C(2)-H(2A)

109.9
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O(1)-C(2)-H(2B)

109.9

C(1)-C(2)-H(2B)

109.9

H(2A)-C(2)-H(2B)

108.3

C(1)-N(1)-H(1C)

109.5

C(1)-N(1)-H(1D)

109.5

H(1C)-N(1)-H(1D)

109.5

C(1)-N(1)-H(1E)

109.5

H(1C)-N(1)-H(1E)

109.5

H(1D)-N(1)-H(1E)

109.5

C(2)-O(1)-H(1)

109.5

_____________________________________________________________
Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y+2,-z+1
#4 -x+1,y-1/2,-z+3/2

#2 x,-y+3/2,z-1/2

#3 -x+1,y+1/2,-z+3/2
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Supplementary Table 4│Anisotropic displacement parameters (Å 2x 103) for [(HOC2H4NH3)2PbI4].
The anisotropic displacement factor exponent takes the form: -22 [h2 a*2U11 + ... + 2 h k a* b* U12]
______________________________________________________________________________
U11

U22

U33

U23

U13

U12

______________________________________________________________________________
Pb(1)

27(1)

24(1)

24(1)

0(1)

6(1)

-2(1)

I(1)

28(1)

35(1)

39(1)

1(1)

7(1)

0(1)

I(2)

46(1)

42(1)

39(1)

19(1)

7(1)

-4(1)

C(1)

49(4)

53(5)

33(3)

-2(3)

8(3)

-5(3)

C(2)

39(4)

51(5)

46(4)

-9(3)

9(3)

-5(3)

N(1)

50(3)

41(4)

39(3)

-1(2)

6(2)

-7(3)

O(1)

55(3)

35(3)

58(3)

1(2)

22(2)

-5(2)

______________________________________________________________________________
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Supplementary Table 5│Hydrogen coordinates (x 104) and isotropic displacement parameters (Å 2x 10 3)
for [(HOC2H4NH3)2PbI4].
________________________________________________________________________________
x

y

z

U(eq)

________________________________________________________________________________

H(1A)

905

5783

3242

54

H(1B)

2413

5499

3048

54

H(2A)

1171

3335

2532

54

H(2B)

2316

3102

3994

54

H(1C)

1600

5448

5852

65

H(1D)

2288

6732

5301

65

H(1E)

3001

5305

5633

65

415

2390

4505

72

H(1)

________________________________________________________________________________
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Supplementary Table 6│Crystal data and structure refinement for CH3NH3PbBr3
Table 1. Crystal data and structure refinement for 150450_0m_a.
Identification code

150450_0m_a

Empirical formula

Br3 Pb

Formula weight

446.90

Temperature

296(2) K

Wavelength

0.71073 Å

Crystal system

Cubic

Space group

P m -3 m

Unit cell dimensions

a = 5.9199(2) Å

= 90°.

b = 5.9199(2) Å

= 90°.

c = 5.9199(2) Å

 = 90°.

Volume

207.46(2) Å 3

Z

1

Density (calculated)

3.577 Mg/m3

Absorption coefficient

34.657 mm-1

F(000)

187

Crystal size

0.10 x 0.10 x 0.08 mm3

Theta range for data collection

3.441 to 26.175°.

Index ranges

-7<=h<=6, -7<=k<=7, -7<=l<=7

Reflections collected

1472

Independent reflections

68 [R(int) = 0.1545]

Completeness to theta = 25.242°

100.0 %
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Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.9484 and 0.1482

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

68 / 0 / 5

Goodness-of-fit on F2

1.413

Final R indices [I>2sigma(I)]

R1 = 0.0441, wR2 = 0.1343

R indices (all data)

R1 = 0.0441, wR2 = 0.1343

Extinction coefficient

0.10(2)

Largest diff. peak and hole

1.748 and -1.430 e.Å -3
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Supplementary Table 7│Atomic coordinates (x 104) and equivalent isotropic displacement parameters
(Å 2x 103) for CH3NH3PbBr3. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

________________________________________________________________________________
x

y

z

U(eq)

________________________________________________________________________________
Pb(1)

0

0

0

32(2)

Br(1)

5000

0

0

104(3)

________________________________________________________________________________
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Supplementary Table 8│Bond lengths [Å ] and angles [°] for CH3NH3PbBr3.
_____________________________________________________
Pb(1)-Br(1)#1

2.95995(10)

Pb(1)-Br(1)

2.95995(10)

Pb(1)-Br(1)#2

2.95995(10)

Pb(1)-Br(1)#3

2.95995(10)

Pb(1)-Br(1)#4

2.95995(10)

Pb(1)-Br(1)#5

2.95995(10)

Br(1)-Pb(1)#6

2.95995(10)

Br(1)#1-Pb(1)-Br(1)

90.0

Br(1)#1-Pb(1)-Br(1)#2

90.0

Br(1)-Pb(1)-Br(1)#2

180.0

Br(1)#1-Pb(1)-Br(1)#3

90.0

Br(1)-Pb(1)-Br(1)#3

90.0

Br(1)#2-Pb(1)-Br(1)#3

90.0

Br(1)#1-Pb(1)-Br(1)#4

90.0

Br(1)-Pb(1)-Br(1)#4

90.0

Br(1)#2-Pb(1)-Br(1)#4

90.0

Br(1)#3-Pb(1)-Br(1)#4

180.0

Br(1)#1-Pb(1)-Br(1)#5

180.0

Br(1)-Pb(1)-Br(1)#5

90.0

Br(1)#2-Pb(1)-Br(1)#5

90.0
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Br(1)#3-Pb(1)-Br(1)#5

90.0

Br(1)#4-Pb(1)-Br(1)#5

90.0

Pb(1)#6-Br(1)-Pb(1)

180.0

_____________________________________________________________
Symmetry transformations used to generate equivalent atoms:
#1 y,z,x
#5 y,z,x-1

#2 x-1,y,z

#3 -y,x-1,z

#6 x+1,y,z

#4 -y,x,z
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Supplementary Table 9│Anisotropic displacement parameters (Å 2x 103) for CH3NH3PbBr3. The
anisotropic displacement factor exponent takes the form: -22 [h2 a*2U11 + ... + 2 h k a* b* U12]

______________________________________________________________________________
U11

U22

U33

U23

U13

U12

______________________________________________________________________________
Pb(1)

32(2)

32(2)

32(2)

0

0

0

Br(1)

30(3)

142(5)

142(5)

0

0

0

__________________________________________________________

