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Reports

Electron-hole diffusion lengths >175 pm in
solution-grown CH;NH;PbI; single

crystals

Qingfeng Dong,'* Yanjun Fang,”* Yuchuan Shao,* Padhraic
Mulligan,? Jie Qiu,? Lei Cao,? Jinsong Huang'f

Department of Mechanical and Materials Engineering, University of Nebraska, Lincoln, NE 68588, USA. *Nuclear
Engineering Program, Department of Mechanical and Aerospace Engineering, Ohio State University, Columbus, OH 43210,

USA.
*These authors contributed equally to this work.

tCorresponding author. E-mail: jhuang2@unl.edu

Long, balanced electron and hole diffusion lengths greater than 100
nanometers in polycrystalline CHsNHsPbl; are critical for highly efficient
perovskite solar cells. We report that the diffusion lengths in CH3;NH;Pbl;
single crystals grown by a solution-growth method can exceed 175 pm
under 1 sun illumination and exceed 3 mm under weak light for both
electrons and holes. The internal quantum efficiencies approach 100% in 3
mm-thick single crystal perovskite solar cells under weak light. These long
diffusion lengths result from greater carrier mobility, lifetime and
dramatically smaller trap densities in the single crystals than
polycrystalline thin-films. The long carrier diffusion lengths enabled the
use of CHsNH3Pbls in radiation sensing and energy-harvesting through
gammavoltaic effect with an efficiency of 3.9% measured with an intense

cesium-137 source.

Demonstrated optoelectronic applications of organolead
trihalide perovskites (OTPs) include high-efficiency
photovoltaic (PV) cells (I-3), lasers (4), light-emitting-diodes
(5), and high gain photodetectors (6), but the understanding
of their fundamental properties, such as carrier diffusion
length, has lagged behind. The carrier diffusion length in
MAPDI; should be sensitive to defects. Point defects in
MAPDI; do not constitute midgap trap states (7), but a large
density of charge traps has been broadly observed at the
grain boundaries and surfaces of CH3;NH;Pbl; (MAPDI;)
polycrystalline (MPC) films (8, 9). We showed that the
carrier diffusion length of MPC films increased to 1 um
when solvent annealing was used to enlarge the grain size
to the thickness of the film (10). To determine the limit of
carrier diffusion length, larger MAPDbI; single crystals
(MSCs) are needed. We report the growth of millimeter-size
MSCs using a low-temperature solution approach and their
fundamental electronic property characterization. Both
electrons and holes have diffusion lengths >175 um under 1
sun illumination and >3 mm in MSCs under weak
illumination (0.003% sun).

Large-sized MSC growth from a supersaturated MAPbI;
solution used a top-seeded-solution-growth (TSSG) method
(fig. S1) with a temperature gradient. Small-sized MSCs at

the bottom of the container
maintained the MA*, Pb?*, and I
ion concentration for a saturated
solution, the cooler top half of
the solution was supersaturated.
The large MSCs were grown by
the consumption of small MSCs
in the bottom. The small tem-
perature difference from bottom
and the top of the solution in-
duces a small convection that is
enough to transport the material
to the large MSCs. The as-grown
MSCs have an average size of 3.3
mm and a largest size of ~10 mm
(Fig. 1A); powder x-ray diffrac-
tion (XRD) (Fig. 1B) confirmed
the tetragonal structure. Single-
crystal XRD was best fit with an
I4/m space group in agreement
with the results of Baikie et al.
(11). The goodness-of-fit was
1.154, and the crystal data are
summarized in tables S1 and S2.

We fabricated MSC PV devic-
es by depositing 25-nm gold (Au)
layers on one crystal facet as
anodes and contacting gallium
(Ga) with the opposite facet as
cathodes (Fig. 2A). Thin MSCs
with a thickness of 100 to 200
um were peeled off from the large MSCs to fabricate MSC
devices with thicknesses of either >3 mm or 200 um. The
optical and electric properties of MSCs were compared with
those of the 600-nm-thick solvent-annealed MPC thin films
formed by the interdiffusion method (10). The MSC has an
extended absorption band to 850 nm while regular MPC
thin films have an absorption cutoff at 800 nm (Fig. 2B),
which is consistent with the external quantum efficiency
(EQE) of devices made of these two types of materials (Fig.
2C). These MSC devices differ from other MPC thin-film
devices in that they exhibit a strong exciton absorption at
790 nm that was more intense in the thicker devices. The
red-shift of the EQE cutoff by 50 nm to 850 nm in the MSCs
increases the upper limit of Jsc in MAPbI;-based solar cells
from 27.5 mA cm™? to 33.0 mA cm2. The PL peak of the
MSCs (770 nm) has a shorter wavelength than the exciton
peak (Fig. 2C), which indicates all of the excitons generated
in MSCs dissociate to free charges at room temperature; and
the band gap of the MSCs should be 1.61 eV. The blue-
shifted and narrower PL peak indicates a lower trap density
in MSCs.

The EQE of a 3 mm-thick MSC solar cell (Fig. 2D) ranged
from 12.6 to 15.8% for wavelengths from 520 to 810 nm. The
EQE of the MSC device decreased for shorter wavelengths,
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which suggests the Au/MSC interface contains a large defect
density (shorter wavelengths generate carriers closer to the
MSC surface). These defects are most likely from the Pb**
clusters formed by partial loss of the more soluble me-
thylammonium iodide (MAI) when the single crystal is re-
moved from solution. Our recent density functional theory
calculation verified the Pb?* clusters on the MAPDI; surface
tend to form charge traps (6). The internal quantum effi-
ciency (IQE) of the 3-mm MSC device (derived by dividing
EQE by the transmittance of the Au electrode; see Fig. 2D
and fig. S2) was near unity (95 + 7%).

The electrons generated in the very thin perovskite layer
near the Au anode must traverse the whole crystal to be col-
lected by the Ga cathode, indicating that the electron diffu-
sion length in MSCs is greater than the crystal thickness (~3
mm). We also replaced Ga by a semitransparent Au (25
nm)/Ceo (25 nm) layer as the cathode so that photogenerat-
ed charges would be located at the cathode side. Again, the
short circuit current density (Jsc) measured at 0.1% Sun was
comparable with incident light from both sides, which indi-
cates the hole diffusion length in MSCs is also longer than
the MSC thickness.

The dependence of responsivity (R) and Jsc on light in-
tensity (/1) for thick devices are summarized in Fig. 2, E and
F, respectively [see fig. S3 for photocurrent density-voltage
(Jpn-V) curves]. Under 1 Sun, the open circuit voltage V,. was
0.62 V, vs. ~1.00 V in optimized MPC thin film devices again
indicating a strong charge recombination in the MSC devic-
es under strong illumination. For thick MSC devices, R de-
creased from 35 to 0.19 mA W~ when the intensity of white
illuminated light increased from for 0.003 to 100 mW cm™2
because of increased charge recombination for higher I..
Fitting of Ji. with I as Ji. o It gave a 8 = 0.5 + 0.01, sug-
gesting that second-order charge recombination dominated
in the thick MSC devices for I, > 0.003 mW cm™ as seen
previously (12, 13). Reducing the MSC thickness to 200 um
recovered large R (Fig. 2E) at 1 sun and increased R to 0.88,
which indicates the carrier diffusion length of MSCs is near
200 um for 1 sun illumination.

We could characterize the carrier mobility (1) and carri-
er lifetime (t,) because the carrier diffusion length (Lp) is
determined by Lp = (kgTut./e)?, where kg, T, and e are the
Boltzmann constant, temperature, and elementary charge,
respectively. The device dark current (Jp) was measured to
derive the trap density and carrier mobilities. The MSCs
were sandwiched by two Au electrodes deposited by thermal
evaporation to form hole-only devices. As shown in Fig. 3A,
the linear Jp-V relation (green line) indicates an Ohmic re-
sponse at the low bias (< 2.1 V). A trap-filling process was
identified by the dramatic increase of the current injection
at a bias range of 2.1 to 10.7 V. The voltage at which all the
traps are filled (trap-filled limit voltage Vi) was deter-
mined by the trap density (14):

ey
where L is the thickness of the MSCs, ¢ (= 32) is relative
dielectric constant of MAPDbI;, and ¢, is the vacuum permit-
tivity. The trap density n: in MSCs was calculated to be 3.6 x
10° cm=3, For comparison, the hole-only devices with MPC
thin films were also fabricated with PEDOT:PSS and Au as
the hole injection electrodes (fig. S4). The calculated hole
trap density in the MPC thin films was 2.0 x 10® cm™3,
which is almost five orders of magnitude greater than in the
MSCs. Thermal admittance spectroscopy (TAS) (fig. S5) con-
firmed the dramatically reduced trap density by 2 to 3 or-
ders of magnitude in MSCs. Thus, the extraordinary carrier
diffusion length in the MSCs is the result of largely sup-
pressed trap density. When operating in the trap-free space
charge limit current (SCLC) regime above 10.7 V, the dark
current of the MSC was well fitted by (blue line) the Mott-
Gurney Law:
Jo= 9880#2‘/5
8L
(2)

where 1/, is applied voltage. A large hole mobility of 164 + 25
cm? V! s7! was derived from the curve fitting. The uncer-
tainties we reported represent a single standard deviation in
the measurements on ten nominally identical devices. Hall
effect measurements revealed that the MSC was slightly p-
doped with a low free hole concentration of (9 = 2) x 10°
cm™? (see supplementary materials). The hole mobility from
Hall effect measurement was 105 + 35 cm? V! s7}, agreeing
with the SCLC results. Similarly, the electron trap density
and electron mobility of MSCs were measured with the elec-
tron-only devices which have Phenyl-Ce-butyric acid methyl
(PCBM):Ceo/Ga as both electrodes. A low electron trap den-
sity of 4.5 x 10° cm™ was derived (Fig. 3B), comparable to
the hole trap density, and the electron mobility was 24.8 +
4.1 cm? V1 s7L, Finally, we used time-of-flight (ToF) to verify
the high electron mobilities of 24.0 + 6.8 cm? V! s (Fig.
3C). The electron and hole mobilities in MSCs are several
fold greater than the intrinsic band transport mobility in
MPC thin films (Z0) and polycrystals (15) measured by Hall
effect method and those measured by transient terahertz
spectroscopy (I16), both of which measure band transport
mobility. However, ToF and SCLC mobilities are sensitive to
the presence charge traps in the materials. The excellent
agreement of Hall mobility with ToF and SCLC mobilities in
the single crystal MAPDI; devices indicates the band-tail
states in the OTP single crystals are negligible.

We measured 1, in MSCs with transient photovoltaic
(TPV) and impedance spectroscopy (IS) at different I, (Fig.
4); at 1 sun, the TPV and IS values of t, were 82 + 5 and 95
+ 8 us, respectively, more than 10 times longer than that in
the best thin film devices with sophisticated surface pas-
sivation (10). Combining the measured mobility and lifetime
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of MSCs, the hole diffusion length is 175 + 25 um under 1
sun. The measured bulk carrier lifetime can be underesti-
mated because of the presence of surface charge recombina-
tion, so the bulk carrier diffusion length should exceed this
value. Reducing the bias light intensity to 0.1 sun increased
1, to 234 and 198 us by TPV and IS measurements, respec-
tively.

The long carrier diffusion length of MAPDbI; can find di-
rect application in x-ray and gamma-ray sensing and radia-
tion energy harvesting. Radiation is generally much weaker
than 1 sun but should penetrate the entire device. Details
pertaining to the carrier diffusion length extrapolation un-
der weak light, radiation measurement, simulation, and the
estimation of gammavoltaic efficiency can be found in the
supplementary materials. We extrapolated a carrier recom-
bination lifetime of 2.6 + 0.2 s and carrier diffusion length
sum of 33 + 5 mm under the light intensity 0.003 mW cm™2
from our 1 sun data. The presence of surface recombination
should reduce the carrier diffusion length, and the meas-
ured >3 mm electron and hole diffusion length under weak
light is thus reasonable. We exposed the 3 mm thick MSC
device to intense gamma-ray and measured the electric cur-
rent generation. A cesium-137 gamma irradiator of 102 Ci
yielded a persistent current of 36.3 + 0.3 nA, which corre-
sponds to a photon-to-electron conversion efficiency of 3.9%
and agrees with the theoretic estimation.

In summary, the demonstrated high carrier mobility,
carrier lifetime and diffusion length of the MSCs open sev-
eral new directions for the application of MAPbI; materials
in printable electronics, lasers and solar cells, respectively
(4). The high PL quantum yield of MAPbI; and excellent
overlap of the PL spectra with the absorption spectrum of
the single crystal allows photon recycling in thick perovskite
crystals by reabsorbing the emission (4, 5). The demonstra-
tion of a charge diffusion length that greatly exceeds the
above band gap photon absorption depth implies that IQE’s
of essentially 100% can be achieved under the low internal
electric fields at max power point.
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Fig. 1. MSC structure characterization. (A) Images of a piece of as-prepared MAPbI; single crystal. (B)
X-ray diffraction pattern of the ground powder of a single crystal (gray line) and fitted patterns (black
line).
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Fig. 2. Device structure and electrical and optical characterization of the MSC devices and MPC
thin films. (A) Schematic device structure of the MAPbI; single crystal devices. (B) Normalized PL and
absorption spectra of the MSCs and MPC thin films. (C) Normalized EQE of a 3 mm-thick (red solid line
circle) and a 200 pm-thick (blue solid line circle) MSC photovoltaic device, and a MPC thin film device
(black solid line circle). (D) EQE of a 3 mm-thick MSC device (red solid circle line), the average
transmittance of 25 nm Au electrode (black line), and the calculated average IQE (blue solid circle line).
(E) Responsivity of the 3 mm-thick (black solid circle line) and the 200 pm-thick (blue solid circle line)
MSC devices and the responsivity calculated from the EQE of the 3 mm-thick MSC device. (F) Current
density (Usc) vs light intensity (/) fitted by Jsc o I.° for the MSC devices with a thickness of 3 mm (black

sanlid circleY and 200 11m (red salid circle)
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Fig. 3. Carrier mobility characterization of MSCs. Current-voltage curve for a hole-only MSC de-
vice (A) and an electron-only MSC device (B). The insets of (A) and (B) show the device structure of
hole-only and electron-only MSC devices, respectively. Three regions can be identified according to
different power of n: n = 1is the Ohmic region (fitted by the blue lines), n = 2 is the space charge lim-
ited current region (fitted by the green lines), and in between is the trap-filled limited region. (C) The
schematic illustration of the device for the time-of-flight measurement. (D) The transient current
curves of the MSC device show the normalized transient photocurrent under various reverse biases.
The carrier transit time is determined by the intercept of the pretransit and post-transit asymptotes
of the photocurrent and marked by solid blue circles. Inset of (D) shows the charge transit time ver-
sus the reciprocal of bias, and the solid line is a linear fitting to the data.
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Fig. 4. Carrier recombination lifetime characterization of MSCs. (A) The impedance spectrosco-
pies and (B) the transient photovoltaic curves of the MSC devices under one sun (square line) and 0.1
sun (circle line) illumination, respectively, with incident light from the semitransparent Au anode. The
TPV decay curves were fitted by a single exponential decay function. The inset of (A) is the extracted
charge recombination lifetime from IS measurement of the MSC device (solid circle) and the MPC thin
film (solid triangle) at various applied voltage biases under one sun illumination. The inset of (B) is the
extracted charge recombination lifetime from TPV measurement of the MSC device under various
light bias intensities.
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