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Supplementary Figure 1. X-ray diffraction for synthesized Pb, powder done under
synchrotron source. a, GIWAXS map and b, line-cut for Pbs powder.
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Supplementary Figure 2. Thickness dependent study for various n numbered layered
perovskites. a-b, average power conversion efficiency (PCE) and short circuit current density
(Jsc) as a function of absorbing layer thicknesses for n=2 and n=5 compounds, respectively. The
samples were produced under the same processing condition. ¢, Normalized Jsc versus thickness
plots for three different n-numbered layered perovskite devices. d, Normalized J-V
characteristics for those devices with optimized thickness (220 nm).
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Supplementary Figure 3. J-V curve slopes for different n numbers. a, normalized JV curves
under 1-Sun illumination for device fabricated with Pb, (green) and Pbs (red) as absorber
fabricated with the same film thickness (220 nm); as a comparison, 3D device is also plotted in
the same figure (blue). b, the slopes were examined by taking the first order of derivative from a
and plotted as a function of field.
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Supplementary Figure 4. Thickness dependent J-V curve slopes as a function of internal
voltage obtained from Fig.2a. The JV slopes are extracted by taking the 1-st order derivative of
the light J-V curves normalized by the Jsc value at each thickness. The derivatives are plotted as
a function of internal voltage (V-Voc) in MS Fig. 2.
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Supplementary Figure 5. J-V characteristics for device with 220 nm absorber thickness. a,
dark and light J-V curves under various intensities, light curves were normalized by the short
circuit current value at each intensity. b, dark and light J-V curves measured under lowest
intensity used for this study for 220-nm device, where photocurrent is 2 orders of magnitude
higher than the dark current, and dark injection near OC is not significant.

a b

NA - 0- =1
50.8- 107 Dark375nm
E — 375 nm —~ ]

~ N -2.

K7 T .,

GC) E -4 ..- L

280.0 =101 ~ ;

I= d

o

50.4- 10° i

(@) T T T T T T T T T T T

-1.0 -0.5 0.0 0.5 1.0 1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Voltage (V) Voltage (V)

Supplementary Figure 6. Dark curve for 375 nm device in a, linear scale and b, logarithm
scale. The dark curve for 375 nm device is 2-order of magnitude lower than the photocurrent of
this device under the lowest illumination condition.
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Supplementary Figure 7. Optical constant. (n, k values) as a function of wavelength for
layered perovskite thin film used in modeling.
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Supplementary Figure 8. The energy band diagram for 300 nm perovskite thickness at three
different external bias conditions.
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Supplementary Figure 9. The energy band diagrams for 620 nm perovskite thickness at three

different external bias conditions.
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Supplementary Figure 10. Depletion width as a function of perovskite layer thickness. The
device is fully depleted for up to 300 nm.
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Supplementary Figure 11. Energy band diagram and normalized total recombination at
T=150 K. At short circuit(a,d), maximum power point (b,e) and (c,f) open circuit. More than
95% of total recombination occurs inside the quantum wells. Low temperature does not provide
enough thermal energy for carriers to leave the wells efficiently.
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Supplementary Figure 12. Energy band diagram and normalized total recombination at
T=300 K. At short circuit (a,d), maximum power point (b,e)and open circuit(c,f). Less than
75% of total recombination occurs inside the quantum wells since thermal energy helps the
carriers to escape the wells.
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Supplementary Figure 13. Internal quantum efficiency. a, device absorption spectra
measured in reflection mode. b, IQE spectra for those devices.
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Supplementary Figure 14. a, Experimental and simulated Voc as a function of temperature
after considering the change in band gap and mobility at low temperature; b, The mobility values
used in the drift-diffusion simulation were fitted by the Gaussian-disorder mobility model.



Supplementary Note 1. X-ray diffraction

The powder was synthesized according to literature published method', we took the powder for
structural characterization under synchrotron source. The results are shown in Supplementary
Figure 1. All the characteristic low angle peaks are observed in the compound as labeled as (0k0)

peak™, which is a clear indication of pure n=4 phase formation.

Supplementary Note 2. Thickness dependence for other n-numbered RP

perovskite cells

For other n-numbered layered perovskite devices, we expect several changes to the system:
number of potential barriers (reduced size of conducting channel), band gap energy and field
distribution profile. To investigate the impact of n-number on the device behavior, we conducted
a thickness dependent study for two other n-numbered layered perovskite devices in the same
device configuration described in the manuscript. We chose one compound with lower n value
(n=2) and one higher n value (n=5) to compare with the n=4 device reported in the manuscript.
The results are shown in Supplementary Figure 2.

From the results in Supplementary Figure 2, we found that the thickness dependence of
the device performance for all the layered systems follow similar trend. The optimized thickness
for all three compounds is roughly around 200 nm. This is reasonable given that the structures
for those n=2, 4, 5 compounds are similar, the electrical transport properties are not expected to
differ dramatically. Therefore, a field dependent carrier collection through multiple potential
barriers across the film remains to be the major limitation for the solar cell performance. Further,
from Supplementary Figure 2d, we observe a sharper decay in the case of lower n number as

compared to higher n numbers. This is consistent with our proposed mechanism where lower n-



numbered thin film is more insulating likely due to a reduced conducting slab size. This also
reflects in the normalized J-V characteristics in Supplementary Figure 2d, where a more
pronounced field dependent slope from maximum power point towards short circuit can be

observed in n=2 device, while the other two are more flattened.

Supplementary Note 3. Comparison between different systems

We compare three different systems using Pb,, Pbs and 3D perovskite as absorber by taking the
normalized light J-V curves in Supplementary Figure 3. The slopes of those J-V curves are
extracted in Supplementary Figure 3b. It is clear that the most significant difference between the
2D and 3D system is the low field photocurrent collection, as demonstrated in the main
manuscript. Furthermore, as n number reduces, such low field slope gets more flattened,

indicating an increased number of barriers in the system.

Supplementary Note 4. Device simulation

Optical Modeling. Optical absorption in different layers of the PV cell is calculated by the full-
wave solution of Maxwell’s equations with the input of AM 1.5G illumination. The materials in
different layers of the cell are characterized by their respective absorption coefficient and
refractive indices. Those parameters are either obtained from literature *° or measured data by
the authors. Transfer matrix method (TMM) ° calculations are used for the optical studies of the
planar cell structure. In this approach, the entire solar cell stack, including the contact layers, is
modeled using a series of interface and phase matrices. The central quantity which is calculated
in this approach is the spatially-resolved optical absorbance [A(A,r)] inside various layers of the

cell. The wavelength range of 300-1500 nm has been used for our calculations (see



Supplementary Figure 7). The spatially resolved absorption profile is integrated over the
wavelength range to create the generation profile for the electron and holes for self-consistent

carrier transport simulation, as described below.

Self-consistent transport simulation. The transport of charged carriers (electrons and holes) is
modeled by generalized drift-diffusion formalism’. Photo-generation is calculated from the
optical absorption profile (integrated over the wavelengths) discussed previously. The electron
and hole transport inside the cell is simulated by a self-consistent solution of Poisson and
continuity equations by a commercial grade device simulator MEIDCI™ ®. The generation term
in the e-h continuity equations is calculated from the solution of photo-generated profile. The
recombination term in the continuity equation consists of direct and Shockley-Read-Hall (SRH)
recombinations with the respective lifetimes taken from the literature. In the calculation, we did
not account for hot electron effects. The excitons — if any — are presumed to dissociate into free
electron and hole pairs immediately after generation. For all of the simulations (including
different thicknesses), we consider four quantum wells throughout the film thickness, which
gives 4 lower band gap wells encased within 5 high band gap barriers. We assume that these
wells have similar thickness and are randomly distributed within the absorber. The thickness of
each potential well is thus the thickness of full film divided by nine. For example, for perovskite
thickness of 620 nm, 450 nm, 370 nm, 300 nm, 220 nm, and 120 nm, the thickness of quantum

well is 68.6 nm, 50 nm, 41.1 nm, 33.3 nm, 24.4 nm, and 13.3 nm respectively.

The model equations are summarized in Supplementary Table 1 and the simulation parameters

are given in Supplementary Table 2. The parameters with references are taken from the



literature; the rest are assumed to match the data for 2D perovskite layer. To reproduce the trend
of experimental results we used quantum wells with depth of 130 meV at both conduction and
valence bands. Therefore, the bandgap in the quantum well is 260 meV lower than the barrier
regions.

Electrical field profile for different film thicknesses. To examine the evolution of electrical field
distribution with increasing film thickness, we have simulated the band diagrams based on the
charge density profile from J-V curve fittings for three different film thicknesses: 200 nm, 300

nm (Supplementary Figure 8) and 620 nm (Supplementary Figure 9).

From the results in Supplementary Figure 8-9, we found the depletion region width for those
layered perovskite cells in this device configuration used in current study as well as our previous
published study (Reference 16 in MS) are in the range of 200~300 nm, where internal electrical

field drops uniformly across two electrodes at short circuit condition.

Temperature Dependence of Recombination. Thermal energy of the carriers plays an important
role in overcoming the barrier. Higher temperature helps the carriers to escape the quantum well
easier. As shown in Supplementary Figure 11-12 for two temperatures of T=150 K and T=300 K
the recombination becomes more prominent at the interface for higher temperature (see
Supplementary Figure 12). The carriers can go over the quantum well barriers but not over the
interfacial energy misalignment at Electron Transport Material (ETM)/perovskite interface at 20
nm at T=300 K. Therefore, less than 75% of total recombination occurs inside the quantum wells

compared to more than 95% of recombination at T=150 K.



Supplementary Note 5. Electric filed distribution

To obtain the electrical field distribution, we consider a planar solar cell geometry studied in this
work (Fig. 1a in the MS), where the light illustrates the transparent electrodes with PEDOT:PSS
as hole transport layer (HTL). The electric field thus decreases monotonically from HTL to the
PCBM (ETL) side (Supplementary Figure 10). The depleted width is defined as the location
within the absorber where the internal field is reduced to 25% of the highest internal field at the
short-circuit condition. For the cases of 220 nm and 300 nm, the perovskite layer is fully
depleted based on our previous experimental results °. Supplementary Figure 10 shows a plot of
the depletion width as a function of thickness of the perovskite layer. The slight peak at 380nm is
related to numerical uncertainty of the simulation. The cut-off of 25% is arbitrary, other cut-off

values would produce comparable results.

When the thickness continues to grow (e.g. 620 nm in Supplementary Figure 9), the field tends
to be flattened in the middle region of the film, beyond the depletion region near the electron
contact. These data are consistent with our thickness dependent J-V curve analysis in MS Figure
2. In MS Figure 2b, the slope near short circuit (SC) can be correlated to the charge collection
efficiency under short circuit condition. This charge collection efficiency depends strongly on
the drift field in the absorber layer. We find that the charge collection in the layered perovskite
system begins to be field dependent above 350 nm indicated by the increased value in the J-V
slope, suggesting the field strength is greatly reduced above that threshold and carriers undergo

recombination before being collected.



Supplementary Note 6. Internal quantum efficiency

From the absorption spectra in Supplementary Figure 13a, we found the internal absorption
increases as film thickness grows from 100 nm to 300 nm as expected. This is benefited from
thicker film that absorbs more photon at the band edge as well as optical density change when
thickness changes. This suggests that the absorption is indeed incomplete for film thinner than
200 nm. In Supplementary Figure 13b, we found in all three cases (100 nm, 220 nm and 300 nm
thick), the IQE values are above 80% and the band edge at near IR regime are much stronger
than that near the visible range. This is likely due to the photo-excited carrier nature in the
layered perovskites where highly bonded carriers are formed near high energy with binding
energy greater than 100 meV '>'®. Those bonded carriers generated at this energy may not be
collected efficiently before recombination. The near IR excitation forms weakly bonded carriers
that can be collected efficiently '* leading to much higher IQE values. However, we emphasize
that the IQE for 100nm thin film device near 500~770 nm range (arrow in Supplementary Figure
13b) are indeed higher than thicker device. This suggests that the collections are much more

efficient in the thinner device, where internal field are stronger.

Supplementary Note 7. Temperature dependent Open circuit voltage

The increase in Voc at high temperature range follows the predicted trend, but the saturation near
low temperature range was not reproduced by simulation. To understand such discrepancy, we
have therefore considered two more effects: a) mobility and b) band gap change with

temperature.



Band gap change with temperature. The open circuit voltage for a planar solar cell should
increase with reduced temperature in classical semiconducting systems, where the trap assisted
recombination and electron-phonon interactions are greatly suppressed'’. Hybrid perovskites are
unique semiconductors where the band gap energy in fact reduces at low temperature, this is true
for 3D perovskites'' as well as 2D perovskites'?. Based on our previous study, the optical band
gap energy systematically reduces with temperature that will significantly affect the open circuit

voltage at low temperature.

Carrier mobility. In a system with disordered energetic landscapes, it was proposed in organic
photovoltaic"® system that the carrier mobility follows a Gaussian-disorder mobility model'* of

the form

= ()

Here, po, is asymptotic high-temperature mobility limit, 0 Gaussian-disorder width, and previous
work in related material has found c~2/3".

Based on those two factors, we have thus refined our model in the new set of simulations,
and results are summarized in Supplementary Figure 14. In the refinement, we took the
temperature dependent band gap change from our previous work'?. And the Gaussian-disorder
mobility has been incorporated for transport within the barrier and the quantum well regions.
With ¢ =50meV , we find p, =53.4,c=0.668 (Supplementary Figure 14b). In
Supplementary Figure 14a shows the simulated Voc (T) curve, that reproduces the saturation

near low temperature range.



Supplementary Table 1. Equations for Carrier Transport

Poisson Equation:
ETEOVZII) = —q (np, — ng)
Continuity:
V]e,h = (Ge,h - Re,h(ne'nh))
Drift-Diffusion:
]e,h = /Je,hne,h(_vw) t+ De,hvne,h
Recombination:
neny — n?

R.,(n,,n,) =Bnn, —n?) + ——=-
e,h( e h) (e h 1) T(ne+nh)

Supplementary Table 2. Absorber Parameters (Perovskite)

Symbol | Description Parameter value
Lapsorver | Thickness of absorber layer 220 nm
Ue Electron mobility in absorber 10.0 (cm*/V.s)
Un Hole mobility in absorber 10.0 (cm*/V.s)
(P Electron lifetime in absorber 10 (ns)
Ty Hole lifetime in absorber 10 (ns)

Lowest  Unoccupied  Molecular

LUMO 3.73 (eV)
Orbital
E; Band gap of absorber 1.62 (eV)
& Relative dielectric constant 25

Ny Self-Doping concentration (P-type) 1.0 e16 (#/cm’)




Supplementary Table 3. Electron Transport Material Parameters (ETM = PCBM)

Symbol | Description Parameter value
Lerm Thickness of ETM layer 20 nm

Ue Electron mobility in ETM le-2 (cm’/V.s)

Un, Hole mobility in ETM le-2 (cm*/V.s)

T, Electron lifetime in ETM 1000 (ns)

Ty Hole lifetime in ETM 1000 (ns)
Lowest  Unoccupied  Molecular

LUMO 4.17 (eV)

Orbital

E; Band gap of ETM 2.0 (eV)

& Relative dielectric constant 4

Np Self-Doping concentration (N-type) | 5.0 el7 (#/cm”)

20-23



Supplementary Table 4. Hole Transport Material Parameters (HTM = PEDOT:PSS) %%

Symbol | Description Parameter value
Lyrm Thickness of HTM layer 40 nm
Ue Electron mobility in HTM 9¢-3 (cm’/V.s)
Un Hole mobility in HTM 9e-3 (cm’/V.s)
Te Electron lifetime in HTM 1000 (ns)
Ty Hole lifetime in HTM 1000 (ns)

HUMO | Highest Occupied Molecular Orbital | 5.18 (eV)

E; Band gap of HTM 1.55 (eV)

& Relative dielectric constant 3

Ny Self-Doping concentration (P-type) 3.0 el7 (#/cm’)
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