Minimum doping densities for pn-junctions
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In their article, Cui et al.! describe the fabrication and characterization of planar pn-junction
solar cells based on lead-halide perovskites. The formation of a pn-junction is noteworthy given
the doping densities, measured using the Hall effect, which were reported to vary from Np =
1x10%2 cm to 8x10'? cm for the solution-processed n-type layer and to equal Na = 8x10° cm
3 for the evaporated p-type layer. While these devices outperform their counterparts that are
supposedly un-doped, the results raise three important questions: are the reported doping den-
sities high enough to change the electrostatic potential distribution in the device from that for
the un-doped ones; are the doping densities high enough for the pn-junction to remain intact
under typical photovoltaic operation conditions; and is a pn-junction beneficial for photovoltaic
performance given the typical properties of lead-halide perovskites.

The first two questions can be answered by considering semiconductor device physics. The

first criterion that the doping densities of the two layers of a pn-junction have to satisfy is to

ensure that the depletion width w =./2,¢V,;/qN 4o caused by the doping is substantially

smaller than the total absorber layer thickness d. Thus, the doping densities have to fulfill
N,p >25,&V,;/qd? (q: electron charge; &: permittivity of vacuum; &: relative permittivity;
Vbi: built-in voltage). This yields a minimum doping concentration of ~10'® cm™ given the re-
ported thickness d = 500 nm and typical values for the relative permittivity & ~ 30 2 and for the
built-in voltage Vi = 1 V. Although we do not know the exact Vi value for the present or other
perovskite solar cell geometries, it cannot be much smaller than the cell’s voltage at the maxi-
mum power point in order to avoid S-shaped -V curves® and, therefore, has to be around 1 V
or higher. Even using 8x10*? cm, the highest doping density reported by Cui et al., we obtain
depletion widths of ~20 um (Supplementary Figure 1) which is much wider than the thickness
of halide perovskite thin film in these solar cells. We also note that such depletion width is
wider than in other (non-Si) thin-film solar cells.

This lower limit of ~10% cm™ for the doping concentration applies at thermal equilibrium,
e.g. 0 V in the dark. At typical operating conditions of a solar cell, photogenerated charge car-
riers are created and if their concentrations, n and p, exceed the doping concentrations, the pn-
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junction will disappear. At the maximum power point, the product np of electron and hole den-

sities is np > n? exp(qvrrpp /kT), where nj is the intrinsic carrier concentration, Vmpp is the voltage

at the maximum power point and kT/q is the thermal voltage. The > sign is necessary because
the quasi-Fermi level splitting inside the device is always slightly higher than the externally
measured voltage due to finite quasi-Fermi level gradients, needed to drive current.* For the
doping densities to be still effective at Vimpp, the product NpNa has to exceed np at the maximum
power point. The Vmpp reported by Cui et al. is 0.89 V leading to np = 6.1 x 10%* ¢cm™® which is
about two orders of magnitude higher than the highest NoNa value, using the reported doping
densities, = 6.4 x 1022 cm™. Thus, also in this way we find that the measured doping densities
are much lower than needed to exceed the np value, deduced from the experimental data, while
10'®cm donor and acceptor densities would have been able to satisfy both criteria.

To sum up our observations, Figure 1 shows the band diagrams under one sun illumination
at vV = 0.89 V, simulated with the software SCAPS,>® for the doping densities reported by Cui
et al. (Figure 1a), 10% cm (Figure 1b), and 10" cm™ (Figure 1c).

The band diagram in Figure 1a corresponds exactly to the one without doping (see Supple-
mentary Figs. 2 and 3). Due to the band alignment assumed in the simulation, there is an excess
of electrons leading to a convex shape of the conduction and valence band edges. In Figure 1b
and c the doping becomes apparent with the conduction band edge being visibly closer to the
electron quasi-Fermi level in the entire n-type region (blue shaded) than in the p-type region
(red shaded region).

Another way of verifying that the obtained doping densities are insufficient to achieve a
functional pn-junction at relevant photovoltaic operating conditions is to compare the difference
in Fermi levels determined by Cui et al. using X-ray photoemission spectroscopy and shown in
Fig. 3b in ref.  for films that are made to be similar to the n- and p-type regions. The maximum
difference in Fermi levels shown is 0.73 eV, which is fairly consistent with the observed doping
densities, but is again substantially less than qVmpp = 0.89 eV.

While the process used by Cui et al. to obtain the purported pn-junction undeniably leads
to higher efficiencies, we have proven that — considering the reported doping densities - it is
not the doping that causes this improvement. In addition, we note that the drift-diffusion simu-
lation shown in Fig. 2c in ref. ! is performed using doping densities > 101" cm™ (as reported by
Cui et al. Supplementary Table 4 in ref. 1); indeed, such densities would suffice to create a real
pn junction (cf. Fig. 1c and Supplementary Figure 4), but they are orders of magnitude higher

than the experimentally measured values reported by Cui et al.



Our third question above — if a pn-junction in lead-halide perovskite solar cells is a target
worth pursuing — is more challenging. This question has no generic answer, because the ideal
band diagram for a solar cell depends heavily on the material properties. If the diffusion length
is long enough and charge collection is efficient as is the case in high efficiency lead-halide
perovskite solar cells, the key question for maximizing the voltage per extracted carrier is how
high the recombination rate is for a given defect density and capture cross section and how high
the ideality factor is. The first two would reduce the open-circuit voltage, while ideality factors
> 1 would reduce the fill factor.”® Both losses are maximized for the scenario where non=poyp
holds in a large part of the absorber volume,® where on and oy are the capture cross sections for
electrons and holes into the defect that dominates recombination. In order to avoid the condition
non=pop, doping may be helpful as shown in Fig. 2, because it induces an asymmetry at least
in nvs. p that may help to reduce the absorber volume where non=p oy to a small region.° Thus,
pn-junctions in lead-halide perovskites could indeed be helpful to achieve higher efficiencies if
deep defect densities and carrier mobilities will not be adversely affected by higher doping
densities and if those higher doping densities can actually be achieved technologically.

This last point may well be key as a pn-junction is not a thermodynamically stable situation;
rather it is a Kinetically stabilized one.!’ The relatively high diffusion coefficients for
atomic/ionic species in the Pb halide perovskites that have been reported in the literature, will
decrease such stabilization. More importantly, for a defect to persist within a material, any de-
fect formation energy has to be less than the reaction free energy for decomposition of the
material,*? a condition that limits bulk doping densities beyond those dictated by thermodynam-
ics. In practice, in lead-halide perovskite films the measured doping densities are determined
by their external and internal surfaces and interfaces, making the defect chemistry and physics
of those key to possible practical pn-junctions with such films.

In light of these considerations, while ref. 1 reports an effective way of doping perovskites,
which resulted in device efficiency improvement, we have shown that no functional pn-junction
can be present in the described devices; thus, other factors must lead to the reported improved

device efficiencies.

Methods

The simulations were performed using the software SCAPS (http://scaps.elis.ugent.be). The

current-voltage characteristics of solar cells were simulated under a standard AM1.5G spectrum
with 100 mW/cm? intensity across a 0-1.3 V voltage range. The parameters used in the simula-

tion are reported in Table 1. Thickness, band gap and electron affinity, mobility and doping
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densities of the Spiro-OMeTAD and TiOx contact layers are chosen to be identical to those in
ref. . Relative permittivity of 30 was chosen based on the findings of ref. 2. As for the effective
density of state (DOS), the values in ref. * appeared too high. As effective masses are typically
reported to be in the range of 0.1 to 0.3, we chose effective densities of states of 2 x 108 cm-
3,13 This reduction in effective DOS makes lower doping densities more important so it is better
suited to give lower limits of relevant doping concentrations. The radiative recombination co-
efficient, not corrected for photon recycling, is set as to obtain a radiative open-circuit voltage
of ~1.32V for perovskites with band gaps of ~1.6 eV.* Surface recombination was neglected
as considered less relevant given that there are basically no minority carriers that could lead to
charge recombination in the transport layers. The dominant source of recombination used to
adjust the Vo to the experimental values in ref. ! was the Shockley—Read—Hall (SRH) lifetime
in the perovskite itself. We found that a lifetime of 20 ns for electrons and holes fits the exper-
imental data well.

For simplicity, the optical model was a simple Lambert-Beer like absorption with an absorption
coefficient given by o= A\/E - E, , where A is a prefactor with the unit cmteV? E is the
energy and Eq is the band gap. The work function of the left and right contact were set to 4 eV

for the front contact (cathode) and 5.1 eV for the back contact (anode) leading to good Fermi

level alignment with the Fermi level in the ETL and HTL.



Table 1: Parameters used for the simulations.

Parameter TiOx Perovskite (n- Perovskite (p- Spiro-OMeTAD
type) type)

thickness (nm) 20 480 60 200

relative permittivity 100 30 30 3

band gap (eV) 3.2 1.6 1.6 291

electron affinity (eV) 4 3.93 3.93 2.2

effective DOS CB (cm®) 10% 2 x 108 2 x10'8 1018

effective DOS VB (cm™) 2 x 10%° 2 x 108 2 x10'8 1018

SRH lifetime % = 5 (ns) - 20 20 -

radiative recombination coeffi- 0 3 x 10% 3 x 10% 0

cient (cmd/s)

electron mobility (cm?/Vs) 6 x 103 10 10 103

hole mobility (cm?/Vs) 6 x 10 10 10 103

absorption constant (cmeV-%) 0 7 x 10% 7 x 104 0

doping density (cm) 5 x 10%° variable variable 108 (p-type)
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Fig. 1 | Effect of doping on the band diagram of halide perovskite solar cells. Band diagram
of a TiOx (20 nm)/n-type perovskite (blue shade) (480 nm)/p-type perovskite (red shade) (60
nm)/Spiro-OMeTAD (200 nm) stack with the doping density being a as given in ref. 1, b 10
cm for both donor and acceptor concentration and ¢ 10*” cm™ for both donor and acceptor
concentration. The quasi-Fermi levels of electrons (Em) and holes (Esp) are depicted with dashed
lines. All other simulation parameters are found in the Methods section. The simulations are
done under 1 sun illumination and at a forward bias of V = 0.89V which corresponds to the
maximum power point of the certified cell presented by Cui et al. .
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Fig. 2 | Effect of doping on the photovoltaic parameters of perovskite solar cells. a Current-
voltage curves, simulated using the same parameters used for Fig. 1 but with the doping densi-
ties varied from 10%* to 10" cm™. Donor and acceptor concentration are assumed identical. The
results show that up to around 10%° cm, no effect is visible. For higher doping densities Jsc
decreases and Voc goes up due to a reduction of the volume in which non=pop. Note that the
simulation assumes that in the perovskite, recombination is via a deep trap that has equal capture
cross sections for electrons and holes (on=0p). b Efficiency as a function of doping density (in
logarithmic scale) showing a peak at a doping density of 10*® cm™ that holds for the parameters
used here. The dotted line is a guide to the eye. The results show that even if the Hall measure-
ments, which are problematic on samples with very low carrier densities and modest mobilities,
lead to an underestimation of doping densities in ref.! by a few orders of magnitude, our con-

clusion stands.
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