Interstitial hydrogen anions: a cause of p-type conductivity in CsSnl;
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Abstract

All-inorganic tin halide perovskite CsSnls, currently under intensive investigation for
photovoltaics and other optoelectronics, characteristically exhibits strong p-type
conductivity and consequently poor power convention efficiency regardless of growth
and processing conditions. This has been traditionally attributed to the prevalence of
native acceptor defects; however such a mechanism falls short of explaining the
observed high hole concentration under Sn-rich growth conditions in experiments. Here,
by using first-principles calculations, we reveal that hydrogen impurities, existing as
hydrogen anions, are an important cause for the high p-type character in CsSnls.
Hydrogen anions can be present with high densities and act as shallow acceptors,
significantly enhancing the background hole concentrations, even under excess Sn
treatment. Careful control and utilization of hydrogen anions are important for

improving the performance of CsSnlz-based optoelectronic devices.
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Introduction

Organic-inorganic hybrid lead (Pb) halide perovskites have emerged as star materials
for next-generation solar cells due to their extraordinary optoelectronic properties,
facile fabrication, and low costs'. The state-of-the-art power conversion efficiency
(PCE) has reached up to 25.8% with the potential for challenging the mature silicon-
based solar cell market*. Nevertheless, the toxicity of the Pb element poses a serious
barrier to mass production and commercialization®. As one of the leading alternatives
within the Pb-free perovskite family, all-inorganic black orthorhombic cesium tin
triiodide (B-y CsSnl3) possesses native inorganic structural stability, a suitable direct
bandgap (1.3 eV) for solar cells according to Shockley-Queisser limitation®, and
outstanding optoelectronic properties including a high optical absorption coefficient

and low exciton binding energy’.

Counterintuitively, CsSnls-based perovskite solar cells suffer seriously from poor
device performance thus far with a limited PCE of around 10.8%?. Such low PCEs
could be intimately associated with a strong p-type electrical conductivity®.
Experimentally, CsSnl; typically exhibits extremely high background hole
concentrations up to 101° — 10%2%¢m™3 even when nominally undoped!®-!2. Such an
unintentional heavy p-type character significantly reduces the mobility and lifetime of
minority carriers, i.e., electrons, and hence suppresses the photovoltaic device
performance. Furthermore, it can also impact other device-related applications, e.g.,
unbalanced charge injection in light-emitting diodes!? and a large threshold voltage in
field-effect transistors”!4. The addition of excess SnX, (X = F, Cl, Br, and 1) in the
precursor solution, namely the Sn-rich growth condition, was reported to mitigate the
hole concentration, aiming to enhance the performance of CsSnlz-based photovoltaics!®.
However, such an approach has failed to completely address the issue; notably, the
optimized perovskite active layers still exhibit the unipolar p-type character with a

considerably high hole concentration of 101® — 107 cm™=310-12,

The microscopic origin of this unipolar electrical conductivity in various forms of
CsSnlz has been widely debated. According to the previous reports, it has been
commonly speculated being induced by the prevalence of the native defects, in
particular, the easy formation of Sn vacancies (Vg ) due to facile oxidation of Sn?+1016,

First-principles investigations!” revealed that CsSnl; is indeed p-type under Sn-poor



growth conditions due to the much lower formation energies of Vg, and Cs vacancies
(Vcs) acceptors than those of all donor defects. However, under Sn-rich growth
conditions, the contribution of charge compensation from native defects in the CsSnl3
samples would result in a weak n-type conductivity, which is contradictory to the
experimentally observed strong p-type character even with excess Sn treatment!®-12, A
reasonable speculation is that, in addition to the native defects, unintentionally
incorporated impurities could play an important role in the p-type electrical transport

in CsSnls.

It is well-acknowledged that hydrogen is a common impurity in the lattice of various

semiconductors!820

, which often plays an intricate role in affecting the material
properties due to its high mobility and strong chemical activity!'®. Recent studies also
showed that hydrogen defect can be present in lead halide perovskite lattices and thus

affect the related device performance?! =’

, owing to its ubiquity during the growth and
processing of these materials?®. Herein, by performing first-principles hybrid density
functional theory calculations, we show that hydrogen anions are energetically stable
and can occur as the shallow acceptors with high densities in CsSnls, and they can play
an important role in enhancing the hole concentration and consequently the strong p-
type character of the material, especially under Sn-rich conditions. These findings
clarify the experimental observation of unipolar high p-type conductivity even upon

excess Sn salt addition to eliminate native acceptors, and shed light on the control and

utilization of hydrogen impurities in CsSnlz-based devices.

Computational Method

The first-principles calculations were carried out based on density functional theory
(DFT) with the pseudopotential plane-wave (PAW) method as implemented in the
Vienna Ab initio Simulation Package (VASP)?°. The Heyd-Scuseria—Ernzerhof
(HSE06) functional®® (@ = 0.41) with the consideration of spin-orbit coupling (SOC)
was employed with a kinetic energy cutoff of 400 eV. A 2 X 2 X 2 Monkhorst—Pack k-

point grid in the Brillouin zone was used for a 2 X 2 X 1 80-atom supercell based on

the orthorhombic CsSnlz perovskite. The Tkatchenko—Scheffler (TS) correction was

adopted to describe the dispersion interactions?!. The structures were fully relaxed until



the force on each atom was smaller than 0.01 eV/A. The calculation gives a bandgap
value of 1.29 eV, in agreement with the experimental value of 1.30 eV®. The relaxed
lattice parameters are 8.75, 12.43, and 8.71 A, respectively, compared with the
experimental values of 8.69, 12.38, and 8.64 A°. The defect formation energies were

calculated by equations below>?:
AHT (D) = E(D{) — E(host) — Zn;(w; + Aw) + q(Ex + E(VBM) + AV) +

Aorr (1)

here E (D?) and E (host) stand for ground-state total energies of the supercells with
and without defect, respectively. n; represents the number of defects added into the
supercell. y; and Ay; are absolute and relative value of the chemical potential. For the
chemical potential of hydrogen, it has been commonly used the half of the total energy
of an isolated H, molecule in previous relevant studies'8, namely the H-rich conditions.
To be more practically relevant, we further considered that of various possible H
sources including gas H»>O, liquid DMF (C3H,;NO), acetone (C3HgO), ethanol
(C,H50H), GBL (y-butyrolactone), HI, HBr, and solid spiro-OMeTAD, P3HT (Poly(3-

hexylthiophene)), FAI (CH(NH,),I), n-BA (n-C,HoNH,). The liquid-phase structures
were obtained by melting the crystalline structure via ab initio molecular dynamics
(AIMD) using the Nose—Hoover thermostat®} with the temperatures chosen above the
melting points and below the boiling points of the respective liquids, specifically, 300
K for DMF, acetone, ethanol, and GBL, 230 K for HI, and 190 K for HBr. E is the
Fermi level referenced to the valance band maximum (VBM) and E (VBM) represents
the energy of the VBM. AV is the correction term for ensuring the alignment of the
potential for the charged defect in supercells, and Al . stands for the finite-size
correction term for the periodic images of the charged defects**. For the most relevant
H;, a convergence test using a 3 X 2 X 2 240-atom supercell of CsSnl; showed that the
calculated formation energy difference between the 2 X 2 X 1 80-atom and 3 X 2 X 2

240-atom supercells is only 0.04 eV.

When the orthorhombic-phase CsSnls is stable against the formation of the competing
secondary compounds of Snl, Snl4, Csl, and Cs,Snls, the relative chemical potential

of the elements should satisfy the conditions:

Aptes + Apgy + 3Ap; = AHg(CsSnls)



Aptsn + 280 < AHp(Snly)
Aptsn + 4Ap; < AHp(Snly)
Apics + Auy < AH¢(Csl)
2A0pcs + Apigy + 6Au; < AHy(Cs,Snl)

where AH;(CsSnls), AHg(Snly), AHy(Snl,), AHp(CsI), and AHf(Cs,Snlg) are the
formation enthalpies of CsSnls, Snl», Snls, Csl, and Cs2Snle, respectively. Moreover, to
avoid the leftover of elemental solids, all the chemical potentials should be less than

zero (Apcs < 0, Aug, < 0, and Ay; < 0).

The kinetic barriers were calculated based on the nudged elastic band (NEB) method in
conjunction with the climbing image method®, as implemented using the VASP
Transition State Tool (VTST), which enables the determination of the minimum energy

path between two energetically stable endpoints.

Results and Discussion

For each charged state of atomic hydrogen interstitial H;, we performed a multiple
configuration investigation to determine the most stable defect site in the perovskite
lattice. Hydrogen was placed in many positions in the lattice, including Sn — I bond-
centered sites, cations (anions) antibonding sites, interstitial void sites, etc., and these
defect configurations were fully relaxed. As shown in Figure 1a, the positively charged
state, namely H;", prefers to reside midway between the two nearby I anions. H;" causes
two [ anions to move closer and hence bridges two iodide sites. The lengths of the two
I — H bonds are 1.91 A and 1.94 A, respectively. Instead, the neutral-state H? and
negatively charged H; exhibit almost the same local atomic configurations by
occupying the positions with the Sn cation as the nearest neighbor. With the presence
of H? or Hi, the Sn cation is highly distorted by moving toward the nearby Cs cation
from the original host site, reducing the Cs — Sn distance to 4.48 A for H; or 4.61 A
for H?, as compared with the corresponding value of 5.37 A in pure CsSnls. Notably,
the Sn-H bond for H;” exhibits a similar bond length of ~1.53 A as that in the hybrid
MASnI; perovskite counterpart (~1.51 A)?*, while H;, the I-H bond length of ~1.91 A
is much shorter than that of I-H in MASnI; (~1.42 A), implying smaller bond strength



of H;" in CsSnls. This can contribute to the higher formation energy of H;" in CsSnl;.
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Figure 1. (a) Optimized local atomic structures of Hit, H?, H;", and H, in CsSnl;. (b)
The calculated defect formation energies of interstitial hydrogen defects in CsSnl; as a

function of the Fermi energy (Er) under the hydrogen-rich conditions.

To qualitatively assess the thermodynamic stability of interstitial hydrogen species in
the CsSnls perovskite lattice, the calculated formation energies of H; in three charged
states (+, 0, and — ) in CsSnl; as a function of Fermi level Er under the hydrogen-rich
conditions are shown in Figure 1b. Importantly, the negatively charged H; is lower in
formation energy than H;" and H? over the whole range of the Fermi level within the
bandgap. This behavior is in stark contrast to the cases of many traditional
semiconductors (including Si, GaAs, ZnSe, and GaN)!®!? as well as the hybrid halide
perovskite counterparts (MAPbI; and MASnI3)?>?4, where hydrogen can act as an
electric-amphoteric impurity; that is, hydrogen behaves as a donor (H;") in p-type
material and as an acceptor (H) in n-type one!8, hence often counteracts the prevailing
conductivity of the materials. This is the characteristic of the so-called negative-U
system with a transition energy level of &(+/—) sitting within the bandgap. In
comparison, the position of €(+/—) of hydrogen is ~0.12 eV below the valance band
maximum (VBM) in CsSnls. Notably, the effect of structural dynamics, which was

ignored in the current defect formation energy calculation, may play a role in affecting



the defect stability and the practical transition level*®*’, The static results show that
only ionized hydrogen anion is energetically favorable and hence exclusively serves as

a shallow acceptor, behaving as a source of p-type conductivity in CsSnls.

Hydrogen molecules (H,) is also a common form of hydrogen present in the lattices of
solids'*38, In contrast to the chemically active H;, H, is stable in the neutral state and
prefers a location in the interstitial void, specifically, staying at the center of the Sn — |
square plane in CsSnls. The distance between either hydrogen of the H, molecule and
the nearest host atom is more than 3 A, minimizing the interaction with surrounding
atoms. The bond length of H, is 0.77 A, slightly longer than that of a free hydrogen
molecule, i.e., 0.75 A. Notably, over the whole range of the Fermi level, H, has higher
formation energy compared to H;", thus H, is precited to play an insignificant role in

CsSnls.
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Figure 2. Energy evolution along the energetically most favorable diffusion paths of
H; in CsSnls, where the starting point (x = 0) stands for the initial state and the ending
point (x = 1) represents the final state of the diffusion. The highest point corresponds
to the transition state. The insets show the local structures of the NEB images at the

initial, transition, and final states

We then examined the kinetic properties of H;” in CsSnlz. We systematically studied
different possible diffusion pathways for H; , and the energy profiles along the

minimum energy diffusion path is shown in Figure 2. Given the ground state bonding



environment, H;” tends to hop from the site originally attached Pb cation to the
equivalent adjacent Pb site. Notably, the lattice undergoes a slight structural relaxation
in the transition state. The puckered Pb—I-Pb framework pushes hydrogen hopping
forward and finally attaching to the targeted Pb site with the structural recovery. The
calculated diffusion barrier is 0.37 eV. Significantly, such a barrier value is much lower
than that for H; in the hybrid perovskites (e.g., 0.87 eV for MAPbI3 and 0.88 eV for
MASnI3)*, which can be partially attributed to the smaller ionic size of Cs* (ionic
radius ~1.8 A) than that of MA organic cation (~2.7 A)*, leading to a larger space for
H;{ to move between two interstitial sites. On the other hand, it compares well to the
diffusion barrier of the highly mobile iodide vacancy in MAPbI;, i.e., 0.32 eV, which
is known to be an important cause of the fast ion diffusion phenomenon*. Moreover,
hydrogen interstitials could also undertake athermally ionization-enhanced migration,

namely the Bourgoin—Corbett mechanism*!, due to the different position preference to

the charge state. This mechanism can further faciliate the diffusion of hydrogen
interstitial in the lattice of CsSnlz. Based on the low formation energy together with the
low kinetic barrier, we predict that H;” can be incorporated into the CsSnlz perovskite
lattice with a high density over time upon hydrogen exposure. Significantly, the
redistribution of the mobile H; ions under external bias and light illumination is
expected to contribute to various irreproducible and unstable properties, most notably
the anomalous hysteretic current-voltage (I-V) characteristic of the CsSnlz-based solar

cells and other optoelectronic devices*?.

To correlate our results with the experimentally observed electrical character of CsSnl3
under different growth conditions, we first determined the boundaries of the chemical
potential of CsSnlz against its decomposition into the common competing phases
(including Snly, Snls, Csl, and Cs2Snl) as a function of the relative chemical potentials
of I and Sn (i.e., Ay; and Aug,), as shown in Figure 3a. There are two representative
sets of chemical potentials marked by blue points within the thermodynamically stable
range of CsSnls (shaded in red), corresponding to the Sn-rich and Sn-poor conditions,
respectively. Using the representative chemical potentials, we further examined the
stabilities of the native defects. Figure 3b shows the calculated formation energies of
the five energetically most favorable native defects as well as H;” in CsSnl3 under both
Sn-rich and Sn-poor conditions. These native defects are the three types of vacancies

(V1, Vsp, and Vi), an interstitial defect (Sn;) and an antisite defect (Snj). The results are



qualitatively similar to the previous results using a semi-local functional!” with the

difference occurring for the transition levels of Sn;.

In principle, the electrical conductivity of a material is determined by the formation and
compensation between the dominant donors and acceptors. Hence, as shown in Figure
3b, the position of E can be pinned approximately at the crossing point between the
formation energy lines of these two types of the lowest-energy defects. An important
feature here is that the formation energy of H; is substantially low, indicating that
hydrogen anions can play an important role in affecting the Er in CsSnls. In particular,
under the Sn-rich growth conditions, without external impurity incorporation, CsSnl;
should behave as an intrinsic (low-conductivity) semiconductor owing to the full charge
compensation among the lowest-energy V; donors and V¢ acceptors, with the E being
pinned at the middle of the bandgap (namely, VBM + 0.63 eV). Significantly, with
hydrogen being incorporated into the material, the Er can be shifted toward the VBM
and be even pinned at VBM + 0.16 eV by Vj and H; under the H-rich conditions,
resulting in a good p-type conductivity. In comparison, under the Sn-poor growth
conditions, in agreement with Ref.!7, the robust native acceptors (Vs, and V) lead to
a very high hole concentration inherent in CsSnls. The pinned E by Vg, and V; crosses
the edge of the valence band (VBM — 0.02 eV). Moreover, our results show that the
presence of H; can further contribute to the hole concentration and play an increasingly
important role, as the Er can be shifted deeper inside the valence band (VBM — 0.08
eV) pinned by V; and H; under the H-rich conditions. Interestingly, the high level hole
doping and low Ep below VBM result in degenerate p-type semiconductors with

essentially metallic properties of CsSnls, as found in experiments®.
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Figure 3. (a) Thermodynamic stability diagram of CsSnl3z against its competing phases
as a function of the relative chemical potentials of I (Ay;) and Sn (Aug,). The red-
shaded area shows the region where CsSnls is thermodynamically stable. (b) The
calculated defect formation energies of the five energetically most favorable native
defects (Vi, Vsp, Vcs, Sn;, and Sny) as well as the hydrogen anion (under the H-rich
conditions) as a function of the Fermi level (Er) under two representative conditions
(the blue points marked by Sn-rich and Sn-poor in (a)). Under Sn-rich conditions, the
presence of hydrogen anions shifts the pinned Ep from 0.63 eV to 0.16 eV,
correspondingly the conductivity from intrinsic to p-type, as marked by the dashed lines.
(c) The calculated hole concentration (left Y-axis) and the pinned Fermi level (right Y-
axis, referenced to the VBM) as a function of the relative hydrogen chemical potential
(Appy) of the various possible hydrogen sources, under the Sn-rich conditions (the red
line) and Sn-poor conditions (the green line), where the sloped solid-lines stand for the
doping effect of hydrogen in CsSnls, and the horizontal dash-lines stand for the self-

compensation or self-doping of the native defects under more H-poor conditions. The



Er = 0 is at the VBM. The experimentally measured hole concentration values of the
pristine samples (a from Ref.!?, B from Ref.?, y Ref.!?) and that under Sn-rich growth

conditions (§ from Ref.*, € from Ref.!°, ¢p from Ref.!?) were collected for comparison.

To further quantitively and explicitly assess the effect of practical H doping in CsSnl3
practical, we studied the hole concentration (Nj) of the material under the different

possible hydrogen conditions. The hole concentration under thermal equilibrium

conditions can be estimated as**: N, = Nyexp (— ) where E;, and Ep are the

energies of the VBM and Fermi level, respectively. kB is the Boltzmann constant and

T is the temperature. Ny, stands for the effective density of states in the valence band,

anthT

namely N, = 2(—=2-2-)2. Taken from Ref.**, the effective mass of the hole is mj, =

0.12m, for B-y CsSnls. Figure 3¢ shows the calculated hole concentration as a function
of the relative hydrogen chemical potential (Auy) under two representative growth
conditions of Sn-rich (the red line) and Sn-poor (the green line) in CsSnlz. The right Y-
axis stands for the relevant position of the pinned Fermi level referenced to the VBM.
Various practically possible H sources were explored for Auy. As can be seen, besides
H, gas of dopant, the dehydrogenation of the organic spiro-OMeTAD and P3HT, which
are known as the popular and excellent hole-transporting electron-blocking materials
in the perovskite solar cells and other related devices*, can act as an important origin
of unintentional hydrogen contamination in the CsSnl; layers. In addition, the
commonly used HI and HBr additives, and organic solvents such as DMF, acetone, and
ethanol, are expected to be the potential H sources during the preparation, indicative of

the high probability of hydrogen in CsSnls.

Note that under the Sn-rich and H-rich conditions, with the effect of H doping, the

—3 at

calculated hole concentration in the CsSnls layers can be up to N > 106 cm
room temperature, in comparison to the value of ~10° cm™3 for that under more H-
poor conditions due to the full charge compensation of the native defects. In the present
case, the shift of H chemical potential by 0.5 eV can enhance the equilibrium density
of H by around five orders of magnitude. This can shift the pinned Er by ~0.25 eV
toward the CBM. To correlate the calculated results with experiments, we collected the

representative experimental hole concentration of the pristine CsSnls («, 5, and x) and



that with excess Sn treatment (&, €, and ¢) from literature. Indeed, experimental

10—

studies'®1243 have indicated that CsSnl; with the excess Sn additions remains the robust

p-type character with doped hole concentrations as high as 10'® — 107 cm™3 .
Moreover, such p-type conditions can promote the formation of deep-level native Sn;

and Sny in the samples. The shift of Er by the hydrogen incorporation will further lower

their formation energies (AH{~O.94 eV of Sn; and AH{~O. 86eV of Sny), as shown in
Figure 3b. At room temperature, such differences in formation energies imply the

enhancement of the defect densities by more than ten orders of magnitude, according

AH
to the thermal equilibrium equation®? of AN = Nye ¥ . This could result in the

recombination of photogenerated electron-hole pairs and thus impact the performance

of CsSnls-based solar cells and other related optoelectronic devices.

In contrast, under the Sn-poor growth conditions, due to self-doping by the high-density
intrinsic Vg, and Vg acceptors, CsSnl; originally exhibits heavy p-type doping as
expected with an exceptionally high hole carrier concentration Nj, of ~7 X 101%cm™3
at room temperature, as shown by the green dashed line in Figure 3c. Intentional H
doping or unintentional H incorporation can further enhance the doped hole
concentrations that can reach up to > 10%2°cm™2 under H-rich conditions. This agrees
with the experimental measurements of N,~10° —10%2°cm™3 typically for the
untreated CsSnl3z layers. Moreover, the results provide a rationale for the experimental
fact that adding excess Sn in CsSnlz can mitigate the background hole carrier

concentration!?:!2,

CsSnlz with unintentional hydrogen incorporation can exhibit a predominantly strong
p-type electrical property regardless of the growth conditions. The considerably high
hole doped concentration can significantly reduce the mobility and lifetime of electrons,
which hence essentially limits its application as a light-harvesting material. This is in
stark contrast to the hybrid lead halide perovskite counterparts, e.g., MAPbI; and
FAPbI;, which exhibit ambipolar properties: p-type, intrinsic (low), and n-type
conductivities can be flexibly tuned by adjusting the growth conditions (e.g., the molar
ratio of precursor during the solution preparation) even with the presence of
hydrogen'!?%25. Among the family of halide perovskites, hybrid lead halide perovskites
with low doping levels (intrinsic semiconductors) can work arguably as the most high-

efficient active layers for high-performance solar cells. To mitigate this detrimental



effect, besides an Sn-rich growth condition to reduce the density of the commonly
believed native acceptor defects in CsSnls, effectively suppressing the unintentional
incorporation of hydrogen impurity is critical, which in principle can be controlled by
minimizing the direct exposure to the potential hydrogen sources during fabrication and
operation. On the other hand, CsSnlz holds promise for unipolar-transport device
applications, e.g., hole transporting layers, where hydrogen doping can further enhance

the lifetime and diffusion length of hole carriers.

Conclusion

In summary, through first-principles hybrid density functional theory calculations, we
demonstrate that, in contrast to the electrically amphoteric behaviors in the many
traditional semiconductors and hybrid perovskites, hydrogen exclusively behaves as a
shallow acceptor and plays an important role in the prevailing p-type conductivity in
CsSnls. In particular, under Sn-rich growth conditions, the presence of hydrogen anions
would push the Fermi level towards the VBM and thus significantly enhance the doped
hole concentrations, which offers a consistent explanation for the experimental
observation of a high background hole carrier concentration and high p-type character
even after the excess Sn treatment. Furthermore, such p-type conditions can further
promote the formation of deep-level Sn; and Sn;, which are potentially nonradiative
recombination centers and hence could impact the optoelectronic properties of CsSnls.
Improving the performance of CsSnlz-based solar cells thus requires both Sn-rich
growth conditions and the effective suppression of hydrogen exposure simultaneously.
On the other hand, the incorporation of hydrogen could benefit the development of low-

cost CsSnls-based unipolar-transport devices.
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