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Halide perovskites have been known to be photoconductive for more than half a century, and
their efficient photocarrier generation gives rise to positive photoconductivity (PPC). In this
work, we report the discovery of negative photoconductivity (NPC) in hybrid perovskite
CH;NH;PbBr; after Bi doping. Transient photoconductivity measurements reveal a surprising
bipolar behavior with a fast positive response followed by exponential negative photocurrent
decay, resulting in an equilibrium photocurrent even below the dark level. The NPC effect in Bi-
doped CH3NH;PbBr; is among the largest ones reported so far for semiconductors. We propose
that the transition to negative photoconductance is related to the presence of DX-like centers in
Bi-doped halide perovskites, similar to doped III-V and chalcopyrite semiconductors. Such

photogenerated DX-like centers in the Bi-doped CH3NH3;PbBr; can trap mobile band electrons
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and enhance charge recombination, thus reducing the conductivity. This mechanism is consistent
with the observations of crossover from PPC to NPC as functions of temperature, composition
and illumination. Our results underscore the importance of defect engineering for tuning the

optoelectronic properties of halide perovskites.

Solution-processed organic-inorganic halide perovskites have recently attracted interest in
the materials research community because of their intriguing physical properties and excellent
photovoltaic performance."’ Different from common elemental and compound semiconductors,
these hybrid materials are composed of organic groups embedded in networks of inorganic Pb-I
(Br, Cl) octahedra. These halide perovskites have been known to be photoconductive for six
decades.'” However, only till recently, their extraordinary physical properties have not been
pursued for technological advances. Apart from solar cells, photodetectors and LEDs,"! hybrid
perovskites have been exploited for applications in X-ray detectors,”” gamma detectors,”
lasers'® and memory devices.!”! The recent demonstration of optical cooling of 23 K from room
temperature in CH3;NH;Pbl; (MAPbI;) suggests that the quality of such hybrid crystals is on par
with the best inorganic semiconductors.”™ It is noteworthy that most of the solar cells and
optoelectronic devices based on hybrid perovskites till date have been fabricated using intrinsic
perovskite layers without intentional doping. Recently, there have been some reports on doping
or alloying hybrid perovskites with elements such as Bi, Mn, Fe, Co, Ni, Ag, and Pd.” However,
there remain open questions regarding how doping impacts the physical properties and defect
characteristics of hybrid perovskites.

Upon illumination, semiconductors usually show increased electrical conductivity due to the

generation of photo-excited carriers. But in some unusual cases, conductivity decreases under
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illumination, even below the thermal equilibrium level, which is termed as negative
photoconductivity (NPC). Although NPC is often considered as anomalous, there have been
reports on NPC phenomenon for more than one century in a wide variety of materials such as
Co-doped Si,“o] Se,[“] InAs,m] Ag/Au nanoparticles,[l3] y—In2$e3,“4] CNT,“S] and Bi-doped
ZnSe.!"" However, there has been no consensus regarding the mechanism of NPC. Factors such

71 and scattering of charge carriers"® have been

as enhanced majority carrier recombination rate,
evoked to account for NPC, but the reasons why NPC emerges in certain materials at certain
conditions remain poorly understood. For example, in one early report, NPC was linked with an
increase of polarized defect-rich regions under illumination.""” In another study on Ag,S with the
addition of 1-2% PbS, it was concluded that some illumination-activated defect states capture
electrons from the conduction band, leading to the emergence of NPC.?" Although these
mechanisms are different in their fundamental aspects, they all show some common basic
properties of NPC such as narrowness of the energy range it is observed, slow kinetics of both
positive and negative PC and that NPC can be triggered by increasing the recombination or
trapping centers for photogenerated carriers within the system.”*"’ A more precise model for the
occurrence of NPC was proposed by Stokmann in 1955 suggesting increased majority carrier
recombination rate being responsible for NPC.!"”! This model is one of the most widely used
mechanisms to explain NPC in various materials till date. In these early reports, the importance
of impurity levels was recognized, but the identification and interaction between trapping defects
and photo-excited carriers remains elusive. Furthermore, the investigation on NPC has not been
extended so far beyond inorganic and carbon based materials. NPC based optoelectronics may

find applications in photodetection, optical switching and nonvolatile memory in the future.!'* '

22]
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The present work focuses on the surprisingly rich optoelectronic properties of Bi-doped
hybrid perovskite CH3NH3;PbBr; (MAPbBr3). Bi has been one of the most favorable n-type
dopant choices because it is adjacent to Pb in the periodic table with similar ionic sizes. Bi-doped
MAPDI; was investigated for applications in LED and optical amplification,[23] and Pb-free
bismuth halide perovskites were exploited as solar absorbers.*" However, the optoelectronic
properties of Bi-doped perovskites remain largely unexplored. In this work, we found that the
PPC of the regular perovskite was surprisingly transformed into NPC after Bi doping. To the best
of our knowledge, this is the first time NPC is reported in this type of hybrid materials. Our
experimental results and first-principles calculations suggest the illumination-induced formation
of DX-like defect centers, similar to doped III-V and chalcopyrite semiconductors. Trapping of
photo-excited electrons at DX-like defects and subsequent recombination with mobile holes in
the valence band underlies the observation of NPC in Bi-doped perovskites. Our results widen
the horizon of perovskite research by intentional doping and defect engineering for tuning the
optoelectronic properties of halide perovskites.

To exclude the influence of extrinsic factors such as grain boundaries on the transport
properties, we focused our study on perovskite single crystals. Single crystals of undoped
MAPDbBr; and Bi-doped MAPbBr; were synthesized using the inverse temperature crystallization
method as reported previously.”*! The crystal structure of Bi-doped MAPbBr; is shown in
Figure 1a. The actual amount of Bi content in the crystals is substantially lower than that of the
precursor solution. For crystals grown from 1% Bi feed solution, the actual amount of Bi present
is 0.012%, which corresponds to ~2 x 10'® Bi atoms per cm’ in the crystal.™ A recent report

confirmed that Bi doping create free electrons in MAPbBr3.1*%!
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Figure 1. a) Schematic crystal structure of Bi-doped MAPbBTr3. b) Photograph showing undoped
and Bi-doped MAPbBr; crystals. ¢) XRD patterns of the crystals. d) Schematic device
architecture used to study the photoconductance. Also shown are the current-voltage curves
measured under white light (5 mW/cmZ) on e) undoped MAPbBr; and f) Bi-doped MAPbBTr;.
Measurements were started after initial light soaking of 3 mins. The measurement time for each
I-V curve is 20 s with an interval of 30 s.

o

Figure 1b shows the photo of undoped and Bi-doped single crystals grown from 1% Bi-
containing feed solution. Typically, the crystals have a lateral dimension of 4 mm and a
thickness of 1 mm. The undoped crystal has a bright orange color, in accordance to its bandgap
of 2.2 eV, while the Bi-doped crystal exhibits a much dark color, consistent with previous
reports.'” There is a red-shift in the absorption spectrum of the Bi-doped crystal with significant
Urbach tail (Figure S1). These features can be attributed to the increase in the sub-bandgap
density of states and lattice distortion as a result of Bi doping."***"! The X-ray diffraction (XRD)
pattern of powdered crystals of Bi-doped MAPbBr; does not exhibit any extra peaks compared to
the undoped MAPbBr; (Figure 1c), indicating a single-phase material with the intact perovskite

structure.
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To study the photoconductive behavior, we chose a simple device architecture with the single
crystal being sandwiched between two Au electrodes (Figure 1d). The top Au electrode is
approximately 25 nm thick and semitransparent. The dark current for the doped crystal was ten
times higher than that of the undoped crystal. This enhancement in the dark current can be
attributed to the n-type doping by Bi. To confirm this, we measured the work function (WF) by
contact potential difference (CPD) and found that the WF for the Bi-doped crystal was 4.3 eV in
contrast to 4.5 eV for the undoped MAPbBr3; crystal. As expected, for the undoped MAPbBTr3,
the sample current increases by almost two orders of magnitude upon light illumination (Figure
1e). The voltage sweep cycles were repeated for twenty times, and there was no sign of photo
degradation. Surprisingly, when the same measurement is repeated for the Bi-doped crystals,
there is an unusual decrease of photocurrent below the dark level, i.e. NPC, in the high bias
region (Figure 1f). With each repetition of measurement, the current monotonously decreases
and the region of NPC expands. In the 20th I-V curve, the photocurrent decreased to a level of
2.8 uA from 11 pA (dark level) at a bias of 5 V. The Bi doping appears to be very effective to
trigger the photoresponse of perovskites to switch from positive to negative regime. In early
works, NPC was generally observed under specific conditions such as low temperatures or with
special sample architectures such as quantum wells.'*"

Measuring the transient photocurrent helps shed light on the mechanism behind the
emergence of NPC in the Bi-doped perovskite. As shown in Figure 2a-b, both the undoped and
Bi doped crystals exhibit a sharp increase of current when the light is switched on due to the
quick light-induced generation of electron and hole pairs, which is followed by a slow decay of
photocurrent. However, the photocurrent decay of the doped sample is much faster and more

significant than the undoped counterpart, resulting in a bipolar behavior. Within 1.3 s, the
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photocurrent of the doped MAPbBr; sample under illumination decreases below the dark level.
Furthermore, when the illumination is switched off, the photocurrent of the undoped MAPbBr;
sample comes back to its dark level. In contrast, in the case of doped MAPbBr3, the dark current

does not recover to its initial value, and instead a slow relaxation of current was observed.
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Figure 2. Transient photocurrent measured on undoped a) MAPbBr; and b) Bi-doped MAPbBr;
samples, Gray regions indicate the condition when light is off. Photocurrent decay data of c)
undoped and d) doped MAPbBr3, along with the fitting curves. Light intensity is 5 mW/cm?

The fast decay right after the transient photocurrent enhancement in Figure 2a-b can be fitted

with an exponential function with two time constants, i.e., [ = I, + Ale_t/ tr 4+ Aze_t/ t2 (Figure
2c-d). The first smaller time constant (¢;) is associated with trap-assisted recombination, and the
second larger one (#;) with delayed charge trapping processes.m] Importantly, the time constant
t; of the doped sample is three times smaller than that of the undoped sample, indicating that the
charge recombination in the doped MAPbBr; sample is significantly faster. For the doped
sample, within ~1.3 seconds its photocurrent already goes below the dark level. Clearly, the trap-

assisted recombination is significantly accelerated by the Bi doping and serves as the main
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11315, 301 the NPC is usually quite

mechanism underlying the NPC effect. In the previous works,
weak with a small photoconductivity yield Ypr = (I — Iqrk)/ laark- In a recent work by Lee et
al,®a large Ypc of 34% was measured on graphene. In our case, Bi-doped MAPbBr; presents
the maximum Ypc of 67%, which is to our knowledge one of the largest effect reported so far.
The interface between the Au electrode and the perovskite crystal can result in trapped
charges.[32] To confirm that the NPC effect is not due to trapped charges, sample geometry or due
to device architecture, we fabricated a planar device with Bi-doped MAPbBr; microcystalline
film and ITO electrodes. This planar device also exhibited the NPC effect proving its intrinsic
nature (Figure S3).

It is already a consensus that Bi doping creates non-radiative recombination centers in
perovskites deteriorating the optical properties.””**** Our transient photocurrent measurements
revealed the important role of trap-assisted recombination of photocarriers.The features in the
transient photocurrent spectra in case of doped crystal are characteristics of NPC and have been
observed in several prior works.!'"'*182133 Although the importance of defects to the
emergence of NPC was recognized,!'””” the nature of defects and their interaction with
photocarriers have remained elusive so far. In hybrid perovskites, there have been conflicting
reports on the defect characteristics, which could be a result of the variation of synthesis
methods. Nevertheless, it is widely recognized that the defect levels in hybrid perovskites are
shallow, giving rise to weak carrier trapping and excellent photovoltaic properties.”® However,
such shallow defect levels are not expected to give rise to NPC. We hypothesize that the creation
of DX-like centers (D: donor atom, X: unspecified lattice defect) in MAPbBTr; as a result of Bi-
doping and their activation upon optical excitation underlay the observation of NPC. Electron-

donating impurities such as Bipy, are usually expected to form shallow donor levels, but in certain
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cases, shallow donors can convert into deep negatively charged DX-like centers after trapping
electrons.”” One prerequisite of forming DX-like centers deep inside the bandgap is lattice
distortion, which is consistent with the presence of the significant Urbach tail observed in the Bi-
doped MAPbBr3.1 ! Although DX-like centers were reported as the major defect limiting the
electron carrier density in zincblende or wurtzite semiconductors,[37'38] they have not been
proposed for any hybrid materials.

The proposed mechanism to explain the observed NPC is shown in Figure 3. Initially,
shallow single donor levels are created just below the conduction band minima (CBM) as a result
of Bip, (a0) doping (Figure 3a), and particularly the neutral substitutional donor Bipy, can release
electrons to the conduction band through thermal excitation, forming o' defect levels and
producing free electrons.””’ As shown in Figure 3b, upon light illumination, electrons are
excited from the valence band (A in Figure 3b), and the holes are left behind (B in Figure 3b),
which gives rise to the fast initial increase of photocurrent (Figure 3c shows the NPC curve
corresponding to the transitions taking place relevant to DX-like center under light). The high
density of the photoexcited electrons leads to a quasi-electron Fermi energy ¢, shifting closer to
the CBM (Figure 3d), and after trapping the photogenerated electrons from the conduction band
(C in Figure 3b), the DX-like center becomes energetically more stable than the substitutional
donor defect.”***! These trapped electrons in the DX-like center can recombine with holes from
the valence band, leading to the fast decay of photocurrent (D in Figure 3c). When light is
turned off, the photocurrent rapidly decreases (E in Figure 3c). However, without the
illumination, the Fermi energy will move down towards its equilibrium value, and subsequently
the DX-like center becomes less stable (Figure 3d) and will start to convert back into the

shallow donor state, thus increasing the current (F in Figure 3c).
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Figure 3. a) Schematic diagram of energy levels of the Bi-doped MAPbBr; crystal in dark. b)
Schematic representation of the emergence of DX-like defect levels under light illumination.
Also shown are the dynamic photocarrier generation and recombination processes that lead to the
NPC. ¢) NPC curve corresponding to the transitions taking place relevant to DX-like center
under light. d) Schematic plot of formation energies of a shallow donor Bip, (0") and DX-like
center in MAPbBr3; as functions of the Fermi level (gr). €) Atomic configuration of the DX-like
center in Bi-doped MAPDBr3.

Various forms of lattice distortion may occur to accompany the formation of DX-like centers.
Our first-principle calculations show that when Bi replaces a Pb atom, which is six-fold
coordinated with Br atoms in the lattice, Bi atom will displace along the <111> direction,

breaking three metal-halide bonds and resulting in the formation of a three-fold coordinated DX-

10
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like (also denoted as DY) center (Figure 3e). It should be noted that the residual bond lengths
are not equal due to the presence of MA cation.'*”’ The DX-like center become stabilized because
the electronic energy gain by transferring electrons from the shallow donor level to the deep DY
level overcomes the energy cost of lattice distortion. More detailed description of the structure
and energy levels inside the bandgap of the DY centers are discussed in a recent theoretical
work.!"! Recently, NPC was observed in some inorganic semiconductors and different
mechanisms were proposed. In doped MoS,, photogenerated carriers interact with doping-
induced charges and form trions consisting of two electrons and one hole, and as a result,
photoconductivity decreases due to increased carrier effective mass.”*'’ In InAs nanowires,
depletion of conduction channels by light-assisted hot electron trapping leads to the observation
of NPC."? Very recently, NPC was reported for Si-doped InGaN nanowires, which was

attributed to carrier-carrier scattering owing to high carrier concentration.*”

. . . . . . 4
Since the carrier generation and recombination are energetic pI‘OCGSSCS,[ 3l

one expects the
results could have dependence on the illumination conditions and measurement temperature.
Indeed, when UV light (365 nm, 5 mW/cm?) or high-intensity white light (20 mW/cm®) is
employed, PPC was observed (Figure 4a), indicating that the carrier trapping at the DX centers
is less effective under such strong lighting conditions. Furthermore, we found a strong
temperature dependence of the photoconductivity: NPC appears only for T > 260 K, whereas for
T < 260 K, PPC was observed (Figure 4b). The temperature dependence suggests that there
exists an energy barrier for the formation of DX-like centers, and the carrier trapping also
becomes weaker at low temperatures (Figure 4c). In other words, the photocarrier generation
rate dominates at low temperature and under high intensity light (or high photon energies). Also

with decreasing temeprature, the bandgap of MAPbBr; decreases'™! which can also destabilize

11
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the DX-like centers.*” It should be noted that since doped crystals exhibit persistent
photoconductivity, we followed a protocol reported previously to measure the temperature
dependent resistance.!*”! The photoconductivity at each temperature was measured after heating
the sample to room temperature, and the interval between measurements is more than one day to
allow sufficient resistance relaxation. Finally, it is interesting to note that at 260 K, the dark and
light resistance is almost equal, giving rise to a negligible photoresponse (Figure 4d). Basically,
NPC and PPC are competing phenomena, and a wide variety of photoresponse characteristics

can be realized in Bi-doped MAPbBr; crystals.
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Figure 4. Light and temperature dependence of Bi-doped MAPbBr;. a) I-V characteristics
for the Bi-doped crystal showing PPC at room temperature under intense white light (20
mW/cm?®) and UV light. b) Resistance as a function of temperature measured either in dark or
under light. Dark and light resistance data are normalized by their respective minimum values. ¢)
I-V characteristics for Bi-doped crystal at 200 K and 100 K under white light (5 mW/cm?). d)
Photoresponse of the Bi-doped crystal under pulsed illumination at three representative
temperatures.
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The formation of DX-like centers and the emergence of NPC also depend on the perovskite
composition. Similar to MAPbBr3;, Bi-doped MAPbDI; is single-phase and exhibits significant
Urbach tail (Figure S3-S4). But, as shown in Figure S5, Bi-doped MAPbI; shows PPC at room
temperature. Furthermore, in MAPDI;, there is neither a spike-like surge of photocurrent when
the light is switched on nor a fast decay of photocurrent as observed in MAPbBr;, which
indicates much weaker carrier recombination in Bi-doped MAPDbI;. Finally, we observed that
doping-induced photoluminescence (PL) quenching in MAPbI; (Figure S6) was significantly
lower than that of MAPbBr; (Figure S7), in line with the lower density of non-radiative
recombination centers””” in MAPbI;. Our first-principles calculations indeed show that due to
the small band gap of MAPDbI;, DX-like center is not stable in MAPDbI;, consistent with
experimental observations.

In summary, our work demonstrated that the light-matter interaction in hybrid perovskites
can be tailored to a large degree via doping and forming DX-like centers. Particularly, Bi-doping
at a low concentration is sufficient to induce NPC with a pronounced bipolar behavior in
MAPDbBr; at room temperature, while only PPC exists in MAPbI;. Compared to conventional
inorganic semiconductors, the DX-like defect centers in hybrid perovskites appear to be more
susceptible to the factors like light illumination, temperature and composition. The discovery of
NPC and DX-like centers highlights the unusual defect characteristics of hybrid perovskites, and
our results indicate that defect engineering can be employed to tailor the optoelectronic
properties of these solution-processed semiconductors.
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