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Abstract

Intrinsic metal halide perovskite single crystal has attracted intensive attention in recent
years due to its excellent optoelectronic properties. Also, controlled doping of metal
halide perovskite with metal ions is a feasible way to adjust its optoelectronic properties.
However, only a few metal ions (Bi**, Fe**, Sn?") doping of lead halide perovskite single
crystal works were reported. Here, we employed a low-temperature high-molarity
crystallization (LTHMC) method to synthesize high-quality monovalent Ag ions doped
CH3NH;3PbBr3 single crystals. Ag™ incorporation leads a 160 meV reduction on the
bandgap of Ag-doped single crystals, while significant PL quenching was observed. P-
type behavior of Ag-doped CH3;NH3PbBr3 single crystals and enhancement on
conductivity and carrier concentration were confirmed by Hall effect measurement.
Space-charge limited current methods was adopted to obtain the mobility of various
doping levels samples. Compared with pristine single crystal, the mobility of Ag-doped
single crystal exhibits a near six fold enhancement. Moreover, photodetector based on
Ag-doped single crystal was fabricated, exhibiting better performance than undoped
counterpart. This project manifests the successful introduction of silver ions in perovskite
crystals while retaining the host lattice structure, presenting an effective path for adjusting

the optoelectronic properties of perovskites.
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Chapter 1 — Introduction

The term “perovskite” originated from Russian scientist Lev Perovski, and it was first
used for CaTiOs which reported by Gustav in 1839.!? Inorganic hybrid perovskite was
first reported in 1958 by Moller with an ABX3 structure where A-site cation is cesium
ions, B-site cation is lead ions and X-site are halogen elements (i.e. CI, Br, I).> Author
discovered that the photoconductivity could be altered by changing the halogen elements
in X site to attain diverse spectral responses range. Halide perovskite with big organic
cation, methylammonium (MA™) was reported in 1978 by Weber.* Since then, as a new
type of semiconductor material system, hybrid organic-inorganic perovskite (HOIP) has
brought a new revolution in the field of optoelectronic applications, such as solar cell>”,
lasers®!!, light-emitting didoes'?'* (LEDs), photodetector in different range'>"!%, field-

effect transistors'®?? (FETs), resistive switching memories devices?>-2

, etc. The unique
attributes of HOIP are high absorption coefficient, tunable direct bandgap, long carrier
diffusion length, low trap-state density and high charge carrier (electron/hole) mobility.>”
31 Among the field of optoelectronic applications based on perovskite material, solar cell
attracts the most intensive attention from scientists and research groups. In the past decade,
perovskite solar cell was investigated thoroughly in various parts, such as device
configurations, interface engineering®, hole/electron transport layer’>** (HTL, ETL),
stability**36, etc. With the improvement of various sections of perovskite solar cell, the
power conversion efficiency (PCE), which is the most crucial parameter for evaluating

performance of solar cell, has been increased from 3.9%°7 to nearly 25.2%3 in the past

ten years. Consequently, HOIP has already achieved huge success in the field of



optoelectronic devices and the revolution led by it is still in full swing.

Chapter 2 — Literature Review of Metal Doped Lead Halide
Perovskites

2.1 Introduction of Hybrid Organic-Inorganic Lead Halide Perovskites

Hybrid organic-inorganic lead halide perovskite as a large clan of material system adopts
the same three-dimensional chemical formula ABX3, A site is occupied by large organic
or inorganic cation, wherein the B site is a divalent cation with smaller ionic diameter
than A site and X-site is filled with three halogen anions.*® The cation located at A site is
generally classified into organic cation and inorganic cation, the organic cations are
normally MA" (CH3NH3") and FA"( CH(NH:),"), and the inorganic cations are mostly
Cs'. The divalent metal cations at the B site are generally Pb**, Sn?".** The ions at
different positions are not limited to one type and it could be a mixture of various types
as well. In an independent unit cell, the ionic radius of the cation located at A site is the
largest at three positions, which each 1/8 of the cation are distributed at the eight corners
of the unit cell. Three monovalent halogen ions are distributed in the middle of six faces.
The only complete ion in the unit cell is the B-site small cation, which is located at the
center of the cube. Octahedral structure of BXs formed by B cations which assemble X
anions around, assembling a 3D structure attached at the corners, as shown in Figure 175,

To investigate the stability of the perovskite compound with the ABXj3 structure,

Goldschmidt reported the concept of tolerance factor (t) in 1927, which is defined as:

t_ R, + Ry
‘/E(RB + Rx)

2

(D



where Ra, Rg and Rx are the ionic radius of the two cations(A B) and X-site halogen
anions, respectively.*! According to experimental results and calculation simulation, the
appropriate range of tolerance factor is 0.8~1, on which perovskite structure can be
formed. For example, when t is smaller than 0.8, CsxFA|—«Pbls is 0 phase without
photoactivity instead of the black a phase. Stability of perovskite solar cell can be
influenced by the tolerance factor significantly, which the value is specified between 0.94-

0.98.%

(b)

Figure 1. Cubic perovskite unit cell. (a) A site cation locates in the eight corners of cubic, B site
cation occupies the center of the cubic, and X site anions are in the lattice faces. (b) A different
view to illustrate BX¢ octahedra. (¢) Tilted BXs octahedra caused by inappropriate cations/anions
sizes or another factor.?

In the past decade, enormous publications have reported various doping effects in three
sites in ABX3 to elevate the achievements of HOIPs optoelectronic application in terms
of stability, optical property, and electrical property, etc.****® In this thesis, B site doping
will be the main idea to adjust the unique properties of HOIPs single crystal. B site doping

works will be introduced in the next part.

2.2 B-site Metal Doped Lead Halide Perovskites



Lead cation is the most common B site cation in HOIPs, and its superior virtues of
stability and charge transport compared with Sn base have been proved already. However,
optoelectronic properties of perovskites are determined by B-X bonds in each unit cell,
so that optoelectronic properties could be altered through replaced or partially substituting
by other metal elements in B site. (i.e. Sn**, Ge*") Moreover, lead, a highly toxic element,
is considered a threat to human health and the environment, and B site dope could mitigate
the hazards of lead based perovskites. To realize the best possible of B site doping effects,
doping work review will be divided into three parts, which are monovalent, divalent and
heterovalent.

2.2.1 B-site Monovalent Ions Doped Lead Halide Perovskites

The works of B site doped by monovalent ions are less studied compared to that of other
valence ions because monovalent ions are more appropriate for A-site dope, such as Cs”,
Rb*, K*.474 In this part, I will introduce two excellent doping works of Ag” doped lead
halide perovskite thin films and Nanocrystals (NCs).

In 2017, Chen et al. fabricated a planer heterojunction solar cells based on Ag-
incorporated MAPbI; and MAPbIcCls thin films.>® Agl was added into pure MAPbI;
precursor to synthesize MAPbxAgi«I3 thin films by spin coating. As shown in Figure 2,
film morphology and crystallinity were enhanced after doping with Ag”, and fermi level

was shifted as well.




Figure 2. SEM graphs of Ag-doped MAPDI; films with different doping concentration (a) 0%, (b)
0.5%, (c) 1.0%, (d) 2.5%, (€) 5.0%. Scale bar is 1.0 micrometer.>

Fermi level drops down to the middle of bandgap from near conduction band, suggesting
that perovskite is changing from n-type semiconductor to intrinsic semiconductor
behavior by incorporating with silver. Moreover, achievements of the solar cell adopted
Ag-doped MAPDI; thin films have reached a new level, in which the PCE is increased
from 16% to 18.4% after doping with 0.5% Ag ions. Table 1 shows the Performance of
Solar cell change with Ag doping concentration. This work demonstrated that monovalent
ions could be used for adjusting properties of HOIP and enhance the performance of
HOIP’s applications.

Table 1. Performance of Ag-Incorporated MAPDbI3 Solar Cell

Ag (%) V (V) J(mA cm™) Fill Factor PCE (%)

0 1.09 19.3 0.76 16.0(14.7+1.0)
0.5 1.10 20.6 0.81 18.4(17.2+1.1)
1.0 1.10 20.3 0.80 17.9(16.3+1.3)
2.5 1.05 19.6 0.74 15.2(13.6£1.3)
5.0 1.00 18.9 0.69 13.0(11.4£1.2)

After that, Zhou’s group from Hongkong fabricated a FET device based on Ag-doped
CsPbBr3; nanocrystals (NCs), in which the band structure and charge transport are
changed by Ag doping.’! Ag” ions doped into perovskite NCs are much more difficult
than thin films or single crystal, which Zhou et al. adopted the hot injection method.>

Same with Chen’s results, it is proved that Ag" ions were doped into B-site of perovskite,



and fermi level of both materials exhibits a decreasing trend in the band structure,
however, the change is from intrinsic to heavy P-type behavior in this work. After
ultraviolet photoelectron spectroscopy (UPS) measurement, electrical properties are
investigated as well, FET based on Ag-doped perovskite NCs semiconductor layer shows
a 10* fold of magnitude improvement in mobility, as shown in Figure 3(f). Figure 3(b)
to 3(d) exhibit the I-V output characteristic of the device with different doping
concentrations. The current of Ag-doped devices exhibits several orders of magnitude
higher than the undoped device with the same Voltage value, suggesting that the
conductivity of the material is enhanced undoubtedly after doping. Furthermore,
hysteresis in this FET devices could be neglected, suggesting that silver doping strategy
can help to repair the trap states adequately in the CsPbBr3; nanocrystals, whereas the

influence of ion migration and phono scattering could be reduced as well.
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Figure 3. (a) Configuration of the FET device. Performance of field-effect transistors based on
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(b) pure, (c) 0.23% (d) 0.48% silver ions doped CsPbBr3; NCs. (e) Transfer characteristics of the
field-effect transistors and (f) hole mobility changes with doping concentration.>!

Two Ag-doped works were reviewed thoroughly above, which are the most relevant
literature with my project. In my thesis, Ag" doped MAPbBr3 single crystals were
synthesized to investigate the different optical and electrical properties between doped
and undoped one. Results and discussion will be displayed in Chapter 4.

2.2.2 B-site Divalent Ions Doped Lead Halide Perovskites

Substituting Pb?" by same valence ions, called isovalent doping, in which the most
potential dopant is Sn** due to its relativity with lead and non-toxic. Enormous tin-doped
perovskite solar cells (PSCs) with various doping concentrations from 0 to 100% as well
as lead-free are reported in the past few years. %333

In 2014, Sn** ions were used to adjust the bandgap of MAPbI; with extending the range
of absorption to the near-infrared region (NIR). However, the bandgap change with Sn
concentration is not linear, as shown in Figure 4(b), the narrowest bandgap is 1.17 eV
when the doping concentrations are 50% or 75%. Moreover, the achievements of mixed
lead and tin at B-site perovskite solar cell with organic spiro-OMeTAD/lithiumbisimide/
pyridinium additives as hole transport layer is improved as well. Although the PCE was
decreased from 8.31% to 7.27% after 50% Sn doping, the absorption edge shows a near
260nm redshift to NIR, and the highest circuit photocurrent density (20.64 mA/cm?) was
collected*®. The results were confirmed by Ogomi’s work>?, in which the extension of the

absorption trend was observed as well. Since the structures of PSCs in two works are

different, PCE could not be compared in this situation. However, the highest Jsc was also



obtained by Sn-doped PSC from Ogomi’s work, suggesting that Sn did help that charge

transport in PSC.
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Figure 4. (a) Absorption diagram of the CH3NH;3Sn;-Pb,I3 thin films. (b) Energy level diagram
of the Sn doped thin films with various doping levels measured by Ultraviolet photoelectron
spectroscopy.*®

Interestingly, the bandgap changing trend of tin doped CsPbBr3; NCs is opposite with thin
films. In 2016, Zhang et al. fabricated a Light emitting diode with CsPb.xSnxBrs NCs,
with enhanced luminance and efficiency.” The PL peak and absorption spectra of Sn-
doped perovskite NCs exhibit blueshifts, suggesting that lattice distortion due to the
dopants in the NCs is different with thin films.’® However, the luminance and current
efficiency of LED devices based on undoped perovskite exhibit a 681 cd m?and 2.67 cd
A enhancement after doping with 0.3% tin ions. When the doping concentration is higher
than 0.3%, the performance of the device exhibits a strikingly drop due to the large trap
state density caused by the Sn impurity, indicating that optimize performance is reached
by proper doping concentration. In addition to thin films and NCs, Sn doped perovskite
single crystals were investigated in 2018 by Ju et al.>’ The bandgap was narrowed from

2.18 eV to 1.77 eV with 0.61% Sn doping concentration, however, the same trend
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happened in single crystal, when the doping concentration excess some certain value,
bandgap would exhibit an opposite changing direction, which is not linear. Moreover, As
shown in Table 2, Sn doped perovskite single crystal shows almost 2 microsecond carrier
lifetime, which is much longer ¢ than some other perovskite single crystal.

Table 2. Carrier lifetime Sn-dope MAPbDI; single crystal and other undoped

perovskites single crystal

Perovskite single crystal T ¢(ns) T4 (ns) references
MAPbDI3 5.7*10° 58
MAPbDI3 25 1100 59

MAPbDBr3 77 1000 59

FA0.1MAogPbls 119 1070 60

MAPbDI3 29 500 o1

MAPbDI3 128 1700 62

FA0.4sMAo55Pbl3 119 2300 62

MAPDbBr3; powder 11 230 57
MASNBr3 powder 320 1920
MAPbo.68SNo.32Br3 powder 390 2020
MAPD.65Sn0.32Br3 350 3001

However, Sn’" is easy to be oxidized to Sn*" under the ambient, which impede the
development of application fabricated by Sn doped perovskite. In addition to Sn, Mn as
a transition metal is regarded as an alternative dopant for lead halide perovskite (LHP),

two Mn?" doped LHP works were published in 2016 by Liu’s group and Parobek’s group



synchronously.®*% Mn is an ideal element for adjusting the optoelectronic properties of
II—VI semiconductors, which could generate sensitized Mn?" luminescence. As shown
in Figure 5(a), CsPbls has the most suitable bandgap for energy transfer from host exciton
to Mn?" d states among inorganic perovskite material system. From PL result shown in
Figure 5(b), Mn?* doped NCs show dual-color emission, which Mn d states caused PL
peak at 586 nm with yellow color (Figure 5(c)). Since the optical property of LHP could
be altered by Mn?* doping, LED based on Mn?*-doped CsPbCl; was fabricated in 2017
by Liu’s group.5®> Compared with undoped CsPbCls, photoluminescence quantum yields
(PLQY) of Mn doped material shows an order magnitude increase from 5% to 54%.

Moreover, the doped LED exhibits good stability which could work under 3.5V for 200h.
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Figure 5. Energy level diagram of CsPbX3 NCs and d state of manganese. (b) Absorption spectra,

PL spectra and PL excitation (PLE) spectra of pure and manganese ions doped CsPbCl; NCs. (c)
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Image of Mn-doped CsPbCl; quantum dots.%

Due to the similarity in the radius of ions, Sr*>* (118pm) ion is regarded as an alternative
element for Pb** (119pm) replacing, which could mitigate the impact caused by lattice
distortion and structure contraction. Sr**-incorporated MAPbI; thin film was synthesized
in 2016%, p-i-n planer solar cell based on this kind of thin film was fabricated as well,
which the photovoltaic performance is improved. Fill factor (FF) of the Sr** doped PSC
is increased from 78% to 85% after 2% Sr** doping due to the charge extraction in the
solar is enhanced induced by the presence of Sr(C2H30:2)>. Moreover, as shown in Figure
6, the lifetime of charge carrier is enhanced dramatically with Sr** incorporation, which
measured by time-resolved microwave conductivity (TRMC). Nearly 40 microseconds is
even longer than some reported values of perovskite single crystals.®® In addition to the
lifetime of charge carriers, the recombination lifetime is increased from 11.1 ns to 17.1
ns with 2 % Sr** doping due to the passivation by the Sr-doped surface.® However, as we
all know, after introducing with impurities, defects in the materials are formed, which
could impact the lifetime of emission and trap carriers. As illustrated in Figure 6 (¢) and
(d), after the introduction of Sr ions, PL emission lifetime of MAPbCI; exhibits a 140 ns

reduction than undoped sample.”
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Figure 6. (a) TRMC curves for the pure and strontium doped MAPDbI; thin films (b) Normalized
TRMC curves of the pure and strontium doped samples.®” Time-resolved PL decay spectra of
pristine(c) and Sr-doped MAPbCl3(d) sample.

Another alkaline metal ion, Ba** is also regarded as a potential substitute for the lead base
in LHP, in which the optoelectronic properties could be altered. The facts that morphology
and quality of CH3NH3PbI; thin films are enhanced with Ba®" introduction is proved by
Chan et al. in 2017.”" Since the crystallinity of Ba-doped thin film is increased, thus,
charge carrier transport ability of the thin films is enhanced as well, which affect the
photovoltaic performance of PSCs based on this kind of material. Moreover, with the
smaller electronegativity compared with Pb**, Ba-I bonds are stronger than Pb-I bonds,
leading to better stability than undoped PSC. First-principles calculations were applied to

explore the change in the bandgap of Ba-doped material’>. As shown in Figure 7, the
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bandgap is ranging from 1.56 eV(undoped) to 4.08 eV (100% Ba**-doped), which is
consistent with experimental results, suggesting that optical properties could be adjusted
by Ba-doping. Consequently, Ba?>"-doped MAPbI; thin film was used as the capping layer
in PSC, an outstanding PCE (18.9%) is reached with over 30 days of long-term stability.
In this part, LHP family B-site doping works with divalent ions like Sn**, Mn?*, Sr**, Ba**
are briefly introduced with basic achievements after doping. There are some other
elements like Ca’®, Cd*®, Zn>®, Mg were used as dopants for LHP as well, because the

results are not that promising, these works are not mentioned in this part.
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Figure 7. Calculated band structures of the Ba-doped MAPbI; with different doping concentration
(a) 25%, (b) 50%, (c) 75%, (d) 100%.7
2.2.3 B-site Heterovalent Ions Doped Lead Halide Perovskites
The most intensively studied heterovalent ion for doping work into LHP is Bi**, numerous
articles of Bi** doping lead halide perovskites family have been reported over the last few

years. Among these publications, investigation of Bi** doped MAPbBr; single crystal
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from Abdelhady et al. is the first choice for reviewing.”* Bi** doped single crystals were
synthesized from precursor with BiBr3, and the color of Bi-doped single crystal becoming
dark with doping concentration increase, as shown in Figure 8(a). Bandgap narrowing
(BNG) has also happened on Bi** doped single crystal, which the bandgap declines from
2.08 eV to 1.89 eV after doping 10% Bi*". (Figure 8 (b)) More interestingly, as an
intrinsic p-type semiconductor, the introduction of Bi** ions enables the majority carriers
of undoped single crystal switch to positive carriers. As shown in Figure 8 (c),
enhancement of electric properties after doping with bismuth is exhibited on carrier
concentration and conductivity, which are increased three and four orders of magnitude,
respectively.
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Figure 8. (a) Digital images of Bi-doped single crystals with ordered Bi doping concentration
from 0% to 10%. (b) Absorption spectra of the same samples in (a). Inset: Binding energy of each
sample (c¢) Conductivity and charge carrier concentration of the samples against with composition
of Bi in the B-site.”*

Since the ion radius of bismuth ion is 16 pm different from that of lead ion, the
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introduction of Bi*" may cause lattice distortion in the host and the defects are increased
as well, leading ultrabroad emission induced by coupling effect of excitons and crystal
lattices. After doping with Bi**, defects in the surface of MAPbI; thin film increased, thus,
PL intensity exhibits quenching effects. As displayed in Figure 9(a) and (b), PL peak in
780 nm decrease constantly with Bi** doping concentration increase, emission band was
broadened to NIR region at around 1140 nm, which originated from Bi-doping
luminescent center induced by the coupling effect between Pbls octahedral and spatially
localized bipolarons.”

In addition to LHPs thin films and single crystals, Bi doping in LHPs NCs is also
investigated and exhibits different band alignment with single crystals.”® As displayed in
Figure 9 (c) and (d), the first excitonic absorption peak doesn’t exhibits monotonously
shift, which it shifts to lower energy at 0.25% Bi-doping and shifts to higher energy at
higher doping concentration, suggesting that successful incorporation of bismuth ions
into the CsPbBr3; NCs. Moreover, Fermi level of CsPbBr3z NCs has confirmed the location
where near the Valence Band (VB) but it is shifted up to Conduction Band (CB) after the
introduction of Bi**, indicating the existence of Bi doping in crystal lattice. To explain the
abnormal shifts in PL spectra, band alignment of Bi-doped CsPbBr3 NCs is depicted in
Figure 9 (e). After a large number of dopants are introduced, Conduction Band receives
excess electrons from dopants resulting a wider bandgap attributed to the higher CB,
which also known as Burtein-Moss effect.”” Furthermore, due to the variation of band
structure, carrier recombination is delayed by it, causing increment on the recovery time

of Bi-doped CsPbBr3; NCs.
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Among all the highlights of Bi-doped publication, bandgap narrowing is mentioned most,
however, a recent study claimed that BGN doesn’t occur on Bi-doped CsPbBr3 single
crystals.”® Peaks of excitonic luminescence various doping level samples exhibit a stable
position without shift. UPS measurement indicates the Fermi level and VB of samples
remain unchanged with different doping concentrations. This debate about if BGN

occurred on Bi-doped LHPs is continuing, and more data are needed to support this

conclusion.
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Figure 9. PL spectra of pure and Bi**-doped perovskites with various doping levels (a) (b). (c)
Absorption spectra an (d) PL spectra of pure and Bi**-doped CsPbBr; NCs.”>(e) Band alignment
of CsPbBr; NCs after doping with different Bi** concentration.”

In addition to Bismuth, heterovalent ions like A", Fe*", Sb*" and In*" are also
investigated as dopants for LHPs.®#> CsPbBr; NCs has been used as host for several
elements doping work as we mentioned above, its optical properties are easy to be
adjusted upon doping. As an earth-abundant element, Aluminum is also in the list, stable
blue photoluminescence is achieved by Al-doped CsPbBr3 NCs reported from Lie et al.
in 2017.%89 As shown in Figure 10(a) (b), because the quantum confinement is enhanced
upon doping, both the absorption peak and PL exhibits a 75nm blue shift, along with the
reduction on the PLQY's of Al-doped nanoparticles (NPs). Moreover, according to the
Time-resolved photoluminescence (TRPL) measurement, PL lifetime of AI**
incorporated NCs is shorter than the undoped attributes to the energy transfer between
AP and perovskites. In terms of device performance, white-light-emitting diodes
(WLED) based on Al-doped CsPbBr; NCs show over 100% efficiency on National

Television System Committee (NTSC), which is higher than the previous report.
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Figure 10. (a) Absorption spectra and (b) PL spectra of pure and aluminum incorporated CsPbBr3,
CsPbBr,ls.« samples. Insets are digital images of the pure and aluminum incorporated NCs under
WLED.*

As an inevitable impurity in ambient, Iron ions with various valance are introduced into
LHPs to explore the photoelectric properties. Recently, photodetector based on Fe?/Fe**
doped MAPbCl; single crystals was fabricated®', however, the performance of the device
is not enhanced as expected. Fe?" replaced Pb?" in the LHPs, optoelectronic properties are
degraded upon doping, causing lower photocurrents and on/off ratio of the photodetector.
Moreover, dark current of Fe*" doped device exhibits ten times higher than the undoped
sample, implying plenty of MA™ vacancies are created upon Fe** A-site doping. Therefore,
both Fe**/Fe** are not appropriate dopants for LHPs applications.

Indium and antimony as two post-transition metallic elements which locates diagonally
adjacent to Pb are used as dopants for hybrid halide perovskites solar cell.?>** MAPbX;
thin films with hybrid halogen CI and I are used as hosts for In and Sb doping works.
With the assisted by Sb**, short-circuit current density (Jsc) of PSC rises from 16.8 mA
cm™ to 20.9 mA cm and good stability is showed within 28 days. Moreover, FF and
photocurrent conversion efficiency are enhanced induced by the creation of a
homogeneous microstructure of Sbl; assistted with NH4Cl. Similar results are also
collected from In** doping PSC, after incorporating 0.15% In in the B-site, forming a Pb-
In binary system, the highest Jsc, FF and PCE of In-doped PSC are reached, which are
21.90 mA cm? 0.78 and 17.55%, correspondingly. The improvement of application

performance could be explained by the morphology and crystallinity of In-doped
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perovskites thin films is improved, resulting in a higher charge transport efficiency, which
is beneficial for the electrical performance of the solar cell.

Several heterovalent doping works are reviewed in this part, indicating it is a feasible path
to adjusting the electrical and optoelectronic properties of LHPs as well, performance of
doped LHPs applications could be improved as expected.

2.3 Review Summary and Project Scopes

In this chapter, plenty of B-site doping with various valence metal or post-transition
metallic ions investigations in recent years are reviewed. Whether the host is single
crystals, polycrystalline thin films, or NCs, the introduction of dopants can bring the
variation on crystallinity, morphology, crystal structure, optical and electronic properties
of LHPs, resulting in improvement or decrement of the performance of doped LHPs
applications. There is no doubt that dopant engineering has become an effective strategy
for adjusting the properties of halide perovskites, attracting more attention to this
outstanding material.

Although B-site doping has achieved gratifying achievements so far, there is still a series
of questions waiting to be explained, such as the relationship between distorted crystal
structure and properties of the doped perovskites, the interaction between host and
dopants, mechanisms for bandgap adjustment after doping, etc. Therefore, it is necessary
to accurately analyze the basic characterization results of doped samples, and even some
small changes should be given proper attention. Bandgap tailoring is the most alluring
target for doping engineering, interactions between dopants and host should be

investigated particularly to obtain optimal optical properties. However, the stability of

19



doped LHP is still a huge stumbling block on pursing desired doped-induced
optoelectronic properties, improvement on stability should be a major target of the
development of doping engineering in the future.

After reviewing plenty of publications above, basic understandings on B-site doping
works are known. Herein, the scope of this project will be briefly introduced. In this work,
Ag-doped MAPDBr3 single crystals were synthesized by a modified growth method and
its optical properties and electrical properties were investigated. As we all know, single
crystal is an optimal platform to investigate basic physical properties of LHPs, with no
grain boundaries and morphological issues. Moreover, compared with polycrystalline thin
films, single crystals exhibit better electrical properties as well, which are longer diffusion
length, lower trap-state density and higher charge-carrier (hole/electron) mobility.*”
Therefore, MAPDbBr3 single crystal is used as host to investigate the effects of Ag-doping
in terms of optical and electrical. The experimental procedure and results will be

discussed in Chapter 3 and Chapter 4.

Chapter 3 — Experimental Procedure and Methods

3.1 Preparation of Samples

In this work, Ag-doped MAPbBr3; single crystal is the core object which has been
investigated thoroughly. To better investigate the single crystal, high quality samples are
needed, in which could be synthesized in several ways. Herein, diverse single crystal
growth methods will be reviewed below, the modified method employed in this work will

be described after the review.
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3.1.1 Reviews of Lead Halide Perovskite Single Crystal Synthesis Methods
Nowadays, due to its simplicity, low cost and adaptability, solution process growth
methods attract more attention than Bridgemen method, which is used for growing
inorganic perovskite single crystal such as CsPbBr3.%° Since MAPbBr; single crystals
used in this project is categorized as hybrid organic-inorganic perovskites, only several
solution-processed growth methods will be focused in this part.

Solution temperature lowering (STL) is one of the traditional methods of synthesizing
HOIP single crystals. MA-based perovskite single crystal was growtn by Poglitsch in
1987.%6 In this way, saturated precursor is prepared at high temperature, and will be placed
into fume hood until small crystal seed appears. Since the temperature distribution in the
precursor is not uniform, thus, bottom and top-seeded solution growth (BSSG, TSSG) are
invented based on the traditional STL method. As shown in Figure. 11(a)(b), a large
MAPDI; single crystal with 10 mm * 10 mm * 8mm size grew from small MAPbI; single
crystal seed with high quality by using the BSSG method.?’ After put the small seed into
the new saturated precursor, temperature around the flask is turned down from 65C to
40°C, resulting in the precipitation of large single crystal which the process could last for
a month. Compared with BSSG, the TSSG method requires more specific temperature
control and more complicated equipment. In this method, several small single crystals
will be settled on the silicon substrate at the bottom of the bottle with around 75 °C. Since
the hot plate is assembled under the bottle, temperature of the top area of the bottle is
lower than the bottom, resulting in minor temperature discrepancy in the bottle. Thus,

small single crystals in the bottom could supply the ions for the saturation precursor
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located in the bottom which makes the precursor in the top area could be supersaturated,
providing enough ions for large crystal growth. Consequently, the largest MAPbI; single
crystal grew from TSSG is around 10mm™* 3mm with relatively high quality. The digital
image of MAPbI; single crystal is shown in Figure 11(c), and the configuration of TSSG
is illustrated in Figure 11(d). Despite high quality HOIP single crystals were synthesized
by STL, it could not be used as an effective way due to its time-consuming problem,

which could spend couple of weeks to grow one satisfactory crystal.
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Figure 11. (a) Digital image of MAPDI; single crystal with (100) and (112) facets. (b) Schematic
illustration of BSSG method. (c) Digital image of MAPbDI; single crystal synthesized by TSSG
method. (d) The set-up of TSSG method.

To overcome the time-consuming problem, the rapid crystal growth method is reported
by Bakr et al. in 2015%, which named inverse temperature crystallization (ITC). Some
HOIP exhibits retrograde solubility in particular solvent like y-butyrolactone (GBL) for
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MAPbI;, N, N-dimethylformamide (DMF) for MAPbBr; and dimethylsulphoxide
(DMSO) for CsPbBr3, which temperature increment could result in the decrement on
solubility. Centimeter-sized MAPbX3 single crystals will be synthesized by ITC methods
within hours, in which the fastest growth rate of MAPbBr3 single crystal could be 38 mm?
h™!. GBL and DMF are used as solvent to dissolve MAPbBr3; and MAPbI; precursors with
1 mol L', respectively. Oil bath is recommended to be used during temperature rise-up,

which could realize uniform heating process. Figure 12 (a)(b)(c) illustrate the process by
design sketch and real images. Despite the rapid growth speed, drawbacks of ITC methods
still exist, which the size of single crystal is relatively small. Thus, a modified ITC method
which can obtain high quality and large size single crystal namely low-temperature-
gradient crystallization (LTGC) is reported by Liu et al. in 2019.% According to the
solubility measurement of MAPbBr3; in DMF, authors discovered that temperature range
where the solubility changes the most is from 25C to 60°C, which the temperature
against concentration curve is shown in Figure 12.(d). It has been demonstrated that
temperature act a crucial character in crystal synthesizing, in which the crystallization
yield and crystal quality are determined by it. Therefore, selected crystal seed is put into

fresh precursor above the hot plate with 25°C. Temperature of hot plate increase with an
increased rate of 2°C per 24 hours, precursor will be filtered every 24 hours. Consequently,
a high quality MAPbBr3; single crystal with 47mm * 41mm *14mm size was synthesized,

the digital image is shown in Figure 12(e). However, spending almost 20 days for
growing one large single crystal is not smart, thus, ramp rate could be accelerated to 3°C

/day, which adopted by Cheng et al.”® As shown in Figure 12(f), high quality MAPbCl;
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single crystal is obtained by modified LTGC method, exhibiting better optoelectronic
properties than other reports. In summary, ITC method could be modified into various
versions to meet the requirements of various applications. Theoretically, infinite size

single crystal could be synthesized if the precursor could be updated periodically.
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Figure 12. (a) Schematics depict the procedure of ITC method. (b)(c) The gradual growth of
MAPDBr; and MAPDI; single crystal at different time intervals, respectively. (d) Solubility traces
and concentration against temperature in various districts. (e)(f) Photo of MAPbBr; and MAPbCl3
single crystal obtain by LGTC method, respectively.

However, temperature is a tricky variable to be controlled specifically even with oil bath.
Temperature-independent method known as antisolvent vapor-assisted crystallization
(AVC) method was established. Since HOIPs exhibit different solubility in various

solvents, solvent with low or non-solubility of HOIPs could help the synthesizing of
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single crystal from precursor, which the solvent called antisolvent. As shown in Figure
13(a), the vessel contained precursor is surrounded by antisolvent, which placed in a
sealed flask. Crystallization is started when antisolvent flow to the vessel slowly and it
will cost several days wuntil millimeter-sized single crystals are collected.
Dichloromethane (DCM) is the most common antisolvent for HOIP single crystal
synthesis, especially for MAPbXj single crystals.”® MAPbXj3 single crystals with low trap
density and long diffusion length are obtained, indicating AVC is a feasible way to
synthesize high-quality single crystals. Until now, various HOIP single crystals were
synthesized through AVC method, selected pictures of single crystals are displayed in
Figure 13(b)(c)(d). In general, since AVC is a temperature-independent method, allowing
the neglect of phase transition of single crystal induced by temperature and thermal
convection on neatly single crystals. Same with STL method, time-consuming could

impede the development of AVC method as well.

(a)

Antisolvent: DCM

Time

PbX,/MAX (1/n by molar)
dissolved in solvent

X =Br:n=1, solvent = DMF MAPDX
X=1:n=3, solvent = GBA single crystals

b) s s
) o

i
~°

Figure 13. (a) Schematic diagram of AVC method process (b) (¢) Photo of MAPbBr; and MAPDI;

single crystals via AVC method.
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Single crystal synthesis methods are reviewed above, solution-processed low-cost
methods have replaced traditional methods, becoming the mainstream methods adopted
by researchers progressively. After reviewing methods, some parameters of HOIP single
crystals are summarized in Table 3. In this project, the modified ITC method was
employed to synthesize pure and Ag-doped MAPDbBr3 single crystals. More details will
be introduced in the next part.

Table 3. Summary of HOIP single crystals parameters

Diffusion

Crystal size Trap density/ Mobility/ Lifetime/ns Length/um
Single crystal  /(mm*mm*mm) (10%%cm3) (cm?V-ist) Ref.

holes Fast slow  shorter  longer
MAPDCIs 2%4%4 3.1 42 83 662 3.0 8.5 15
MAPDBs 47*41*14 0.67 83.9 132 897 53 138 89
MAPbBrs 44%49%17 0.62 81 139 899 54 14.2 91
MAPbI; ~10 45 164 95 82 . 175 84
MAPDbI; 71%54*39 2.6 34 - - - - 92
MAPbIs 9 0.31 162 - - - - 93
MAPbI3(CI) 20%18*6 0.076 167 4490 - - 53
00

FAPbBrs 4-5 0.96 62 687 2272 105 19.0 94
FAPbI; 4-5 1.1 35 32 484 1.7 6.6 94
CsPbBrs 3%%] 4.2 11 23 233 55 25 18
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3.1.2 Modified Version of Synthesis Method

As we discussed above, ITC can be modified as a core to achieve the desired purpose.
Compared with ITC method, less time-consuming and chemical-consuming synthesis
method is preferred in this project to obtain high-quality MAPbBr3 single crystals to used
as host for Ag-doping. Thus, low-temperature with high-molarity crystallization method
(LTHMC) is employed in this work. Two steps are parted in the process.

Same with LTGC method, small and neat MAPbBr; single crystal seeds are needed to
synthesize high-quality single crystals with adequate size. 10 ml 1.0 M MAPbBr;
precursor is prepared by MABr (98% Sigma) and PbBr2 (99% Sigma) in 1:1 ratio, specific
weight for two components are 1.12g and 3.67g. Powders of two components are added
into DMF (99.8% Sigma) and the solution will be dissolved after 3h magnetic stirring.
PTFE filters with 0.45 micrometer pore size are used for excluding the impurities
surrounded by solution to obtain transparent precursor, which is transferred to a clean
beaker. Temperature of the hot plate is set as 60°C at the beginning and will increase to
80°C within three hours. Small and neat MAPbBr3 single crystal seeds are appeared at
the bottom of the beaker with almost same size. Before picking up adequate seeds, a
syringe with a needle is used for drawing residual precursors out of the beaker, avoiding
the damages on the seeds caused by unsaturated precursors. Moreover, filter papers are
needed to wipe up the surfaces of seeds as well. As shown in Figure 14(a), Selected seeds
will be placed in the fume hood, waiting for the further growth process.

According to the solubility diagram, 1.85 M is the maximum molarity of MAPbBr3

precursor at room temperature, which means small seeds will not dissolve in the precursor
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with that high-molarity, resulting in further crystal growth of seeds. To prepare 2 ml 1.85
M MAPbBBr3 precursor, 0.4144 ¢ MABr and 1.358 g PbBr; are dissolved in 2 ml DMF,
with 24 hours stirring by magnetic bars. Stirring precursor by magnetic bars is beneficial
for dissolving precursor completely. When the precursor dissolved completely, the PTFE
filter with 0.45 um pore size is used again for filtering impurities. As shown in Figure
14(b), 2 ml high molarity precursors are poured to a clean beaker containing a selected
single crystal seed with the best condition of all. The beaker is placed on the hot plate
with 25°C in the first 24 hours, following with a slow ramp rate of 2.5°C per day.
Moreover, the former precursor will be updated by fresh precursor when the temperature
is turned up every 24 hours. (Figure 14 (¢)) Consequently, MAPbBr3 single crystal with
perfect cubic shape and centimeter size is synthesized in the beaker within three
days.(Figure 14 (d)) During the further growth step, the highest temperature used is
around 30°C which could be considered as low temperature, and precursor with 1.85 M
is regarded as high molarity solution, thus, this modified method could be called as low-
temperature high molarity crystallization method. Ag-doped MAPbBr3 single crystals are

synthesized via LTHMC with less time-consuming. More details will be introduced below.

(a) . (b)

*
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Figure 14. (a) MAPbBr3; single crystal seeds obtained in the first step of LTHMC. (b) High
molarity precursor containing small MAPbBr; single crystal seed. (¢) Grown single crystal after
the first 24h with fresh precursor. (d) Large MAPbBr; single crystal obtained by LTHMC method
with 14mm * 13mm * 5mm size.

3.1.3 Synthesis of Ag-doped Perovskite Single Crystal

Since two publications of Ag-doping perovskite work have already proved that Ag will
substitute B-site of perovskite which is lead instead of A-site cation. More evidence will
be displayed in the next chapter. Therefore, we assume that the chemical formula of Ag-
doped MAPbBr3; is MAPbi.xAgiBrs, which is adopted to calculate the weight of each
chemical will be used. In this project, 0%, 1%, 3%, 5%, and 10% Ag-doped MAPbBr3;
single crystals are needed, hence, beakers contained MAPbxAgi.xBr; precursor with
different doping level as well as X value are needed to prepare. When the X values are 1,
3, 5, 10, AgBr powders needed are 0.0070g, 0.021g, 0.035g, 0.07g, respectively. After
adding of AgBr, transparent precursor exhibits slight yellow color gradually with Ag
doping levels increasing, change in precursor color are shown in Figure 15(a). To
investigate physical properties of Ag-doped single crystal, appropriate size is needed
which could be suitable for characterizations and measurements. Thus, five single crystals
with various doping levels are controlled in the size of Smm *5mm. Figure 15(b)
displayed these single crystals orderly from left to right with doping level increases, in
which the size of five single crystals is basically same. Herein, to synthesize Ag-doped
single crystals with same size which is around Smm * 5mm, time spent on step 2 of

LTHMC method will be shortened to 24h. It is worth noting that the surfaces of 10% Ag-
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doped single crystal is not as smooth as other samples and worse stability, signifying the

doping limitation of Ag ions in perovskites. More evidence will be displayed in Chapter

4.
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Figure 15. (a) Ag-doped MAPbBr; precursor with different Ag doping level. (b) Photos of

MAPDBI; single crystals with various Ag" doping levels (0, 1%, 3%, 5%, 10%).

3.2 Single Crystal Characterizations

3.2.1 X-ray Diffraction (XRD)

XRD is a research method that obtains information like the components of the material,
the structure, or morphology of atoms or molecules inside the material by analyzing its
diffraction pattern. When a monochromatic X-ray is irradiated on the crystal, the electrons
around the atoms in the crystal are vibrated by the periodically changing electric field of
the X-ray, so that each electron becomes a secondary wave source that emits spherical
electromagnetic waves. The frequency of the emitted spherical wave is consistent with
the incident X-ray. Due to the periodicity of the crystal structure, the scattered waves of
each atom (electrons on the atoms) in the crystal can interfere with each other and be
superimposed, which is called coherent scattering or diffraction. Since the permutation

of atoms inside the crystal is exclusive, the corresponding diffraction pattern is fixed. By
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analyzing its diffraction pattern, the corresponding crystal structure can be known.
Different unit cell parameters can show different diffraction peak distributions, and the
type and position of atoms could affect the intensity of the diffraction peaks. To satisfy
the basic conditions of diffraction, Bragg’s law is proposed, which reflects the
relationship between the direction of the diffraction line and the crystal structure. The
equation of Bragg’s Law is:

2d - sin® = nA(2)
where 0 isthe angle of incidence, d is the distance between crystal planes, n is the order
of diffraction, A is the incident wavelength, and 20 is the angle of diffraction. Figure 16(a)
shows the illustration of Bragg’s law.
Since the samples used in this project are bulk, which is not compatible with thin film
XRD instrument. Thus, powder XRD instrument is adopted in this project, in which the
single crystals have to be ground to powders first (Figurel6(b)). Among instruments in
XRD lab, MPD (PANalytical) Xpert Multipurpose X-ray Diffraction System (Figure
16(c)) is the most appropriate one for powders measurement, which Cu K- a is used as
X-ray energy.
Furthermore, without completely crushing the single crystal, a tiny piece of a single
crystal can be measured directly through Bruker D8 Venture X-ray diffractometer (Figure

16 (d)), which is used for detecting crystal structure and lattice parameter of crystal.
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Figure 16. (a) Schematic illustration of Bragg’s law in terms of atomic-scale single crystal layer
plane. (b) Powder sample for MPD XRD system. (c¢) Photo of MPD (PANalytical) Xpert
Multipurpose X-ray Diffraction System. (d) Photo of Bruker D8 Venture X-ray diffractometer
used in the XRD laboratory.

3.2.2 Ultraviolet—visible (UV-Vis) Absorption spectroscopy

The absorption spectra are essential that the molecules and atoms in the material absorb
the light energy of certain specific wavelengths in the incident light, and the molecular
vibrational energy level transition and the electronic energy level transition occur
accordingly. Since various substances have their different molecules, atoms and different
molecular space structures, their absorption of light energy will not be the same,
especially in the semiconductor materials. Bandgap of semiconductor could be calculated
from absorption spectra, which could be the main function of absorption spectra.

According to Tauc’s theory,” bandgap of materials could be calculated:

(ahv)% = A(hv —E;)(3)
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where a is absorption coefficient, h is Planck constant, v is the frequency, and A is the
constant. N is determined by the type of semiconductor, which is 0.5 and 2 for direct
bandgap and indirect bandgap materials.

In this project, Lambda 1050 | UV/Vis/NIR Spectrophotometer (Figure 17) is used for
testing absorption spectra of Ag-doped single crystals with measures range from 175 nm

to 3300 nm.

Figure 17. Photo of PerkinElmer | Lambda 1050 | UV/Vis/NIR Spectrophotometer in
spectroscopy laboratory.

3.2.3 X-ray Photoelectron Spectroscopy

XPS is a method that uses an electron spectrometer to measure the energy distribution of
photoelectrons and Auger electrons emitted from the sample surface when irradiated by
X-ray photons. XPS can be used for qualitative analysis and semi-quantitative analysis.
Generally, information on the surface element composition, chemical state and molecular
structure of the sample is obtained from the peak position and peak shape of the XPS
spectrum, and the content or concentration of the sample surface element can be obtained
from the peak intensity. Since electrons need to consume energy through materials, and
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their intensity is subject to an exponential decay law, XPS is mainly used for surface
analysis, and its information depth is greatly affected by the sample state and X-ray
wavelength. Generally, 3 times the photoelectron wavelength, i.e. 3\e is defined as the
information depth of XPS. The test depth of commonly used inorganic materials is
generally around 5-10nm.

The commonly used X-ray source is an Al-Ka ray monochromatic source with an energy
of 1486.6 eV, which excites the electron transition of the inner energy level of the atom
and escapes from the sample surface because photoelectrons carry the characteristic
information of the sample (element information, chemical state information, etc.), the
mechanism is illustrated in Figure 18(a). By measuring the kinetic energy of escaped
electrons, the elemental composition and chemical state information in the sample will be
known, which are obtained from the core equation:

E(b) = hv —E(k) — ¢(4)

where E(b) is the binding energy, hv is photo energy, E(k) is the kinetic energy of the
electron and ¢ is the spectrometer work function. As shown in Figure 18(b), Thermo
ESCALAB250Xi X-ray photoelectron spectrometer is in charge of the XPS measurement

in this work.
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Figure 18. (a) Schematic illustration of the mechanism of XPS (b) Photo of Thermo
ESCALAB250Xi X-ray photoelectron spectrometer in Surface Analysis Laboratory

3.2.4 Photoluminescence (PL) measurement

Photoluminescence spectroscopy is used to detect the electronic structure of materials and
is a non-contact, non-damaging test method. In principle, light irradiates the sample and
is absorbed by the sample, resulting in a light excitation process. Light excitation causes
the material to transition to a higher electronic state, then release energy after the
relaxation process, and (photons) return to a lower energy level. The light radiation or
luminescence in this process is called photoluminescence (PL). The bandgap of the
semiconductor material could be calculated through the PL peak position, which could
identify the composition of the material. Moreover, identification of impurity, the
luminous efficiency of materials, lifetime of the charge carrier in semiconductor could
obtain from PL spectroscopy as well. PL spectra are obtained by WiTech Alpha300 confocal

Raman spectroscopy (Figure 19) with 532nm lasers.
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Figure 19. Image of WiTech Alpha300 confocal Raman spectroscopy used in this work.

3.3 Electrical properties of Ag-Doped Single Crystal

In addition to basic characterizations of Ag-doped single crystal, electrical properties are
also investigated in this project. Carrier concentration and mobility of the sample are
measured by Hall effect measurement. Moreover, the mobility of Ag-doped single
crystals is calculated from Space-charge limited current method as well to compare with

the result of hall effect measurement. Two methods used will be introduced below.
3.3.1 Space-Charge-Limited-Current (SCLC) Method
Space-charge-limited-current (SCLC) method has been used intensively to obtain

mobility of HOIP materials in recent years!>%-84:88.94.96

, which the relationship between
the current betwixt two electrodes on the sample and the applied bias voltage is the core
of this method. Three different regions are shown in the [-V curve of the semiconductor
with bias voltage increased, which are Ohmic region, Trap-filled limited (TFL) region
and Child region, respectively. At low voltage region, currents are dominated by the

thermally generated charge carriers, exhibiting ohmic contact behavior in the Ohmic

region, which the current is linear with a bias voltage ( Jo<V). As voltage rises, excess
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injected charge carriers are trapped by the traps in semiconductor material, resulting the
TFL region. When the voltage has been excess VrrL, traps in semiconductors are filled
with injected carriers which means other injected carriers can effortlessly without restraint,
which the current is linear with the square of bias voltage ( Jo<V?). When the trap-free

region is reached, mobility of charge carrier can be derived from the Mott-Gurney’s law”’:

_ 9egouVy?

b= (5)

where ¢ and ¢ are relative dielectric constant and vacuum permittivity, respectively. Jp is
current density, Vp is a voltage selected from the Child region, L is the thickness of
samples. Furthermore, the trap-state density of material can be known by SCLC method

as well, which onset voltage(VrrL) in TFL region is critical for the equation:

2eeoVrpL
Ntraps =——7>—1(6)

qd?

where £=25.5% for MAPbBr3, q is the charge of electron and d is the thickness of the
sample.

To get information from the I-V curve more intuitively, logarithm is applied on current
and voltage on the graph, which the X-axis is Log V and the Y-axis is Log I. Log I — Log
V curve is divided into three part with various slope, which the slope of Child region is
twice as high as the slope of the Ohmic region. The value of voltage used in Mott-
Gurney’s law is crucial for the value of mobility, thus, several voltages will be selected
for the calculation and the result of mobility will be the average value. To fabricate the
device for SCLC measurement, Au electrodes are deposited on the surfaces of the single

crystal by the evaporator, which the thickness of the Au electrodes is around 100 nm. The

structure of SCLC measurement device is shown in Figure 20(a), electrodes are
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distributed in the four corners of the two largest faces of the cuboid. To minimize the error,
two probes of the probe station are contacted with two electrodes located at the same
corner, and each corner will be measured. I-V curve is analyzed by Keithley 4200 (Figure
20(c)) which connect with the probe station. Single crystal with Au electrode, probe
station with two probes and the evaporator used for electrodes deposition are shown in

Figure 20(b) (d) (e).

(a)

Au electrode

Figure 20. (a) Structure of sinlge crystal device for SCLC measurement. Inset is the photo of
electrodes deposited Ag-doped MAPDBr; sinlge crystal (b) Probe station used for contacting with
samples (c) Keithley 4200A-SCS Parameter connected with probe station for analyzing data. (d)
Evaporator used for Au electrodes deposition in this project.

3.3.2 Hall Effect Measurement

Through Hall effect measurement, the carrier concentration, type (N-type or P-type),

38



conductivity and mobility of semiconductor materials can be calculated. The current-
carrying sample is placed in a magnetic field with a magnetic induction strength of B. An
electrical field perpendicular to the direction of the current and magnetic induction is
generated at both ends of the sample perpendicular to the current and magnetic field,
which called Hall effect. Through the direction of the electrical field, the Hall effect can
directly distinguish the type of the majority carrier, which are electrons or holes.

Moreover, Hall resistivity ( o 1) can be calculated from the equation:

_RLT7
Py = W (7)

where R is Hall resistance and L, T, W are the dimensions of the sample. Hall coefficient

(Rm) is critical for calculating other parameters i.e. charge carrier density and mobility

measured be hall effect, the equation is followed :

VyT

RH =
where Vy is the voltage generated by Hall effect and B is the magnetic field. Since Hall

coefficient is known, charge carrier density and mobility can be obtained by:

n= _R_He( )
u=Ryo(9)

where e is the charge of electron and ¢ is the conductivity of the sample.
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Figure 21. Physical property measurement system (PPMS) used for Hall effect measurement in

this work.

Chapter 4 — Experimental Results and Discussion

4.1 XRD Patterns of Ag-Doped Perovskite Single Crystal

As we can see from Figure 15, the color of the Ag-doped MAPbBr3 single crystal
gradually changes from orange to dark red as doping level increased, indicating variation
has occurred in the crystal structure. Thus, XRD measurement is employed to investigate
the difference in crystal structure between undoped and various doping level single
crystals. Powder XRD patterns of pure and Ag-doped MAPbBT3 single crystals are shown
in Figure 22(a). Compared with the undoped sample, no extra peaks were observed in
silver doping samples, indicating that there is no significant change in crystal structure,
which keeps cubic structure assigned by Pm3m space group.

However, as shown in Figure 22(b), the peak position of (100) face exhibits left shift,
which the diffraction angle corresponding to (100) face becoming smaller as doping
concentration increases. According to Bragg’s Law, the reduction of the variation 0,
resulting in the increment on the lattice parameter of crystal structure. To be more specific,
the lattice parameter of sliver doped samples is increased from 5.88 A for the pristine
single crystal to 5.93 A with 5% silver doping level single crystal. Surprisingly, the
expansion trend of the lattice parameter is not monotonously, in which the 10% doped
sample shows a 0.01 A shorter than 5% doped sample, suggesting the doping level limit

of silver ions in MAPbBr; is less than 10%. (Figure 22(d)) The same conclusion is

40



obtained from UV-Vis results again. Furthermore, the diffraction angle of (200) face
shows decreasing tendency, confirming the lattice expansion occurred on Ag-doped
crystal structure. Since the radius of silver ions is 126 pm,”® which 7 pm longer than that
of lead ions. Thus, lattice expansion could be explained by the partial substitution of lead
ions by silver ions. However, if the replaced site of MAPbBr3 is A-site, which the radius
of MA" ions is 216 pm®, lattice parameter will be decreased instead of increasing,
indicating Ag ions will more likely to substitute lead ions in MAPbBr3;. Moreover, as we
discussed above, perovskite structure can be formed when the tolerance factor is between
0.8~1. Compared with large MA™ cation, silver ions have a more similar size with lead
ions in the B-site, which would not cause too much distortion on the lattice. Tolerance
factor of silver on B-site is between that range but that of silver on A-site is less than 0.8,
which could not form a stable perovskite structure, suggesting silver ions doping is more
likely a B-site doping work as well.

In addition to variation on lattice parameter was observed from powder XRD pattern, the
intensity of each peak is also displayed on the graph. As shown in Figure 22 (a), 1% Ag
doping sample possesses two sharpest peaks, which are (200) and (221) faces, indicating
the good quality of Ag-doped single crystals. Crystallinity enhancement by Ag doping
has been proved by two works of Chen et al.’® and Zhou et al.’! recently, which the
conclusion is consistent with our result. To sum up, lattice expansion on Ag-doped single
crystal and quality-enhanced Ag-doped single crystals are confirmed by powder XRD

pattern of samples.
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Figure 22. (a) Powder XRD pattern of undoped and Ag-doped MAPbLBr; single crystal with
various doping levels. (b)(c) Magnified view of (100) XRD peak and (200) XRD peak in each
sample, respectively. (d) d-spacing of (100) planes of each sample against Ag doping level.

Single crystal pattern XRD was also employed in this project, however, only the crystal
structure and lattice parameter can be determined by the machine. The results of single
crystal pattern XRD indicate the crystal structure of the Ag-doped single crystal is same
as that of undoped sample, which is a cubic structure. Lattice parameters of undoped
single crystal and Ag-doped single crystal are slightly longer than calculated result from
powder pattern, which the results for undoped and 5% doping samples are 5.90 A and
5.95 A. The difference between the two patterns may be caused by the different precision

of two instruments.
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4.2 XPS Results of Ag-Doped Perovskite Single Crystal

To investigate the element composition of MAPbxAgi.«Br3 single crystal, we employed
XPS to detect the surface of the samples with around 5-10 nm depth. Newly cleaved
surfaces of MAPb1.xAg«Br3 single crystals with five X value (0, 1, 3, 5, 10) are placed
into an XPS chamber, XPS spectra of each sample are shown in Figure 23(a). The core
layers of MAPbBr3; are marked in spectra, which are Br 3d Br 3p Br 3s, Pb 4f7, Pb 45,
C Is and N 1s. The binding energy of Pb 4172, Pb 4152, and Br 3d is 139.2 eV, 144.3 eV
and 68.9 eV, respectively, which are slightly higher than the reported results of MAPbBr3;
polycrystalline thin film,'% suggesting the impact of different chemical environment.
Peaks of C 1s and N 1s are located at 286.4 ¢V and 402.3 eV, which are consistent with
value of Bi-doped MAPbBr3; single crystal.”* Higher binding energy of each peak of this
sample than thin films may be caused by the worse crystal conduction between bulk and
XPS instrument.

Furthermore, other evidence demonstrates the success of Ag doping into MAPbBr3 single
crystal is provided by the XPS spectra of Ag 3d. XPS spectra of samples with various
doping levels are shown in Figure 23(b). As expected, no peak in the Ag 3d region was
observed for pristine single crystal. However, two peaks affiliated with Ag 3ds, and 3ds»
at 368 eV and 374 eV, respectively, start to appear after the incorporation of silver.
Moreover, intensities of two peaks are enhanced after Ag doping level increasing from 1%

to 10%, demonstrating the successful work of Ag doping work and the controllable Ag
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concentration in MAPDbBTr3 single crystals.
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Figure 23. (a) Full XPS spectra and (b) Ag 3d region of MAPbsAg;..Br;3 single crystal with
various X value (0, 1, 3, 5, 10).

4.3 Optical Properties of Ag-Doped Perovskite Single Crystal

4.3.1 Photoluminescence Spectra of Ag-Doped Perovskite Single Crystal

PL spectra of Ag doped MAPbBr3 single crystals are displayed in Figure 24(a). The
pristine single crystal exhibits an emission peak at 538 nm, in which the calculated
bandgap is larger than the value obtained from the Uv-Vis absorption measurement.!?! A
possible explanation for the difference between emission peak and absorption peak is the
Anti-Stokes shift, in which the position of the emission peak is to the left of the position
of the absorption peak.

Significant PL quenching can be observed in Figure 24(a), as Ag doping level increases,
the intensity of emission peaks are dropped monotonously, which the behavior is
consistent with Ag doped hybrid halide perovskite thin films. PL quenching of Ag doped
perovskite single crystal is caused by the efficient charge transfer between silver ions and

MAPDBBr;. The small emission peaks at 532nm in each sample are from the laser used in
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the PL instrument.

Moreover, emission peaks of each sample exhibit slightly redshift as doping level
increases, which the tendency is consistent with the result of absorption measurement.
The redshift occurs on the PL peak suggests that the bandgap of Ag-doped single crystals
is reduced, however, because the surface of the bulk sample is not smooth enough and
accompanied by defects, only slightly redshift can be observed from Figure 24 (b). It
indicates that efficient charge transfer between host and Ag occurs and the bandgap of

samples is narrowed due to the inclusion of silver ions.
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Figure 24. (a) PL spectra of MAPbxAg:.«Br; single crystal with various X value (0, 1, 3, 5, 10).

(b) Magnified view of (a) without undoped sample.
4.3.2 Optical Absorption Spectra of Ag-Doped Perovskite Single Crystal

UV-Vis absorption measurement was applied to MAPbxAgixBr3 single crystal to obtain
the bandgap of each sample. Tauc plots correspond to the absorption spectra of each
sample are shown in Figure 25, after normalizing area and thickness of samples. It is
shown that the optical bandgap of Ag doped MAPDbBr3; single crystal is narrowed from
2.21 eV to 2.05 eV as sliver doping concentration rises from 0% to 5%. However, no

further bandgap narrowing is exhibited when silver doping level reached 10%, suggesting
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the doping limitation of sliver ions in perovskites may be exceeded, which is consistent
with the XRD results and surface quality of 10% Ag-doped single crystal. The reduction
bandgap of doped samples induced by the interaction between the electrons and positive
dopants, adjusting the density of states.!> Conduction band and valence band of
perovskites are determined by the outer orbitals of B-site and X-site elements, thus,
optical property such as bandgap could be affected by B-site doping, which could explain

the reduction tendency of Ag doped samples as well.
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Figure 25. Tuac plots corresponding to absorption spectra of Ag doped samples with various
doping concentrations.

4.4 Electrical Properties of Ag-Doped Perovskite Single Crystal

The electrical properties of materials play a decisive role in the development of their
applications. Therefore, SCLC measurement and Hall effect measurement are adopted in
this project to measure the conductivity and mobility of Ag-doped MAPbBr3 single
crystals. The results are discussed below.

4.4.1 Hall Effect Results
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Ag-doped samples were ground to Imm thickness to meet the sample requirement of
PPMS equipment, and four silver electrodes are distributed at four corners of the top
surface of the sample. As expected, the majority charge carrier type is confirmed as holes,
and the type of MAPDbBr3 is converted from intrinsic to P-type semiconductor. Moreover,
the carrier concentration of undoped and Ag-doped samples is examined as well, in which
the concentration increases from 4.38 * 10' cm™ for the intrinsic sample to 5.26 * 10'°
cm™ for 3% Ag doped sample at 280K, indicating only small part of dopants can
contribute free carriers.

As displayed in Figure 26(a), the resistance of the pristine MAPbBr3 single crystal
increases from 127 MQ to 1859 MQ when the temperature decreases from 320 K to 220
K. Taken into account the sample dimension and measurement configuration, the same
temperature (320K) resistivity of the undoped single crystal is approximately 279 MQ
cm. After doping 3% Ag ions, the room-temperature resistance decreased by almost four
times. The resistance of the doped single crystal shows a similar trend like the undoped
one with its resistance increasing to 917 MQ cm when the temperature decreases to 220
K. Overall, the Ag-doped MAPbBr3 single crystal is much more conducting than the
undoped counterpart, which is consistent with the enhanced mobility revealed by the

SCLC measurement and Hall effect measurement.
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In addition to carrier concentration and conductivity, mobility of Ag-doped samples is
also measured by Hall effect, in which the mobility of undoped sample and 3% Ag doped
sample are 18.9 cm?/Vs and 65.7 cm?/Vs, respectively. Since the conductivity of
semiconductors is related to its carrier concentration and mobility,'%* the product of the
respective growth multiples of carrier concentration and mobility should be equal to the
growth multiple of conductivity. According to the results, the product of two parameters

is 3.99 which is consistent with the multiple conductivity.
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Figure 26. (a) Temperature-dependent resistance of undoped and Ag-doped MAPDbBr; single
crystals. (b) Conductivity against T™! in log scale for Ag-doped and undoped MAPbBr; single
crystal, respectively.

To understand the carrier transport in MAPbBr3 single crystal, we further researched the
temperature dependence of the conductivity. As shown in Figure 26(b), the ion activation
energy (Ea) in the 220K-320K temperature region is obtained by using the Nernst-

Einstein relation:

Oy
o(T) = —exp (—Ea/KpT)(10)
in which oo is a constant, Kg and T are the Boltzmann constant and temperature,
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respectively.!® The activation energy (Ea) could be obtained from the slope of the In o(T)
and 1/T relation. For undoped single crystal, the activation energy at 220K-320K is 0.2
eV which is 0.02 eV higher than that of Ag-doped single crystal. The small Ea value
demonstrates that thermally activated transport is caused by the defect level. Since Ea
represents the depth from CB to defect level, indicating that the defect level of Ag-doped
sample is shallower than the undoped one, which benefits the charge transport in
semiconductor. As concluded by Hall effect measurement, type of majority charge carrier
in samples is hole, along with carrier concentration, conductivity and mobility of samples

are raised with the incorporation of silver ions.
4.4.2 Space-Charge-Limited-Current (SCLC) Measurement Results

Mobility is a physical quantity used to describe the moving speed of charge carriers,
affecting the development of applications based on semiconductor material. Despite
mobility results measured by Hall effect method is displayed above, SCLC method is
mainly used to reveal the mobility and trap state density of MAPb,Ag,.«Br; single crystals.
Log I versus Log V curve of each sample are shown in Figure 27, mobility of pure
MAPbBT; single crystal is calculated as 42 ¢cm?/Vs, which is higher than the reported
value, signifying better crystal quality in this work. Moreover, as doping concentration
rises from 0 to 5%, a gradual upward trend of mobility can be observed, which the value
increases from 42+3 cm?/ Vs to 243+16 cm?/Vs. However, the upward trend is not
monotonously in the range of 0-10% doping level, which the mobility is reduced when
doping concentration exceeds 5%. It is also consistent with the results of XRD and optical

absorption. Opposite with the upward trend of mobility, trap state density of samples
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exhibits a dropping tendency as Ag doping level increases. The trap state density 5% Ag
doped sample is (4.2+0.6)*10° cm™, which is 43% lower than the pure sample, suggesting

shallow acceptor levels are created by silver ions.
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Figure 27. Current-voltage traces and trap density for (a) 0%, (b) 3%, (c) 5%, and (d) 10% Ag"
doped MAPDBI; single crystals. As applied voltage increases, the linear Ohmic region transits to
trap-filled region, illustrated by a dramatic rise in current, and finally falls into the trap-free child’s
region at high voltage.

The discrepancy of mobility value between Hall effect and SCLC can be elucidated by
the ion migration occurred inside the perovskite.!” Besides that, the thickness of the
sample is also a tricky issue in Hall effect measurement, damages and defects are created

on crystals after grinding, affecting the result of mobility.
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To explain the enhancement of mobility of Ag-doped MAPDbBTr3 single crystals, Frohlich
interaction should be introduced. The charge carrier mobility depends on the effective
mass of electrons, in which the value can be affected by the electron-phonon coupling. In
halide perovskites, Frohlich coupling plays a very important role in affecting the
interaction between electron and lattice crystal vibration.!®® Mobility of the pristine
perovskite is limited by the heavy metal attributes to Frohlich interaction. Therefore, by
substituting Pb with lighter element Ag, the Frohlich interaction can be suppressed,
leading to the reduced effective mass of electrons as well as the higher mobility as

observed in the Ag-doped perovskite.
4.5 Photodetector Performance Based on Ag-Doped Perovskite Single Crystal

After revealing the optoelectronic properties of Ag-dopes MAPbBr3; single crystal,
photodetector based on this modified material was fabricated. Similar to the device
structure for SCLC measurement, Au electrodes with mask shapes are deposited on the
top surface of the sample. As shown in Figure 28, current-voltage traces of the
photodetector based pure and 5% Ag-doped samples were measured in the dark and light
condition under light illumination of the 450nm light source. The dark current and
photocurrent of Ag-doped photodetector are 5.08 *10° A and 1.4 *10 A at 10V. The high
dark current can be explained by the introduction of silver ions inside the crystal, which
makes the material more conductive. Responsivity (R) can be calculated from the

equation!?7-18;

I =1
- P, xS

R (11)

in which I and Ip represent photocurrent and dark current, Py is the light intensity of light
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source and S is the active area.

As expected, compared with regular photodetector, the responsivity of Ag-doped
photodetector is increased from 0.72 A W' to 1.58 A W' which can attribute to the
improved conductivity of Ag-doped sample. However, the result is relatively lower than

other reports due to the high dark current and high thickness of samples.
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Figure 28. Current (I) include dark current and photocurrent versus voltage (V) curve of
photodetectors based on (a) pristine MAPbBr3 single crystal and (b) 5% Ag-doped MAPbBr3

single crystal.

Chapter 5 — General Conclusion and Perspectives

In this work, the modified LTHMC method was employed to synthesize high quality Ag-
doped MAPbLBr; single crystals. Half centimeter-size single crystal can be obtained
within two days. At first, the structure of Ag-doped single crystals is confirmed by both
powder and single crystal XRD patterns. Lattice parameter expansion occurs in the Ag-
doped single crystal with various doping levels. Successful Ag-doping work is

demonstrated by XPS, which is consistent with the XRD result.
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After that, tunable bandgap of MAPbxAgi«Br3 single crystal is validated by UV-Vis
absorption tests, which it drops from 2.21eV to 2.05eV after 5% Ag doping level.
Moreover, PL quenching was also observed in the PL spectra due to efficient charge
transfer between dopants and host.

In addition to optical properties, electrical properties of MAPbxAgi«Brs single crystal
were revealed as well. Ag-doped is P-type semiconductor materials were confirmed by
Hall effect measurement. Moreover, better conductivity and higher carrier concentration
of Ag-doped sample were also proved by Hall effect. Besides that, mobility enhancement
was demonstrated by SCLC method. MAPbxAgixBrs single crystals exhibit higher
mobility with a lower trap-state density as Ag doping level increases from to 5%.
However, compared with the 5 % Ag-doped sample, 10% Ag-doped sample exhibits
lower mobility and higher trap-state density, suggesting the limitation of Ag doping level.
In the end, photodetector based on Ag-doped single crystal was fabricated. The
responsivity of Ag-doped photodetector is higher than the pure one. However, due to the
relatively high dark current and higher thickness of the device, the performance of
photodetectors is not as promising as expected, which awaits to be further discussed in
the future.

Despite the encouraging progress that has been made on perovskite single crystal
applications, there are still some impediments restraining its development, such as high
thickness and toxicity of single crystal. Even the longest reported carrier diffusion length
of perovskite single crystal (175 micrometers)* is not enough for several optoelectronic

devices. Thus, single crystal thin film with micrometer-sized with excellent photophysical
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properties is expected to draw intensive attention in the future. Furthermore, results from
this project have demonstrated that monovalent ions doping such as Ag could be a feasible
path to alter the electrical and optoelectronic properties of perovskite single crystal. It is
expected that metal doped perovskite single crystal film might trigger a new evolution on

optoelectronic devices including PSC, LED, lasers and transistors.
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