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Abstract: The photovoltaic (PV) market is currently dominated by silicon based solar cells. However technological diversifica-
tion is essential to promote competition, which is the driving force for technological growth. Historically, the choice of PV materi-
als has been limited to the three-dimensional (3D) compounds with a high crystal symmetry and direct band gap. However, to
meet the strict demands for sustainable PV applications, material space has been expanded beyond 3D compounds. In this per-
spective we discuss the potential of low-dimensional materials (2D, 1D) for application in PVs. We present unique features of
low-dimensional materials in context of their suitability in the solar cells. The band gap, absorption, carrier dynamics, mobility,
defects, surface states and growth kinetics are discussed and compared to 3D counterparts, providing a comprehensive view of
prospects of low-dimensional materials. Structural dimensionality leads to a highly anisotropic carrier transport, complex de-
fect chemistry and peculiar growth dynamics. By providing fundamental insights into these challenges we aim to deepen the un-
derstanding of low-dimensional materials and expand the scope of their application. Finally, we discuss the current research

status and development trend of solar cell devices made of low-dimensional materials.
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1. Introduction

Silicon based solar cells are currently dominate with over
90% share in the photovoltaic (PV) market!'l, However, solar
cell technology diversification is essential to further improve
solar cell power conversion efficiency (PCE) and to increase
its versatility for various applications. Multiple pn junction sol-
ar cells are believed to have the potential to become leading
terrestrial PV technology exceeding 30% PCE in the future
which require the development of top and/or bottom cells
with high efficiency, good stability and process compatibility.
With the dawning age of electrification of unmanned
vehicles, planes and boats, flexible and low-cost with high
power-to-weight ratio PV panels will be highly desired in
these machines. Light-weight, semi-transparent solar cells
with aesthetic designs, easy integration and long-term stabil-
ity are required in the rapidly growing field of building integ-
rated PV. To meet these demands, new compounds with spe-
cific physical and chemical properties have been consistently
probed, and potential PV candidates are advocated.

Materials with a highly symmetrical crystal structure and di-
rect band gap are preferred in solar cells, because it results in
high absorption coefficient and isotropic carrier transport.
This is especially important for polycrystalline thin films
where an absorber of less than few micrometers is desirable
to reduce material demand and to ensure effective carrier col-
lection. Mainstream polycrystalline solar cell technologies
such as Cu(In,Ga)Se,, CdTe and CH3;NH;Pbl; all have a highly
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symmetrical crystal structure and have demonstrated over
22% PCE™, However, elemental abundance, environmental re-
strictions, thermodynamic stability and necessity for a broad-
er range of band gaps (E;) have fueled the exploration of
new PV candidatesBl. To meet these demands, material space
has been expanded by increasing the number of compon-
ents in the compound, such as from unary (Si) to quaternary
(pentanary) Cu,ZnSn(S,Se),, while retaining high crystal sym-
metry. Nonetheless, the complexity of the material increases
progressively with each addition of atom(s) in the primitive
cell, which impedes the control of phase purity, point de-
fects, formation of secondary phases and consequently solar
cell performancel®.

There is a group of compounds with binary and ternary
compositions as well as PV-relevant characteristics, which
have not been studied extensively because of their reduced
structural dimensionality. Low-dimensional materials (namely
layered (2D) and chained (1D), see Fig. 1) might be con-
sidered to be unsuitable for PV application but have been
shown to have potential, both theoretically and experiment-
ally-71, The calculated spectroscopic limited maximum effi-
ciency (SLME) for an absorber thickness of only 200 nm for
two-dimensional (2D) CuSbSe, and one-dimensional (1D)
Sb,Se; was 27% and 28%, respectively, in contrast to 3D
CulnSe, (23%), 3D Cu,ZnSnS, (22%) and 3D CdTe (20%)@ 91, A
remarkable 9.2% PCE has recently been reported for 1D
Sb,Ses-based solar cells('?, ranking as the second highest
Earth-abundant non-toxic thin film solar cell technology
within only 7 years of dedicated research. Successful app-
lication of low-dimensional materials has not only been lim-
ited to PV, but they have also been used in photocatalysis!'"],
ultra-high mobility transistorst'2 131, thermoelectrics!'#, piezo-
electrics('3], optics('9 and so on.
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Fig. 1. (Color online) The evolution of crystal structure and morphology of the grain as a function of structural dimensionality. CdTe, MoS, and

Sb,Sej; structures were selected as representative materials in each case. Grain morphology was calculated using Bravais—Friedel-Donnay—Harker

(BFDH) theory!'8l,

Table 1. Summary of low-dimensional material characteristics and champion solar cell PCE.

Material Dimension  Egnd (eV) AEg (eV) Anisotropy ratio® PV solar cell PCE (%)  Application

(BA);(MA),,_; Pb,ls,41 2D 1.5-2.3 0 0.28u34 12.53B5] LED, PV solar cells

SnS 2D 1.07 0.15 0.08136! 4.36137] Thermoelectrics, PV solar cells

SnSe 2D 0.86 0.2 0.20138! N/A Thermoelectrics

CuSbSe, 2D 1.04 0.04 N/A 4,739 PV solar cells, thermoelectrics

CuSbs, 2D 1.4 0.05 0.15m*40] 3.22041 PV solar cells, thermoelectrics

MoSe, 2D 1.06 0.40 ~0.001-0.0102  1.29143] PEC, HER, batteries, transistors,
PV solar cells

MosS, 2D 1.29 0.30 0.006014! 2.8143] PEC, HER, batteries, transistors,
PV solar cells

GeSe 2D 1.1 0.10 0.330140! 1.4847) PV solar cells

Sb,Se; 1D 1.05 0.13 ~0.10018! 9.20101 PV solar cells

Sb,S; 1D 1.7 0.08 ~0.1001! 7.5 501 PV solar cells, HTL

Sb,(S,Se); 1D 1.49 N/A N/A 10.5651 PV solar cells

Bi3S3 1D 1.35 0.10 0.32u62 0.7563! Thermoelectrics, PV solar cells

SbSI 1D 2.15 0.20 0.31004 3.0563! PV solar cells, ferroelectric

BiOl 2D 1.93 0.4 N/A 1.8206 PV solar cells

Se 1D 1.84 0 N/A ~6.5571 PV solar cells

*Anisotropy ratio expressed in terms of: u - mobility, m* - effective mass, o- conductivity.

There are some excellent reviews on low-dimensional nan-
omaterials for catalysis, electronics and photonic applica-
tions!'7), However, we take a different angle on low-dimension-
al materials analyzing their unique properties in their bulk
form, with a special focus on PV application. The fundament-
als in particular electronic bands, surface states, defects and
growth kinetics are discussed, emphasizing the contrast with
3D compounds, and paving the path for optimization of fu-
ture technologies that are based low-dimensional materials.

Throughout this review we probe material properties
that are critical for PV application and correlate them with
unique features of low-dimensional materials. In principal,
the key condition for good PV material is that diffusion
length of photo-generated carriers should be larger than
the light penetration depth and can be expressed as
1/a < \JutkT/q, where q, 4, T, T, kand g corresponds to absorp-
tion coefficient, carrier mobility, carrier lifetime, temperature,
Boltzmann constant and elementary charge, respectively. Evid-
ently, a trade-off of @, yand 7, to some extent, are interconnec-
ted will essentially define suitability of material for PV.

2. Low-dimensional materials for photovoltaic
application

2.1. Absorption and band gap
Direct band gap semiconductors are highly favored in

many optoelectronic devices and would also be the first pre-
requisite for an absorber in solar cells. However, providing
the difference between direct and indirect gaps, AE, is small,
semiconductor can be characterized as quasi-indirect type,
showing both direct- and indirect-like properties. These cha-
racteristics are quite common in low-dimensional materials
(Table 1) and, as we will show, are highly suitable for PV
devices.

Indirect transition requires the participation of phonon(s)
which leads to a lower absorption event probability and there-
fore low absorption coefficient. However, when the energy of
photons is equal or greater than direct gap (Fig. 2(a)), absorp-
tion increases abruptly. Therefore, assuming that the ratio of
proportional constants between direct and indirect absorp-
tion is one tenth, we have calculated the number of photons
absorbed in indirect semiconductor with a thickness of 2 um
as a function of AE using AM1.5G solar spectrum (dashed
line-l in Fig. 2(b), Fig. S1 and Fig. S2). If the indirect band gap
of absorber is lower than 1.35 eV, then 85% of photons will
be absorbed when AE is in the range of 0.125-0.175 eV. For
larger band gap absorbers (> 1.35 eV), the conditions are
stricter requiring AE to be lower than 0.125 eV because of
lower photon flux density in the shorter wavelength region
of solar spectrum. Evidently, on a theoretical basis, a large
part of the solar radiation can still be absorbed by an indir-
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Fig. 2. (Color online) (a) Photon absorption and carrier dynamics for a quasi-indirect band gap semiconductor. Photons are first absorbed via dir-
ect band gap (I) or indirect band gap (ll), they then thermodynamically relax to the indirect band gap (lll) and eventually recombine (IV). (b) The ra-
tio of photons absorbed to the total number of photons (N, photon number in AM 1.5 G spectrum with energy larger than E;,q) as a function
of AEand Ey. The blue-dashed line indicates a boundary of the 85%. A, and A, of dashed line 1 are 10° and 10* cm-'; A, and A, of dashed line 2
are 4 x 10 and 10* cm~; A; and A, of dashed line 3 are 2 x 10* and 10* cm~; A; and A, of dashed line 4 are 2 x 10* and 103 cm~". (c) The ratio of
electrons in indirect band (Ni,4) to the total number of electrons (Niy,) as a function of AE and temperature.

ect band gap semiconductor providing that AE does not ex-
ceed 0.175 eV. Although we have used typical values of ab-
sorption parameters (A; and A,, defined as the proportional
constants between absorption coefficient and (hv - £5)"/2 and
(hv - Eg)z, respectively), requirement for AE can range (de-
crease or increase) depending on the material’'s absorption
capabilities. For instance, for materials with low absorption,
AE is required to be below 0.1 eV to absorb the same num-
ber of photons (Fig. 2(b), dashed line-lll, IV).

2.2. Carrier recombination and lifetime

Besides the light absorption, another key parameter to
evaluate the potential of PV material is the carrier lifetime.
There is a general consensus that an absorber with > 1 ns of
carrier lifetime is necessary to achieve PCE of solar cell over
10%0"9), In the indirect band gap materials, because of the
same momentum conservation requirement radiative carrier
lifetime, T,,4, is generally longer than in direct gap materials.
When electrons are excited into the conduction band by ab-
sorption of the photons, carrier redistribution (intervalley scat-
tering) occurs within hundreds of femtosecondsi2%, which is
faster than recombination. Under these quasi-equilibrium con-
ditions electrons will obey Fermi-Dirac distribution and oc-
cupy the bottom of direct and indirect conduction bands pro-
portionally. Based on Fermi-Dirac statistics we have calcu-
lated that 85% of all excited electrons will distribute in the in-
direct conduction valley when AE is larger than 0.045 eV at
room temperature (Fig. 2(c) and Supplementary). Con-
sequently, 85% of electrons will recombine via slow indirect re-
combination pathway resulting in the longer T,,q. Commonly,
defect-assisted (Shockley-Read-Hall) recombination limits the
carriers’ lifetime rather than radiative. Even then, simulation
shows that the effective carrier lifetime, expressed as 1/7.4 =
1/T,aq + 1/Tsgy, in an indirect band gap semiconductor will be
longer than in direct assuming that electrically active trap
density does not exceed 3 x 10 cm-3 (Fig. S2).

When AEis in the 0.045-0.175 eV range (for highly absorb-
ing materials) semiconductor can be described as quasi-indir-
ect gap type because of direct-like absorption and indirect-

like recombination characteristics. These features are highly de-
sirable in PV materials because they lead to a sufficiently high
absorption and long carrier lifetime without sacrificing one or
the other. Recently, the quasi-indirect character has been ob-
served in methylammonium lead iodide (CH3;NH;Pbls) per-
ovskite (AE = 0.04-0.07 eV)2], which has been considered to
originate from spin—orbit-coupling-related Rashba splitting or
collective orientations of the organic cations. Therefore,
CH3NH;Pbl; perovskite demonstrate strong optical absorp-
tion and long carrier lifetime, thus being an excellent materi-
al for solar cell application22,

We acknowledge that quasi-indirect band gap is not a
unique feature of low-dimensional materials, but due to low
crystal symmetry they possess an indirect type band gap
(Table 1). Therefore, materials with low-symmetry structure
offer many ways to fully exploit quasi-indirect characteristics,
which is highly desirable in PV applications.

2.3. Defects and doping

Understanding the formation of defects and impurities in
the semiconductors allows the control of its electrical proper-
ties and is important for optimization of functional opto-
electronic devices(?3l. The concentration of deep “killer” de-
fects defines carrier lifetime which is one of the critical para-
meters described above, whereas shallow defects are used to
tune semiconductor’s conductivity and its conduction type.
In principle there are two generic approaches to introduce
doping: (i) intrinsic, when growth conditions are adjusted to fa-
vor the formation of native point defects with low ionization
energy; and (ii) extrinsic, when impurity atoms (with higher
(lower) number of valence electrons) are introduced into the
lattice intentionally. Both strategies are commonly implemen-
ted in semiconductors, extrinsic being more prevalent in Si,
Ge, lI-V and I-VI family materials and intrinsic in
Cu(In,Ga)Se,, CuyZnSnSe, and CdTe. The formation of de-
fects (extrinsic or intrinsic) is always followed by structural
changes in the crystal lattice. In 3D materials, large structural
distortion results in high formation enthalpy of particular de-
fect. However, in low-dimensional materials, due to exist-
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Fig. 3. (Color online) Point defects in Sb,Se; taking into account, it con-
tains two kinds of Sb and three kinds of Se. Reprinted from Chen et
al27) with permission.

ence of voids (gaps) between layers or ribbons, structural de-
formation can be accommodated without significant energy
penalty. This leads to some of the abnormal defect chemistry
seen in the low-dimensional materials, including low forma-
tion energy of substitutional cation on anion and interstitial
type defectsi24 251, and unusual acceptor character of anion
on cation type defectsi26:271. Additionally, in some low-dimen-
sional materials due to asymmetric coordination environ-
ment, the same atom can occupy several (or more) inequival-
ent lattice sites and lead to distinctive defect properties result-
ing in the complex defect chemistry even for simple binary
composition compounds (Fig. 3). To apprehend the defect
properties in the material, first principal calculations provide
best tools. However, we note that the landscape of low-di-
mensional materials defect chemistry will be more complic-
ated because of their low crystal symmetry and higher structur-
al distortion tolerance.

2.4. Anisotropy and mobility

Low structural dimensionality leads to the restricted elec-
tronic dimensionality and therefore to highly anisotropic car-
rier movement(28l, The degree of anisotropy (e.g. in terms of
conductivity) depends on the low-dimensional material and
can vary from 0.001 (for MoSe;,) to 0.33 (GeSe), as detailed in
Table 1. This will inevitably affect photo-generated carrier
transport across the absorber and consequently perform-
ance in the PV device (Fig. 4(a)). Zhou et al. found that the
PCE of 1D Sb,Se; solar cells can be almost doubled when ab-
sorbers are oriented with c-axis (covalently bonded) inclined
rather than parallel to the substratel29], In addition, van der
Waals (vdW) surfaces having no dangling bonds do not intro-
duce surface states which could potentially act as recombina-
tion centers or carrier traps (Fig. 4(b)). It was shown that (hk0)
surfaces in 1D Sb,Se; have clean bandgaps, i.e. no energy
states within the gap!?9l. The orientation of the absorber res-
ults in either electrically benign grain boundaries or low-dens-
ity defects at interfaces, in analogy to the van der vdW hetero-
junction. Additionally, in low-dimensional materials, vdW het-
erojunctions can be potentially realized which offer high qual-
ity and sharp interfaces3. Interfaces with low recombina-
tion velocity provide possibilities to reduce absorber thick-
ness, and therefore mitigate the requirements for high qual-
ity (low bulk defect density) absorbers. The importance of crys-
tallographic orientation for 2D CuSbS, absorbers for device
performance was also stressed by Welch et al3l,

Mobility is one of the parameters describing the trans-

port of photo-generated carriers is the mobility. Assuming
zero-optical phonon scattering model carrier mobility de-
pends on effective mass because y — m*->232. m* is direc-
tion dependent and typically large along the direction perpen-
dicular to vdW planes, and therefore will result in relatively
low mobility even in single crystalsB3l. Therefore, to maxim-
ize carrier collection efficiency in solar cells with low-dimen-
sional absorbers, the control of orientation will be of para-
mount importance.

2.5. Surface properties

Another aspect of low-dimensional materials is the large
difference in the surface energies of specific facets. This origin-
ates from the fact that surfaces terminated by vdW bonds
will not produce dangling bonds and will result in low sur-
face energyl8l. For instance, calculated surface energy of 2D
CuSbSe, vdW plane (001) was 0.18 J/m2, which is two-fold
lower than the second lowest surface energy of (201) facet,
leading to a strong preferred (001) texture in polycrystalline
filmsB9, In Si and Ge, for instance, the difference between
two lowest surface energies is only ~20%I60], Although there
is no direct correlation between surface energy and electron
ionization potential (IP) or electron affinity (EA), planes with
large difference in surface energy will inevitably have dis-
tinct IP and EAI®'; see Fig. 5. Such a case encountered in poly-
crystalline absorbers can lead to a non-optimal band align-
ment although with the same buffer layer and therefore
pinned open circuit voltage and consequently solar cell per-
formance. Welch et al. calculated that (001) and (010) sur-
faces of 2D CuSbS, can have conduction band offset differ-
ence of 0.55 eV with the same buffer layer leading to a re-
duced open-circuit voltage as a result of cliff-like band align-
mentB', Exemplary cases of SnS and CuSbS, strongly sug-
gest that other low-dimensional materials will also suffer
from a large difference in IP and EA of covalent (vdW) termin-
ated surfaces.

2.6. Growth kinetics

The growth principals of low-dimensional materials will dif-
fer from 3D because of severe bonding anisotropy. For in-
stance, the classical island growth regime in 3D crystals
occurs when atoms are bonded stronger with each other
than with substrate, leading to an island-like morphology
(Fig. 6(a)). In the case of low-dimensional materials under the
same growth conditions, atoms will prefer to bond with each
other. However because of large difference in bond strength,
adatoms will be preferably attached along the strong bond
axis (Fig. 6(b), red arrow). This will lead to the growth of
nanowires or sheets parallel to the substrate, which is more
characteristic to the layer-by-layer growth regime than the is-
land regime. In 3D materials, a strong interaction of adatoms
and substrate atoms will result in layer-by-layer growth re-
gime because the most energetically favored position will be
at the terrace forming strong bond with substrate and grow-
ing layer (Fig. 6(c)). For low-dimensional materials, a strong in-
teraction with the substrate will lead to nuclei orientation per-
pendicular to the surface (in terms of strong bond direction),
and therefore positions on top of growing nuclei and on sub-
strate will be equally favored leading to growth of nanowires
or sheets normal to the substrate (akin to the island-like
growth regime), Fig. 6(d). This hypothetical model shows the
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Fig. 5. (Color online) Layered crystal structure of SnS with Pnma space
group and calculated morphology of the grain based on the surface en-
ergy. Surface energy (SE), EA and IP of various SnS facets. Printed with
permission(61],

fundamental difference in growth dynamics of 3D and low-di-
mensional materials and highlights the importance of the sub-
strate to control film orientation.

In thin film solar cells, polycrystalline substrates are com-
monly employed and therefore will lead to the growth of
films with more dispersed orientations than presented above.
Commonly, on polycrystalline substrates, the orientation of
3D materials adopts close-packed plane parallel to the sur-
face, i.e. (111) for cubic, (112) for tetragonal or (0001) for
hexagonal crystal structures. In contrast, for low-dimensional
materials the substrate will play significant role for film orienta-
tion, according to the nature of interaction discussed above.
For instance, vdW planes in thermally evaporated Bi,Ss,
Sb,Ses, Sb,S3, SnS and Bi,Se; films were predominantly ori-
ented parallel to the surface when deposited on inert sub-
strates such as glass or atomically smooth Sil®3-67], represent-
ing the case in Fig. 6(b). However, on the other substrates
with exposed dangling bonds the growth of films with colum-
nar structure comprised of rods (platelets) perpendicular (in-
clined) to the substrate is expected. High degree of (00/) tex-
ture with columnar structure of 1D SbSI films was achieved
by using anodized TiO, nanotubes and Sb,S; as substrates in-
stead of chemically inert Ptl68 69, Qur experiments indicate
that on MoSe, substrates with basal plane oriented vertically,
1D Sb,Se; tend to grow with (101) and (001) preferred orienta-
tion in the wide substrate temperature range presumably be-
cause of better lattice matching’%, Recently, Abdurashid et
al. systematically investigated the correlation between the
growth parameters and the crystallographic orientation of
Sb,Se; thin films based on the pulsed laser deposition meth-
od”1, Hence, the growth regime and therefore orientation of

low-dimensional material can be controlled by choosing an ap-
propriate substrate or modifying its surface.

The properties of the substrate will dictate the orienta-
tion of low-dimensional thin films, however, kinetically lim-
ited growth conditions can also be used to steer growth dy-
namics. During the growth of SnS, increased deposition flux re-
duced the adatom'’s surface diffusion length. Consequently in-
stead of thermodynamically favored growth of sparse plate-
let-like grains, a compact cube-shaped grain morphology was
obtained[”2. This also resulted in significant increase in solar
cell performance. Under high growth rate conditions, facets
with the fastest vertical growth rate will be selectively pro-
moted and eventually dominate film orientation. 1D Sb,Se;
thin films deposited under high growth rate regime had expli-
cit orientation of c-axis (strong bond) inclined to the surface
on various substrates’%, Inducing kinetically controlled
growth conditions can lead to the improved film morpho-
logy and desired orientation, especially tuning the growth
rate. However to achieve high degree of texture appropriate
choice of substrate will be also important.

2.7. Current research status of solar cells based on low-

dimensional materials

Many low-dimensional materials have been explored as
potential PV absorbers, such as the one-dimensional Bi,Ss,
Sb,Se;, Sb,S; and their alloys, two-dimensional CuSbSe,,
CuSbsS,, GeSe, SnS, and recently Se and BiOl gained an in-
terest for wide bandgap PV application (Table 1). Among
them, the record PCE has been achieved in solar cells with
Sb,(Se,S); absorber!>'., The symbolic double digit PCE barrier
has been broken (10.5%), which has attracted the attention
of the worldwide scientific community. This is evident by the
significant increase in number of publications including re-
cent review articles regarding Sb-based solar cells®l
However, the efficiency of the other low-dimensional materi-
als based solar cells except the antimony chalcogenides is gen-
erally lower than 5% (Table 1)) This could be related to the
lack of dedicated research or intrinsic limitations of specific ma-
terial (e.g. high anisotropy in carrier mobility). Although vis-
ible progress has been made in the last few years, the effi-
ciency is still far behind when compared to the traditional
three-dimensional-based solar cells. Most of the solar cells
made of low-dimensional materials suffer from high open-cir-
cuit voltage (Voc) deficit (Eg/q — Voc)73L. Vo is directly related
to the quality of the absorber (presence of deep defects) as

R Kondrotas et al.: Low-dimensional materials for photovoltaic application
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an island-like growth mode, whereas (c) layer-by-layer(62],

well as overall device structure (passivation of interfaces). Com-
plex defect chemistry, short carrier lifetime (at the scale of
sub-nanoseconds), strong anisotropic conduction band mini-
mum (CBM) and valence band maximum (VBM) found in
low-dimensional materials can lead to high Vy deficit. In
recent review article on Sb,Se;, authors discussed the rela-
tionship between V¢ deficit and the basic material proper-
ties of Sb,Se; (including carrier lifetime, defects, carrier dens-
ity, and band tail states) and device properties (including re-
combination mechanism, hole transport layer, and device struc-
ture)73l. Removing, reducing or passivating the deep defects
and improving the carrier lifetime are the development trend
of solar cell in the future. For instance, a two-stage synthesis
by first sputtering high purity Sb layer and subsequently an-
nealing it in reactive Se atmosphere demonstrated a prom-
ising route in achieving high Voc (> 0.5 V) Sb,Se; solar
cellsl74l, Unintentional impurities found in source material can
introduce unexpected defects’?l. Depending on the nature
of the impurity it can create shallow or deep detrimental de-
fect, therefore it is important to carefully control experiment-
al conditions. In addition, the new fabrication technologies
and solar cell designs are also important for the efficiency
breakthrough. The use of hydrothermal method and ultra-
thin absorbers are poised to be the main reasons for the effi-
ciency improvement in record Sb(S,Se); solar cells5",

3. Conclusion

We discussed and showed that low-dimensional materi-
als could be applied to device level. This broadens the scope
of potential application from nanomaterials to the macro-
scale devices such as solar cells, photodetectors, light emit-
ting diodes and thermoelectrics. We probed various PV-re-
lated material properties and growth mechanism for low-di-
mensional materials with an aim to provide new insights and
design options for functional devices. Low-dimensional materi-
als offer a bright future for various electronic, optic and
photonic applications and fabrication of high-quality films
with controlled properties will be the next step for their suc-
cessful implementation.
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