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A B S T R A C T

This article reviews the various hole transporting materials (HTMs) used in perovskite solar cells (PSCs) in
achieving high photo-conversion efficiency (PCE) and operational stability. The PSCs are the latest development
in solution processable solar cells offering PCE (~22%) on a par with that of practically deployed silicon and thin
film solar cells. HTMs and electron transporting materials (ETMs) are important constituents in PSCs as they
selectively transport charges within the device, influence photovoltaic parameters, determine device stability
and also influence its cost. This article critically approaches role of structure, electrochemistry, and physical
properties of varied of choice of HTMs categorized diversely as small and long polymers, organometallic, and
inorganic on the photovoltaic parameters of PSCs conceived in various device configurations. Achievements in
tailoring the properties of HTMs to best fit for PSCs are detailed; a well-designed HTM suppresses carrier
recombination by facilitating the passage of holes but blocking electrons at the HTM/perovskite interface.
Moreover, in many PSCs the HTM acts as the first line of defense to external degrading factors such as humidity,
oxygen and photon dose, the extent of which depends on its hydrophobicity, permeability, and density.

1. Introduction

Organic–inorganic halide perovskites have attracted worldwide
attention due to their impressive electrical and optical properties
leading to remarkable performance in solar cells and light emitting
devices [1–5]. These materials can be represented by a general formula
ABX3, where A is an organic methylammonium (CH3NH3) ion [6] or
formamidinium (NH=CHNH3) ion [7–9], B is Pb, Sn, Cs, or Cd ion,
and X can be a halogen ion, I−, Br−, or Cl− [10]. The remarkable
performance of these perovskites in solar cells is attributed to their
broad light absorption throughout the visible and near infrared
spectrum, low exciton binding energy (~2 meV), and direct band gap
[11]. In addition to high absorption coefficients, these materials
demonstrated (i) long carrier lifetime (~270 ns) resulting in diffusion
lengths of few microns (~1 µm in its thin films [12] and up to ~175 µm
in single crystals [13]) so that the carriers can be transported safely
across a 300-nm thick perovskite absorber without recombination

[12,14–17], (ii) high dielectric constant (~18 –70) [11,18], and (iii)
high charge carrier mobility (~10–2320 cm2 V−1 s−1) [16,19] thereby
making them ideal photovoltaic materials [16,18,20]. Owing to these
unique characteristics, a certified power conversion efficiency (PCE) of
22.1% is reported so far [21,22].

Fig. 1 gives a broad overview of the various configurations of PSCs.
In a typical device, PSCs employ a thin perovskite absorber layer
(~300 nm) between an electron transport layer (ETL) and a HTM.
Based on whether electrons or holes are collected at the bottom
conducting substrate (usually a transparent conducting oxide, TCO),
the PSCs are classified as n-i-p or p-i-n device, respectively. The former
is also often termed as conventional and the latter as inverted
architectures in the literature, depending on whether an ETL or
HTM is deposited over the TCO (Fig. 1). The n-i-p architecture can
be further divided into (i) mesoporous PSC, employing a metal oxide
semiconductor (MOS) layer (~200–600 nm thick) as ETL with an
additional n-type compact layer (CL) over it [4], (ii) meso-super-

http://dx.doi.org/10.1016/j.nanoen.2017.02.025
Received 25 November 2016; Received in revised form 14 February 2017; Accepted 15 February 2017

⁎ Corresponding author at: Department of Physics, University of Konstanz, D-78457 Konstanz, Germany.

1 Currently on leave from Assiut University.
E-mail addresses: azhar-fakharuddin@uni-konstanz.de (A. Fakharuddin), rjose@ump.edu.my (R. Jose).

Nano Energy 34 (2017) 271–305

Available online 20 February 2017
2211-2855/ © 2017 Elsevier Ltd. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/22112855
http://www.elsevier.com/locate/nanoen
http://dx.doi.org/10.1016/j.nanoen.2017.02.025
http://dx.doi.org/10.1016/j.nanoen.2017.02.025
http://dx.doi.org/10.1016/j.nanoen.2017.02.025
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2017.02.025&domain=pdf

	Advances in hole transport materials engineering for stable and efficient perovskite solar cells
	Introduction
	Selection criteria for hole transport materials in PSCs
	Hole transporting materials and photovoltaic parameters in PSCs
	Charge transport/transfer at HTM-perovskite interface
	Hole transport materials and open circuit voltage in PSCs
	Buffer layers to reduce interfacial recombination at perovskite/HTM interface

	Hole Transporting materials in PSCs
	Small molecules based hole transporting materials
	Spiro-OMeTAD
	Role of dopants in spiroOMeTAD and its derivatives
	Alternative small molecule based hole transport materials to spiroOMeTAD

	Polymer hole transport materials
	P3HT
	PTAA
	PEDOT:PSS

	Other polymer, organic and carbon-based HTMs
	Oligomer HTMs
	Inorganic HTMs
	Copper iodide (CuI)
	Copper thiocyanate (CuSCN)
	Nickel oxide (NiO)
	Cuprous oxide (Cu2O)
	Graphene oxide (GO)
	Molybdenum oxide (MoO3)
	Vanadium oxide (VOX)
	Tungsten oxide (WOX)
	Nanocrystals
	Quantum dots


	Hole transport materials and stability of perovskite solar cells
	Degradation induced by spiroOMeTAD and P3HT
	Alternative HTMs towards stable perovskite solar cells
	Dopant free hole transport materials for stable PV operation
	Non-conventional HTMs (including composite HTM)
	Stability of HTM-free and monolithic perovskite solar cells

	Outlook
	Acknowledgements
	Supporting information
	References




