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progress in the efficiency of photovoltaic elements based 
rid organic–inorganic perovskites attracts a tremendous 

mental and theoretical attention1. The instability of the 
otovoltaic elements was gradually overcome either by 
 encapsulating the sensitive parts2 and creating 
hobic contacts3 or by replacing conventional perovskites 

table modifications.4 In particular, a power conversion 
ncy (PCE) of around 25% was reported.5 The Shockley–
er efficiency limit of perovskite solar cells with a 
kite band gap of 1.58 eV is about 31% under standard 
ions AM1.5G.6 The formation of morphology contacts to 
kite for suppressing interface charge recombination was 
.7–11 The careful treatment of band offsets at perovskite–
n transport material (ETM) and perovskite–hole 
rt material (HTM) interfaces is also important. Much 

on is paid to the lowering of barriers that prohibit the 
ion of current carriers from the absorber.12 At the same 
he barriers to the current flow from ETM/HTM layers to 
orber play a significant role.13–15 Here, we consider the 
 architecture of a perovskite photovoltaic element (PPE) 
xample: TiO2–CH3NH3PbI3–Spiro-OMeTAD. The PCE 
PPE can be further improved by tailoring contact barrier 
s.
 PCE of the PPE can be expressed as JscVocFF/Pinc, 
Jsc is the short circuit current; Voc is the open circuit 

e; FF is a fill factor, and Pinc is the solar irradiation 
 To increase the Jsc, a sufficiently thick absorber or light-
g mechanisms should be used. On the other hand, the 
t (VocFF in p–i–n or p–n photodiode is the increasing 
n, when the total recombination rate R decreases. The 
can be defined as

Nmean LA/tlf,	 (1)

 Nmean is the mean (over absorber thickness) injected 
 concentration, tlf is the carrier recombination lifetime, 

and LA is the absorber thickness. Consequently, a decrease in 
the absorber thickness increases the product VocFF. At the 
same time, the decrease in the thickness should decrease the 
short circuit current. Since we can keep Jsc nearly constant 
with the aid of a light-trapping technique, it follows from (1) 
that the PCE increases with (a) absorber purification due to 
an increase of the carrier life time tlf,16 (b) decreasing the 
absorber thickness,17 and (c) tailoring contact barriers to 
decrease the carrier concentration injected into the absorber 
Nmean. The influence of tlf and LA on the PCE of the PPE was 
investigated previously,16,17 and we will consider the contact 
tailoring.

Let us discuss the influence of recombination on the product 
VocFF and consider the band structure of a typical  
TiO2–CH3NH3PbI3–Spiro-OMeTAD PPE [Figure 1(a)]. It is 
well known that a maximum voltage is obtained under the 
illumination of a photovoltaic element under open circuit 
conditions. This voltage shifts a p–i–n diode in the forward 
direction and generates the injection of electrons from TiO2 
and holes from Spiro-OMeTAD into the perovskite. This 
injection current ( j ) should be precisely equal to the 
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a	State Scientific-Production Enterprise ‘Istok’, 141190 Fryazino, Moscow Region, Russian Federation. 
E-mail: yaroslavmartynov@yandex.ru

b	Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russian Federation
c	 Dubna University, 141982 Dubna, Moscow Region, Russian Federation
d	Universitat de les Illes Balears, E-07122 Palma de Mallorca, Spain

DOI: 10.1016/j.mencom.2021.07.007

E
ne

rg
y/

eV
Vacuum level
Conductance band edge
Fermi level
Valence band edge

ETM Perovskite HTM

–4

–2

0

2

4

0.0 0.1 0.2 0.3 0.4
X/µm

hA + D

hB + D

–0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.95

1.00

1.05

0 0.1 0.2 0.3 0.4 0.5 0.6

V
bi

  /V

V o
c /

V

D/eV

Voc  

Vbi  

fluence of contact barrier heights on the principal 
teristics (open circuit voltage, short circuit current, 
tor, and power conversion efficiency) of a perovskite 
oltaic element was examined by numerical simulations 

er to reach a maximum efficiency of the element. The 
 crystal fields at the perovskite boundaries was pointed 
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Figure  1  The p–i–n band structures of (a) the initial PPE TiO2–
CH3NH3PbI3–Spiro-OMeTAD, Vbi = 1.14 V and (b) the modified diodes,   
V
~

bi = 0. 
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photogenerated current flowing in the opposite direction (Jsc). 
We recall that the current ( j) is 

,	 (2)

where k is the Boltzmann constant, q is the electron charge 
modulus, T is the absorber lattice temperature, and js is the 
injection current at high negative applied voltages V ® –¥. At 
V = Voc, the total current through the irradiated PPE is 
jT = j(Voc) – Jsc = 0; consequently, we have

.	 (3)

From the continuity equation for the perovskite layer of the PPE 
in the dark at a high reverse bias, it follows that

.	 (4)

Here, jn is the electron current through the diode; n, p are the 
electron and hole densities, respectively; and ni is the carrier 
density in the intrinsic semiconductor. Using (4), we obtain

jn(A) = jn(B) = qNmeanLA/tlf, 	 (5)

where jn(A), jn(B) are the values of jn at the TiO2–perovskite and 
perovskite–Spiro-OMeTAD interfaces, respectively; while the 
mean injected carrier concentration is

. 	 (6)

There is a very high barrier for electrons flowing in the forward 
direction at the perovskite–Spiro-OMeTAD interface (Figure 1). 
Consequently, the electron current to the right from this boundary 
is zero; hence, jn(B) = 0. Similarly, there is a very high barrier for 
the holes moving in the forward direction at the perovskite–TiO2 
interface. Consequently, the hole current to the left from this 
boundary is zero; hence, jn(A) = js and 

js = qNmeanLA/tlf.	 (7)

Combining (3) and (7), we obtain

.	 (8)

Next, we attempt to reduce the injected carrier concentration  
Nmean by increasing the heights of two barriers. The first barrier 
is located on the left perovskite boundary (hA = cA – cP). It 
prohibits the forward electron current flow or the injection of 
electrons to the perovskite. The second one is located on the 
right perovskite boundary (hB = cP + EgP – cB – EgB). It 
prohibits the forward hole current flow or the injection of holes 
to the perovskite. Here, cA, cB, cP are the electron affinities of 
the ETM, HTM, and perovskite, respectively; and EgP, EgB are 
the perovskite and the HTM band gaps, respectively. The 
barrier height hA can be increased if we replace TiO2 by a 
semiconductor with higher electron affinity c~A = cA + DA, and, 
hence, h

~
A = hA + DA. The barrier height hB can be increased if 

we replace Spiro-OMeTAD by a semiconductor with lower 
electron affinity c~B = cB + DB and, hence, h

~
B = hB + DB (see 

Figure 1). Note that the electric fields generated by the built-in 
voltage (Vbi) and the crystal electric field generated by band 
discontinuities at the interfaces can contribute to the 
photogenerated electron–hole separation. Therefore, we vary 
the heights of these barriers simultaneously DA = DB º D with 
all other band parameters remain unchanged. This procedure 
keeps the sum

VS = V
~

bi + h
~

A + h
~

B = const.	 (9)

Here, the voltage V~bi is the built-in voltage 

V
~

bi = WB – WA,	 (10)

and WA, WB are the working functions of the ETM and HTM, 
respectively:

,	 (11)

,

,

.

m*
n /m*

p are electron/hole effective masses in ETM/HTM, 
respectively; h is the Plank constant; nn, pp are the main carrier 
concentrations in the ETM and HTM, respectively. Since we 
assume the ETM donor doping ND = 1019 cm–3 and the HTM 
acceptor doping NA = 3 × 1018 cm–3, nn » ND and pp » NA. 
Expressions (10) and (11) indicate that the built-in voltage 
decreases with D: V~bi = Vbi – 2D.

Initial barrier heights for TiO2–CH3NH3PbI3–Spiro-OMeTAD 
are hA = 0.25 eV and hB = 0.11 eV. With simultaneously 
increasing the heights of these barriers by adding portions (D) to 
the ETM and HTM electron affinities, we calculated the PCE for 
the resulting PPE structure. The initial structure of a TiO2–
CH3NH3PbI3–Spiro-OMeTAD p–i–n diode has the built-in 
voltage Vbi = 1.14 V [Figure 1(a)]. It was gradually modified by 
the above process to the p–i–n structure with a zero built-in 
voltage [Figure 1(b)].

The calculations demonstrate that a decrease in the forward 
injection current (and Nmean) with the height of barriers leads to 
the expected increase of the open circuit voltage [Figure 2(a)]. 
Then, this growth is replaced by a small drop of Voc at 
D ~ 0.35 eV, and the voltage Voc finally increases again. The 
PCE of the PPE has a maximum at D = 0.2 eV (h

~
A = 0.45 eV; 

h
~

B = 0.31 eV) [Figure 2(b)] due to poor FFs for the devices with 
D > 0.3 eV [Figure 3(a)]. According to the calculations, the 
optimal PPE structure is approached under the following 
conditions: the ETM with the electron affinity c~A = 4.2 eV and a 
band gap of 3.05 eV; the perovskite with electron affinity of 
3.75 eV and EgP = 1.58 eV; and the HTM with the electron 
affinity c~B = 1.92 eV and EgB = 3.1 eV. Such a small shift in TiO2 
conduction band energy, for example, can be obtained by TiCl4 
treatment on the compact TiO2 layer.13 The short circuit current 
is almost constant at the various values of D [Figure 3(b)]. This 
current remains unchanged even at D = 0.57 eV when V

~
bi = 0. 

This fact indicates that strong crystal fields at the perovskite 
boundaries are sufficient for the separation of photogenerated 
electrons and holes at a constant sum VS. Note that, even at 
D = 0.57 eV, a small electric field still exists inside the absorber 
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Figure  2  (a) Open circuit and built-in voltages and (b) the PCE as 
functions of the barrier height increments. 
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due to the suppressed but nonzero tails of the injected electrons 
and holes [see Figure 1(b)].

The engineering of different layer interfaces in perovskite 
solar cells is of considerable current interest.13–15 In particular, 
the ETM-perovskite barrier height was increased from 0.2 to 
~0.5 eV by TiCl4 treatment on the compact TiO2 layer in planar 
PSCs13. It results in an increase of the Voc and PCE. Furthermore, 
a new family of 2D transition metal carbides, nitrides and 
carbonitrides (MXenes) opens a new avenue in the interface 
engineering. For example, the height of the ETM–perovskite 
barrier can be varied from 0.45 to 0.05 eV by including MXenes 
as a dopant or an interlayer.14 It was observed that the initial rise 
of the open circuit voltage Voc and the PCE of the corresponding 
PSC were followed by a rapid decrease. This result is in a 
qualitative agreement with the optimal barrier height found in 
our research. The discrepancies can arise from the fact that the 
above treatments13,14 affect the ETM–perovskite band alignments 
and additionally increase the short circuit current. The latter 
implies the change of the number of additional interfacial 
vacancies and defects that are equal to the volume values in our 
model. This requirement corresponds to the ideal contact 
conditions that can occur in well-constructed structures.18

Thus, the PCE of a perovskite photovoltaic element can be 
further improved by tailoring the contact barrier height, which 
can be an additional independent approach to well-known 
methods such as the purification of a perovskite crystal structure 
or the use of light-trapping mechanisms.
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Figure  3  (a) FF and (b) the short circuit current as functions of the barrier 
height increments. 
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