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Abstract The influence of the Schottky contact is studied for hole transport material (HTM) free
CH3NH3PbI3 perovskite solar cells (PSCs), by using drift-diffusion and small signal models. The basic
current-voltage and capacitance-voltage characteristics are simulated in reasonable agreement with exper-
imental data. The build in potential of the finite CH3NH3PbI3 layer is extracted from a Mott-Schottky
capacitance analysis. Furthermore, hole collector conductors with work-functions of more than 5.5 eV are
proposed as solutions for high efficiency HTM-free CH3NH3PbI3 PSCs.

1 Introduction

Due to their potential for photo-induced carrier sep-
aration [1], various Hetero-Junction Solar Cells (HJSCs)
have been experimentally [2, 3] and theoretically [4, 5] in-
vestigated Selected doped functional materials are added
on each side of the Light Harvesting Material (LHM) to se-
lect photo-induced carriers. The electron transport mate-
rial (ETM) is used to extract photo-induced electrons and
block holes, while the hole transport material (HTM) has
a complementary function. HJSCs based on low-cost, easy
processed [6–8] and highly absorbing [9, 10] semiconduc-
tor [11] halide perovskites have indeed led to high Photon-
to-electron Conversion Efficiency (PCE) rising from 3.8%
(2009) up to 22.1% (2016). Nowadays, these values are
very close to the record value of silicon based solar cells
(25.6%) [12].

As predicted from the detailed balance principle [13],
if no defect-assisted recombination occurs in LHM and
if the cell open circuit voltage (VOC) equals to LHM’s
energy band gap (Eg) divided by elemental electron charge
(q) the silicon based and the Perovskite based Solar Cells
(PSC) should achieve maximum PCE of 44% and 37%,
respectively. However, due to limited Internal PL quantum
yield (iQY) and non-zero entropy, the maximum VOC [14]
is smaller than Eg:

qVOC = Eg − TΔS − kBT |ln iQY | (1)

where T is the absolute temperature and kB is the
Boltzmann constant. If optical losses are weak and the
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contacts are almost ideal, an open circuit voltage (VOC)
of about 1.2 V is expected for CH3NH3PbI3 [15]. In pace
with the enhancement of stability [16,17], the influence of
defects was weakened down to an acceptable level [18,19],
while the band offsets between the LHM and ETM or
HTM remain major factors impeding PCE [15, 20–23].
ZnO nanorods [24] or PCBM [25], ETM [26] are able to
minimize the band offset at the conduction band mini-
mum (CBM) and allow building almost ideal contact at
ETM/LHM interface. However HTM very often present
large band offsets at valence band maximum (VBM) and
low carrier mobility [23, 27–29]. Alternatively, PSC with-
out HTM layer was proposed as a solution towards high
efficiency. After Etgar and coworkers early directly de-
posited gold on CH3NH3PbI3 and demonstrated that
the CH3NH3PbI3 material can be simultaneously consid-
ered as a light harvester and a hole conductor, leading
to PCE of 8% [30]. Then porous carbon film was used
as contact for fully printable HTM-free PSCs with effi-
ciency of 12.8% [17]. And PSCs with single-walled car-
bon nanotubes as hole collector achieved efficiency of
15% [31, 32]. In such case, solar cells benefit from fewer
interfaces, and the optical and electrical losses in the
HTM layer are eliminated as well. In Figure 1, the archi-
tecture of the HTM-free CH3NH3PbI3 PSC is schematic
represented by comparison to that of classical PSC Gold
for example, is directly connected with CH3NH3PbI3 as
the hole collection electrode and a Schottky contact is
formed [33].

To get an insight into the HTM-free PSC operation, di-
rect current and small signal simulation analyses [5, 34–37]
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Fig. 1. Schematic representations of perovskite solar cells with
(a) a hetero-junction or (b) a Schottky contact at hole collector
side, respectively.

were performed including basic semiconductor models: the
Poisson equation, the current continuity equation and a
drift-diffusion model. The critical transport and recombi-
nation processes in solar cells can thus be quantitatively
analyzed. Nevertheless, few numerical analyses were ded-
icated up to now to HTM-free PSCs. In our work, the ba-
sic current-voltage (J-V ) and capacitance-voltage (C-V )
characteristics of HTM-free CH3NH3PbI3 based PSCs are
studied with drift-diffusion and small signal models [38],
which are integrated in Silvaco Atlas simulator [39].

2 Numerical modeling

The physical model is numerically simulated in Atlas
by solving a set of coupled equations including Poisson’s
equation (2), continuity (3a) and (3b) and transport equa-
tions (4a) and (4b) for electrons and holes densities. These
equations link together the electrostatic potential profile
and the charge distributions, and describe the evolution
of electron and hole densities under external bias and
light illumination, including carrier transport, generation,
and recombination processes. The bimolecular recombi-
nation model corresponds to the formula (5). The trap-
assisted recombination model is described in formula (6),
(7a) and (7b), while the photo-induced carrier generation
processes are introduced through complex refractive index
of materials. Simulations were carried out under equilib-
rium and small AC conditions, with and without AM1.5
sun illumination, in order to obtain J-V and C-V charac-
teristics of HTM-free CH3NH3PbI3 PSCs

Δψ = −ρ
ε

(2)

where ψ is the potential, ρ is the charge density and ε is
the dielectric constant.

∂n

∂t
=

1
q
div �Jn +Gn −Rn (3a)

∂p
∂t

= −1
q
divJp +Gp −Rp (3b)

where n(p) is the electron (hole) density, t is the time, Jn

(Jp) is the electron (hole) current density, G and R are

the generation and recombination rates respectively. The
footnote n(p) is related to electron (hole).

�Jn = −qμnn∇φn (4a)
�Jp = −qμpp∇φp (4b)

where μ is mobility and φ is the quasi-Fermi level

Rbi = kbi

(
np− n2

i

)
(5)

where kbi is the bimolecular recombination coefficient and
ni the intrinsic electron density

RSRH =
pn−n2

i

τn

[
p+ni · exp

(
−ΔE
kBt

)]
+τp

[
n+ni ·exp

(
ΔE
kBT

)]
(6)

τn =
1

SIGn · vn ·Nt
(7a)

τp =
1

SIGp · vp ·Nt
. (7b)

The Shockley-Read-Hall (SRH) recombination mechanism
is described by equation (6) τ is the charge carrier lifetime
for trap-assisted process. The relationship between τ and
trap density (Nt) (Eq. (7)) depends on the traps capture
cross section (SIG) and the thermal velocity (v). ΔE is the
absolute energy difference between the trap level and the
intrinsic Fermi level (Ei) in the bulk. Ei is approximately
located in the middle of energy band gap. If ΔE = 0, the
maximum of SRH recombination rate is obtained. In other
words, the deep trap centers lead to the highest recom-
bination rates and are harmful for photo-induced carrier
extraction. We set τn = τp, μn = μp to reduce the number
of parameters in the present work.

3 Basic properties of HTM-free PSC

A basic modeling of HTM-free Perovskite Solar Cells
(PSCs) studied experimentally by Etgar’s group [40], re-
lies on TiO2/CH3NH3PbI3/Au architecture with a com-
puted static band alignment shown in Figure 2. Heavily
n-type doped ETM anatase (TiO2) [41–43] and hole col-
lector gold are added on each sides of lightly n or p-doped
CH3NH3PbI3 [1, 44, 45]. Under thermal equilibrium and
short circuit condition, the Fermi-level (Ef ) remains con-
stant as reference through the device, and the band off-
sets at each interface yield two potential barriers. It is
clear that the major potential drop Δψ is located in the
CH3NH3PbI3 layer. Therefore, the major part of the elec-
trical current originates from carrier drifting rather than
carrier diffusion. The main properties of the materials used
for the simulation are summarized in Table 1, including
χ, Eg, the doping level (N), the effective masses of elec-
tron and hole (m∗

e& m∗
h) and the relative dielectric con-

stant (εr). The thickness of TiO2 and CH3NH3PbI3 lay-
ers are both equal to 300 nm. The work function (WF)
of gold is 5.1 eV [33,46]. An Ohmic contact is considered
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Table 1. Main properties of the materials.

X Eg N me*&mh* εr

(eV) (eV) (cm−3) (m0) (ε0)

HOIP 3.9 1.6
n = 4e16* 0.23&0.29 70

or p = 8e16* [48] [49]

TiO2 4.1 3.3
5.6&5.6 31

1e19 [41]
[50] [51]

Notes: HOIP means CH3NH3PbI3; * indicates fitting
parameter.

Fig. 2. Static band diagram of (a) n-doped and (b) p-doped
CH3NH3PbI3 based HTM-free PSCs.

at the bottom of the TiO2 layer on the other side. The
bimolecular recombination coefficient kbi of CH3NH3PbI3
is 10−9 cm3/s [47]. Due to lack of precise trap character-
ization, ΔE is set to zero and Nt is 1010 cm−3, while τ
and μ are tuned to match the experimental data.

3.1 Capacitance characteristics

In order to obtain efficient energy conversion in so-
lar cells with low mobility LHM, a high build in poten-
tial (Vbi) is necessary to prevent significant losses due to
carrier recombination processes competing with charge ex-
traction processes [52]. In our case, a Schottky contact [53]
is formed at interface CH3NH3PbI3/Au. Therefore, Vbi

can be extracted from a Mott-Schottky capacitance anal-
ysis. The device architecture in our work is shown together
with the circuit in Figure 3. The capacitance expression

Fig. 3. Circuit used for Mott-Schottky capacitance analysis.

Fig. 4. The computed and experimental (solid line) C-V char-
acteristics in dark of HTM-free PSC. N-doped HOIP with
(without) an n-doped interfacial layer (IF) at Au/HOIP inter-
face is indicated as dash dot (dash) line. P-doped HOIP with
(without) a p-doped IF at TiO2/HOIP interface is indicated
as short dash dot (short dash) line. The Vbi values extracted
from the IS1 and IS2 intersections are equal to 0.6 and 0.9 V,
respectively.

is given by:

1
C2

=
2

qA2ε0

(
1

Nεr

) (
Vbi − Vbias +

kBT

q

)
(8)

where C is the junction capacitance, A is the junction
area, ε is the vacuum permittivity, N is the activated
dopant density in semiconductor and εr is the relative per-
mittivity. In our work, a small signal analysis [38] is used
to simulate C-V characteristics of HTM-free CH3NH3PbI3
PSC. The signal frequency is set at 1 kHz for simulation,
as in practical measurement. The theoretical characteris-
tics is presented in Figure 4 and compared to available
experimental data [40]. In order to fit the experimental
data, an effective interfacial layer (IF) was introduced into
the architecture for each type of CH3NH3PbI3. For n-
doped CH3NH3PbI3, the IF of 8.5 nm is heavily n-doped
and located between Au and CH3NH3PbI3. For p-doped
CH3NH3PbI3, the IF of 3.4 nm is heavily p-doped and lo-
cated between TiO2 and CH3NH3PbI3. The doping level
of each IF is equal to 2e19 cm−3. The influence of IF is
further discussed at the end of the section.

As the bias reversely increases, the extension of the
depletion region starts at the CH3NH3PbI3/Au interface,
then goes through the CH3NH3PbI3 and finally into the
TiO2 Because of the different N and εr values in both
CH3NH3PbI3 and TiO2, C-V curves under reverse bias
are bent into two stages. Similar phenomena were observed
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for III-V semiconductors [54,55]. The roughly constant ca-
pacitance at stage II is due to the heavy doping level in
TiO2, in comparison with the smaller slope related to the
small doping level in CH3NH3PbI3. The point A in Fig-
ure 4 corresponds to the transition point of the depletion
region from stage I to stage II. According to expression (8),
the Vbi of a finite CH3NH3PbI3 layer is extracted from the
intersection (IS) as pointed out in Figure 4. The fluctu-
ations of experimental data at stage II can be explained
by non-uninform doping in the TiO2 layer. Because of the
huge effective surface area of nano-porous TiO2 [56–58]
and the rough surface of CH3NH3PbI3 layer [58], it is
risky to extract N , εr or thickness (d) of CH3NH3PbI3
from the expression (8) and classic parallel plate capaci-
tance expression (9), directly. In the model the effective
area of capacitance interface (Aeff ) is around two times
as large as the active area of practical gold electrode

C =
εrε0Aeff

d
. (9)

If more uniform growth of material layers for HTM-free
PSCs is achieved in the future, it will be possible to extract
more quantitative information from C-V measurements,
related to N , εr and the thickness of the CH3NH3PbI3
layer.

3.2 Photovoltaic characteristics

Due probably to the different growth procedures
employed by the experimental groups, some devia-
tions are found for the absorption coefficients values of
CH3NH3PbI3 in reference [59]. For that reason, the ab-
sorption coefficient curve used in our simulation was rather
obtained by fitting the experimental IPCE spectrum data.
In Figure 5, the simulated J-V characteristics under 1 sun
of 1.5 AM illumination are presented along with experi-
mental data. A good matching to the experimental J-V
curve is achieved based on n-type CH3NH3PbI3 when its
τ = 80 ns and μ = 0.2 cm2/Vs. These empirical val-
ues are consistent with commonly measured values for
the CH3NH3PbI3 material. The paper will only discuss
n-doped CH3NH3PbI3 based PSCs in the following sec-
tions, because a better agreement with experimental C-V
and J-V characteristics is obtained in this case

From the comparison of the experimental and com-
puted C-V characteristics (Fig. 4), it is necessary
to assume that a heavily n-doped IF exists at the
CH3NH3PbI3/Au contact. Alternative hypotheses with
layers containing acceptors or surface states, were ex-
plored but without success. Indirect evidences of the ex-
istence of such an IF can be found in the report of Liu’s
group [33]. Using ultraviolet photoemission spectroscopy
(UPS), these authors indeed showed that during the de-
position of the gold contact, the Fermi level undergoes a
progressive shift. Noteworthy, the presence of metal nano
particles [60] or charged ions [61–63] at the interface was
discussed by other groups. This Fermi level shift is simu-
lated in the present work by introducing an effective and

Fig. 5. J-V characteristics under 1 sun illumination of n-doped
CH3NH3PbI3 based HTM-free PSCs with (dash line) and with-
out (dash dot line) interfacial layer (IF) The τ and μ of n-doped
CH3NH3PbI3 are equals to 80 ns and 0.2 cm2/Vs, respectively.
And p-type CH3NH3PbI3 is pictured by dot line as example
with τ of 18 ns and μ of 0.2 cm2/Vs.

Fig. 6. (a) Static band alignment and (b) potential profile
with and without interfacial layer (IF).

heavily n-doped CH3NH3PbI3 IF. The high density of pos-
itive ionized charges in the IF leads to a reduction of the
Vbi from 0.9 to 0.6 V, in good agreement with the experi-
mental value (Fig. 4).

The static band alignment and potential profile with
and without IF are represented in Figures 6a and 6b, to
have an insight into the device operation. Even though
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Fig. 7. (a) Open circuit voltage (VOC), fill factor (FF) and
efficiency (Eff) of HTM-free CH3NH3PbI3 PSC as a function
of the work-function (WF) of hole collector conductor. (b) Va-
lence band variation as a function of WF.

the band offset at the CH3NH3PbI3 surface is pinned by
the gold contact, the effective potential drop across the
CH3NH3PbI3 layer is lowered by the presence of the IF.
As a consequence, the losses due to carrier recombination
processes increase and the efficiency of PSC decreases from
11% to 8%, as shown in Figure 5. A thick IF has clearly
a detrimental effect on the photovoltaic efficiency.

4 Influence of work-function

The efficiencies of the PSC can be increased by im-
proving the intrinsic properties of the perovskite (τ and
μ). We propose in this work to explore an additional pos-
sibility for HTM-free PSC. It is indeed possible to en-
large Vbi by increasing the WF of the metal used for the
Schottky contact. In Figure 7a, VOC , fill factor and effi-
ciency are presented as a function of WF. These param-
eters are improved until saturation is reached for a WF
value of 5.6 eV, while the short circuit current (JSC) is
almost constant and equal to 19 mA/cm2. The efficiency
of HTM-free PSC can be enhanced up to 17% (Fig. 7a) by
this way, and as stated before further enhancements could
also be expected by improving the intrinsic properties of
the perovskite.

Furthermore, as shown in Figure 7b, the change of
VBM is very small except for the part close to the

CH3NH3PbI3/Au interface, as the WF of the metal in-
creases up to 5.6 eV, larger than the VBM of CH3NH3PbI3
(5.5 eV). As a result, the overall Vbi in CH3NH3PbI3 layer
becomes almost saturated. When the carrier recombina-
tion rate is small enough, the JSC mainly depends on
absorption properties and is almost independent of Vbi.
Palladium [46, 64] or Selenium [65] are examples of hole
collector conductors with WF larger than 5.5 eV.

5 Conclusion

In summary, a detailed investigation of C-V and J-V
characteristics of HTM-free CH3NH3PbI3 PSC has been
proposed, based on the drift-diffusion model and small sig-
nal analysis. The simulation results are in good agreement
with experimental data. An effective heavily doped inter-
facial layer was introduced at the interface to fit the C-V
characteristics It is also shown in this work that, an in-
crease of WF of the hole collector conductor, is expected
to enhance the PSC efficiency.

The work at FOTON was supported by French ANR Super-
sansPlomb project.
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