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In this study an ultra-thin MoO3 layer synthesized by a solution 

based technique is introduced as a promising interfacial layer to 

improve the performance of kesterite Cu2ZnSnSe4 (CZTSe) solar 

cell. Solar cells with 10 nm of MoO3 between Mo rear contact and 

CZTSe had larger minority carrier life time and open circuit volt-

age compared to the reference solar cells. Temperature dependent 

current density-voltage measurement indicated that the activation 

energy (EA) of the main recombination is higher (~ 837 meV) in 

solar cells with MoO3 layer, as compared to conventional solar 

cells where EA ~ 770 meV, indicating reduced interface recombi-

nation. A best efficiency of 7.1 % was achieved for a 

SLG/Mo/MoO3/CZTSe/CdS/TCO solar cell compared to the ref-

erence solar cell SLG/Mo/CZTSe/CdS/TCO for which 5.9 % effi-

ciency was achieved.   
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1 Introduction Kesterite compounds including 

Cu2ZnSn(Sx,Se1-x)4 (CZTSSe) [1–4], Cu2Zn(Sny,Ge1-

y)(Sx,Se1-x)4 [5,6], (Cuz,Ag1-z)2ZnSn(Sx,Se1-x)4 [7] are con-

sidered as promising candidates for earth abundant thin film 
photovoltaic technology. However so far device perfor-

mance of kesterite solar cells is limited to around 12 % that 

is still far away from the commercial level. One of the main 
flaws of kesterite solar cell is its low open circuit voltage 

(Voc), thus a large Voc deficit from the bandgap (Eg/q-Voc). 
Many theoretical and experimental studies have been dedi-

cated to understand the main reasons of large Voc deficit and 
reduce it. These efforts can be categorized to three main ap-

proaches: (1) Improving the absorber layer to reduce the 

bulk recombination via the tail states and potential fluctua-
tions in the bands. High density of charged defects [8,9], Cu-

Zn disorders [10], secondary phases [11,12], grain bounda-
ries [13], etc are counted as the possible reasons of the tail 

states in kesterite compounds. (2) Improving the band  
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alignment at the p-n junction mainly in Cu2ZnSnS4 (CZTS) 

solar cell in which a cliff-like conduction band offset exists 
at the CZTS/CdS interface [14,15]. (3) Improving the rear 

contact by introducing an interfacial layer such as TiN [16–
18], TiB [19], Ag [20], ZnO [21,22], Al2O3 [23], MoO2 [24], 

etc., between Mo and absorber layer. Mo coated glass usu-

ally is  used as the rear contact in CIGS and kesterite solar 
cells because of several advantages such as high reflectivity, 

good resistivity to the corrosive and high temperature 
selenization/sulfurization process and providing sources for 

beneficial alkali elements such as Na and K. Despite these 
advantages two main problems are attributed to the Mo rear 

contact in kesterite solar cells: (i) The decomposition reac-

tions due to the instability of the Mo/kesterite interface that 
leads to the formation of secondary phases and voids at the 

rear surface that affect the film growth, and introduces de-
fects into the absorber layer [16,25]. (ii) The existence of a 

Schottky barrier at the Mo/ kesterite interface suppresses the 
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hole transport and increases the recombination at the rear 
interface. Based on the thermal behavior of the series re-

sistance (Rs) a barrier height up to 135 meV for CZTSe solar 
cells [17] and 320 meV for CZTS solar cells [26] are re-

ported. In CIGS solar cell it has been shown that formation 

of a Mo chalcogenide layer decreases this Schottky barrier 
height [27]. However in kesterite solar cells the formation 

of a too thick Mo chalcogenide layer due to the uncontrolled 
reaction between Mo and kesterite can be detrimental to the 

solar cell performance [18,25]. To address these issues re-

lated to the Mo rear contact, different interfacial layers have 
been introduced between the Mo and absorber layer. TiN 

layer was reported as a promising candidate to avoid the de-
composition reactions [16] and also to improve the band 

alignment by decreasing the barrier height to 15 meV [17]. 
Ultra-thin ZnO layer was also introduced as an inert layer 

for avoiding the decomposition reactions [21,22], although 

it’s an n-type semiconductor and it can alter the band align-
ment. Recently, using thermally evaporated MoO2 layer, 

large open circuit voltage (Voc ) around 460 meV was 
achieved for a CZTSe solar cell [24]. We tried sputtered TiN 

and ZnO as interfacial layers, but no improvement has been 

achieved compared to our base line solar cells. Here we will 
introduce a MoO3 interfacial layer synthesized by an easy, 

fast and very reproducible solution based process. Solution 
processed MoO3 is an appropriate interfacial layer for the 

rear contact application because it is a wide band gap  p-type 
semiconductor (~ 3.8 eV) with high work function (~ 6.8 eV 

[28]) compared to the Mo rear contact that has a work func-

tion around 4.5 eV. Using a solution-based method has 
many advantages compared to thermally evaporated MoO3-

x layer. Besides reproducibility, feasibility, cost effectivity 
and industrial viability, solution-based techniques lead to 

conservation of highest oxidation state 6+ for the MoO3 

layer, hence keeping its work function as high as possible. 
When MoO3 material is thermally evaporated - due to heat 

- some amount of oxygen is lost during the processing, 
which leads to lowering the oxidation state of it and for-

mation of MoO3-x  (0<x<1) layer. Lower oxidation states of 
MoO3-x leads to lower work function (MoO2 work function 

is ~ 5.9 eV [28]) compared to high work function of MoO3. 

The Schottky barrier (ϕb) at the interface of a metal/ p-type 
semiconductor depends on the work function of the metal, 

the bandgap (Eg) and electron affinity (χ) of the semicon-
ductor [29]: 

ϕb =Eg+ χ- ϕm                                                                                        (1)                                                                                              

Therefore by using p-type interfacial layer with high work 

function the barrier height will decrease and disappear if ϕm 

≥ ( Eg+ χ). According to our previous study, the thickness of 

the absorber layer is an important factor for the performance 

of CZTSe solar cells. We observed that by increasing the 

thickness of the absorber layer the performance of the solar 

cells improved significantly and part of this improvement 

was attributed to less recombination at the rear interface. By 

increasing the thickness, the distance between the p-n junc-

tion and the rear surface decreases which leads to less rear 

interface recombination and enhancement of the minority 

carrier life time and Voc [30]. thus in this study we aim to 

introduce an appropriate interfacial layer at the rear inter-

face of kesterite solar cell, mainly to improve the band align-

ment, avoid the decomposition reactions and enhance the 

rear interface quality.  

 

2 Experimental Two types of rear contact were used 

in this study: (i) conventional Mo coated Soda Lime Glass, 

SLG/Mo and (ii) Mo coated SLG with an ultra-thin layer of 

MoO3 (thickness ~ 10 nm), SLG/Mo/MoO3. MoO3 was syn-

thesized by spin coating of Ammonium Molybdate on 

SLG/Mo substrate and then annealing on a hot plate at 200 

ºC for 10 min. More details about synthesizes and physical 

characterization of MoO3 layer were explained in Ref. [31].  

CZTSe absorber layers were prepared in a two-stage pro-

cess. In the first stage Sn, Zn and Cu were subsequently de-

posited on the rear contact by e-beam evaporation. The 

Sn/Zn/Cu stacks were then selenized by 10 % H2Se gas di-

luted in N2 for 15 min at 460 °C in a rapid thermal pro-

cessing system with 1 °C/s heating rate. Here the effect of 

the MoO3 interfacial layer for two types of solar cells is in-

vestigated: (a) solar cells with thin absorber layers prepared 

by selenization of Sn(215 nm)/Zn(100 nm)/Cu(110 nm) 

stack and (b) solar cells with thick absorber layers prepared 

by selenization of Sn(310 nm)/Zn(150 nm)/Cu(160 nm) 

stack. The final thickness of the absorber layers after the 

selenization is measured by cross sectional scanning elec-

tron microscopy (SEM) to be around 1 µm and 1.7 µm for 

the thin and thick absorbers, respectively.  Solar cells were 

then synthesized after KCN treatment, chemical bath depo-

sition of CdS (~ 50 nm), sputtering of intrinsic ZnO (~ 50 

nm) and Al-doped ZnO (~ 300-400 nm) and finally evapo-

ration of Ni/Al/Ni grids. Solar cells with 0.5 cm2 area were 

isolated laterally by needle scribing. Solar cells were an-

nealed in N2 atmosphere at 200 ºC for 1 hour and all the 

optical and electrical characterizations reported here are per-

formed after the post annealing step. The beneficial impact 

of this post annealing step was already reported by several 

groups [32]. Samples are named according to their rear con-

tact type: with MoO3 layer (S) and without MoO3 layer (R). 

S/R-(i=1,2) samples are made from thin absorber layer 

while S/R-(i=3,4) are made from thick absorber layer. Room 

temperature Time Resolved-Photoluminescence (TR-PL) 

measurements were acquired by a Hamamatsu C12132. An 

area of 3 mm diameter of solar cells was illuminated by a 

532 nm laser with 15 kHz repetition rate and 1.0 mW aver-

age power. Current density -Voltage (J-V) measurements of 

solar cells were performed using a Wacom solar simulator 

under standard AM1.5 spectrum and 1 sun illumination.
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Table 1. Electrical parameters of the best solar cells of the samples with different rear contact and absorber thickness: short circuit 

current (Jsc), open circuit voltage (Voc), fill factor (FF), efficiency (η), shunt resistance (Rsh), series resistance (Rs) and ideality factor 

(A) are derived from illuminated current-voltage (J-V) measurement. 

 

Sample 
Rear 

contact 

Thick-

ness (µm) 
Voc 

(mV) 
Jsc 

(mA.cm2) 

FF 

(%) 
η  

(%) 
Rsh 

(Ω.cm2) 
Rs 

(Ω.cm2) 
A 

(/) 

R-1 Mo 1 395 23.9 43.2 4.1 113 1.3 3.1 

S-1 Mo/MoO3 1 441 24.7 36.8 4 171 1 3.9 

R-4 Mo 1.7 384 32.8 47 5.9 164 2.1 2.6 

S-4 Mo/MoO3 1.7 413 32.9 52.3 7.1 311 1.7 2.4 

 

    

Compositional depth profiles of elements are recorded by 

glow discharge optical emission spectroscopy (GDOES) us-

ing a Horiba Scientific GD-Profiler 2 operated in RF-mode 

at powers of 26 W and argon pressures of 5 mbar. The meas-

urement spot has a diameter of 4 mm and a depth-resolution 

within the absorber of about 60 nm is achieved. The mor-

phology and the composition of the films were investigated 

by scanning electron microscopy (SEM) and energy disper-

sive spectrometry (EDS), using a TESCAN Vega 3 SBH 

equipped with a Bruker EDS system.  

 

 

     3 Results and discussions In Fig.1 (a) and (b) the 

TR-PL spectra of the solar cells with Mo and Mo/MoO3 rear 

contacts are compared for thin and thick devices, respec-

tively. The PL decay curves are fitted to a two exponential 

function and the slower decay time (τ) is considered to be 

correlated to the minority carrier lifetime. Solar cells with 

MoO3 layer have longer PL decay time compared to the ref-

erence samples. Generally the PL decay time is also remark-

ably longer for thicker devices, thus it can be concluded that 

both the rear surface and the bulk quality of CZTSe solar 

cells affect the recombination and consequently the minority 

carrier lifetime. The photoluminescence spectra of the thin 

and thick solar cells are also shown in Fig.1 (c) and (d), re-

spectively. It can be observed that the PL peaks of solar cells 

with MoO3 layer move slightly toward higher energies 

closer to the band gap of CZTSe (1 eV). The PL peak shift 

is more pronounced in thin solar cells in which the effect of 

rear surface is more sensible. It is reported that the PL peak 

position of kesterite solar cells is lower than their bandgap 

due to the existence of large amount of tail states and poten-

tial fluctuation [8,33]. Part of the tail states in kesterite can 

be attributed to the  formation of defects such as Sn and Se 

vacancies due to the decomposition reactions at the rear sur-

face [25].  

     In Fig.2 the device parameters of 4 samples (each sample 

includes at least 12 solar cells) with MoO3 layer (S-i=1-4) 

are compared with their references (R-i=1-4)  

 

 

 

(e.g. S-1 is prepared under the same condition as its refer-

ence R-1). In general, by introducing the MoO3 layer the Voc 

improved significantly while short circuit current (Jsc) and 

Fill Factor (FF) did not change considerably. Moreover, Jsc 

and FF improved significantly by increasing the thickness, 

mainly due to an enhanced bulk quality of the CZTSe ab-

sorber layer - as described in our previous study [30]. The 

AM 1.5 illuminated Current density-Voltage (J-V) curve of 

the champion solar cells with/without the MoO3 layer of one 

of the thin samples (S/R-1) and one of the thick samples 

(S/R-4) are illustrated in Fig.3 (a) and (b), respectively. The 

diode parameters of the devices are derived by the procedure 

explained in Ref. [34], and are summarized in Table.1.  

 
 
 
 
 
Figure 1 Room temperature TR-PL spectra of the samples with 

and without MoO3 layer (a) thin samples and (b) thick samples. 

Room temperature PL spectra of thin (c) and thick samples (d). 
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Figure 2 Electrical parameters of the samples made with/without MoO3 layer (S/R). Each box represents values measured from samples 

containing at least 12 solar cells. 

Introducing the MoO3 layer leads to the significant improve-

ment of Voc from 395 to 441 mV for thin solar cells and from 

384 to 413 mV for thick solar cells. Even though solar cell 

S-1 has a relatively large Voc of 441 mV, it is suffering from 

low FF and quite large ideality factor. Large ideality factor 

above 2 indicates peculiar recombination mechanisms such 

as tunneling enhanced recombination, donor-acceptor pair 

recombination or fluctuation of activation energy of the 

main recombination path [35]. The illuminated and dark J-

V curve of the best thin solar cells R-1 (without MoO3) and 

S-1 (with MoO3) were measured at different temperatures. 

Thermal behavior of Voc, series resistance, Arrhenius plot of 

series resistance and ideality factor/dark saturation current 

are illustrated in Fig.3 (c), (d), (e), (f), respectively. As can 

be seen in Fig.3 (c) solar cells with and without MoO3 layer 

show quite similar series resistance (Rs) thermal behavior. 

By making an Arrhenius plot of Rs the barrier height (ϕb) is 

estimated [34] to be 

around 30 meV for both solar cells, i.e. with and without 

MoO3 layer (See Fig.3 (d)). Low barrier height of S-1 and 

R-1 indicates a good band alignment between Mo and 

CZTSe and can be due to the formation of a thin MoSe2  

layer (MoSe2 is found in the XRD pattern of the solar cells, 

not shown). In Fig.3 (e) the thermal behavior of the solar 

cells S-1 and R-1 are shown. The temperature dependence 

of Voc can be explained by Eq. (2):  

𝑉𝑜𝑐 =
𝐸𝐴

𝑞
−

𝐴𝑘𝑇

𝑞
ln (

𝐽00 

𝐽𝐿
)                                                    (2)                                                                             

where EA, A, k, J00, and JL are the activation energy, diode 

ideality factor, Boltzmann constant, reverse saturation cur-

rent pre-factor, and the photocurrent, respectively [34]. Re-

verse saturation current pre-factor is related to the dark sat-

uration current according to Eq. (3): 

 𝐽0 = 𝐽00 exp(−
𝐸𝐴

𝐴𝑘𝑇
)                                                (3)                                                                                              

Generally, the activation energy (EA) is correlated to the 

main recombination path in the solar cell. When the bulk 

recombination is dominant then EA ~ Eg/q (Eg is the band 

gap of the absorber layer) while in case of interface recom-

bination (including the rear or front interface) EA < Eg/q 

[34,35]. However, other factors such as band gap fluctuation 

in the absorber layer (that is also very likely in CZTSe) can 

also lead to lower activation energy than bandgap [35]. As 

shown in Fig.3 (e), a solar cell with MoO3 has higher EA 

around 837 meV compared to the reference solar cell for 

which EA is around 770 meV. Higher activation energy of 

solar cells with MoO3 interfacial layer along with other re-

sults including longer minority carrier life time and larger 

Voc indicate the suppression of rear interface recombination.  
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Figure 3 (a) AM 1.5 illuminated J-V curve of the champion solar cells with/without the MoO3 layer of one of the thin samples (S/R-1) 

and (b) one of the thick samples (S/R-4). (c) Thermal behavior of series resistance (Rs), (d) Arrhenius plot of Rs,  (e) Thermal behavior 

of Voc and (f) ideality factor (A)/dark saturation current (J0) of the best thin solar cells with/without MoO3 layer (S-1/R-1).  

 

 

 

Several studies have already mentioned the instability of Mo 

during the selenization/sulfurization process that leads to the 

formation of voids, secondary phases and introducing the 

defects such as Se vacancies [16-25]. Based on the optical 

and electrical measurements of this study, the beneficial ef-

fects of MoO3 layer is mainly due to the suppression of rear 

interface recombination. This might be due to the reduction 

of the decomposition reactions at the rear interface and im-

proving the rear surface quality with less voids, secondary 

phases and defects. Another hypothesis could be the role of 

oxygen in passivation of defects, as in high temperature pro-

cessing the oxygen can be released and fill the different va-

cancies. 

     Ideality factor and dark saturation current of the solar 

cells with and without MoO3 layer at various temperature 

derived at intermediate bias voltage (0.2-0.3 V), are shown 

in Fig.3 (d). Solar cells show strong ideality factor temper-

ature dependent behavior that might be explained by en-

hanced tunneling recombination [35,36]. 

     In order to investigate the impact of the MoO3 layer on 

the diffusion of alkali element such as Na, GDOES meas-

urement were performed on solar cells after removing the 

transparent conducting oxide and CdS layers by etching in 

diluted HCl. In Fig.4 (a) and (b) the depth profile of different 

elements including Na in the reference solar cell R-4 (with 

Mo rear contact) and S-4 (with Mo/MoO3 rear contact) are 

shown, respectively. Also in the inset top view SEM images 

of the corresponding absorber layers after removing the top 

layers are shown. The GDOES measurements indicate that 

Na diffusion is even slightly higher in solar cells with MoO3 

layer compared to the reference solar cells, thus MoO3 layer 

is not a barrier for diffusion of Na.  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4 (a) GDOES measurements of SLG/Mo/CZTSe and (b) 

SLG/Mo/MoO3/CZTSe. Sputter time = 0 s is the top surface of the 

CZTSe absorber layer. 
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SEM images revealed that the absorber layers especially the 

one prepared on conventional Mo substrate suffer from the 

existence of too many voids and secondary phases mainly 

ZnSe. The average chemical composition of normal regions 

(such as A in the inset of Fig.4 (a)) measured with EDS was 

Zn/Sn ~ 1.1, Cu/(Zn+Sn) ~ 0.8, and Se/(Cu+Zn+Sn) ~ 1.1. 

While, the average composition of the white spots (B) was 

Zn/Sn ~ 4, Cu/ (Zn+Sn) ~ 0.3 and Se / (Cu+Zn+Sn) ~ 1.5. 

The CZTSe layer prepared on Mo/MoO3 substrate looks 

more compact and uniform with less secondary phases com-

pared to the CZTSe layer on Mo substrate. Better morphol-

ogy can be achieved due to the improvement of rear surface 

quality and better growth condition.  

 

 

5 Conclusions In this study the effect of rear contact 

on the performance of two types of CZTSe solar cells in-

cluding solar cells with thin and thick absorber layer was 

studied. It was shown that by introducing an ultra-thin layer 

of MoO3 between Mo rear contact and CZTSe absorber 

layer the minority carrier life time and Voc improve remark-

ably for both of the thin and thick solar cells. Jsc and FF did 

not change considerably by introducing the MoO3 layer but 

they improved significantly by increasing the absorber layer 

thickness. The temperature dependent J-V measurement 

showed that the band alignment at the rear interface doesn’t 

change considerably by adding the MoO3 layer and the ac-

tivation energy of the main recombination path shifts toward 

the higher energies. Top view SEM images of the absorber 

layers revealed that samples prepared on MoO3 layer are 

more uniform and compact. Thus, according to these meas-

urements, the main role of MoO3 layer can be explained as 

avoiding or reducing of the reaction between Mo and 

CZTSe during the selenization process that leads to less 

voids and secondary phases at the rear surface and pas-

sivation of defects. The best solar cell in this study was the 

thick one with MoO3 interfacial layer that has 7.1 % conver-

sion efficiency. 
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