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ABSTRACT
The passivation layer of solar cells directly affects the performance of solar cells. The fixed charge density and 

defect density at the interface of the passivation layer are the key parameters to analyze the passivation effect. Through 
establishing the MOS model to simulate the capacitance-voltage (C-V) curve of the passivation layer, and using the 
function to express the simulation curve, this paper establishes the function-based database. The C-V curve obtained 
from the experiment is compared with the database to find the corresponding function of the experimental data. The pas-
sivation parameters Nf and Dit are extracted for analyzing the passivation effect of the passivation layer.
Keywords: MOS Model; Database; Defect Density; Fixed Charge Density

1. Introduction 
The problem of energy crisis is becoming more and more prom-

inent at present. People’s energy demand is gradually increasing, but 
the storage of fossil fuels is gradually decreasing, and people’s research 
on new energy is accelerating. As a new type of energy, solar energy 
has become a hot researching point for its advantages such as its safety 
and reliability, no noise, no pollution, being available everywhere, no 
geographical restrictions, no fuel consumption, no mechanical rotating 
parts, low failure rate, simple maintenance, being unattended, short 
construction cycle, binge easily combined with buildings[1]. Gas silicon 
material has become the most ideal material for making solar cells be-
cause of its moderate band gap, high photoelectric conversion efficien-
cy, no pollution to the environment, stable performance, easy industrial 
production and rich resources. Among them, crystalline silicon solar 
cells are the most efficient, the most widely used solar cells with the 
most mature technology. In order to save silicon materials and reduce 
the cost, manufacturers try to reduce the battery thickness. With the 
increase of the aspect ratio, the passivation problem of the cell surface 
is becoming more and more prominent, making the judgment and anal-
ysis of battery surface passivation effect important.

There are two kinds of cell surface passivation: chemical passiv-
ation and field effect passivation. The former usually combines hydro-
gen atoms or atoms in semiconductor films with uncoordinated atoms 
on the surface of silicon layer, so as to reduce the interface defect 
density and improve the photoelectric conversion efficiency of the cell; 
the latter reduces the concentration of electrons or holes at the silicon 
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wafer interface through the electric field of the sur-
face charge, so as to achieve the passivation effect[2]. 
Both kinds of surface passivation can be measured 
through the interface defect densities Dit and the 
fixed charge density Nf respectively.

This paper mainly studies the deposition of 
Al2O3 by atomic layer deposition (ALD), establishes 
an effective MOS model to simulate the C-V char-
acteristic diagram of the MOS structure, and then 
analyzes the passivation effect of the passivation lay-
er by analyzing the C-V characteristic diagram. The 
specific passivation effect is measured by the fixed 
charge density Nf and the interface defect density 
Dit. Both will change the capacitance of the MOS 
structure. Only one characteristic curve can not ac-
curately express the passivation effect, and most of 
the existing references use simplified calculation to 
obtain these two parameters, so its accuracy can not 
be guaranteed. Therefore, this paper establishes an 
MOS model to simulate the C-V curve of the MOS 
structure to obtain these two parameters. Based on 
the MOS structure, the passivation database of the 
passivation layer is established; the function cor-
responding to the experimental data is obtained by 
comparing the experimental data with the database; 
the function passivation parameters are extracted to 
analyze the passivation effect of the passivation lay-
er.

2. Establishment of the MOS model
In order to better study the passivation perfor-

mance of the crystalline silicon passivation layer, a 
metal oxide model is established to extract the fixed 
charge density Nf and defect density Dit at the inter-
face between oxide and silicon. These two factors are 
reflected by the C-V characteristic test chart. First, 
input the Nf and Dit of the original interface state, 
C-V test results, oxide and silicon parameters, set the 
original value of gate voltage VG, and calculate the 
interface potential Ψs at this time; then calculate the 
silicon surface capacitance CS and the total capaci-
tance C. Thus, the correlation between the C-V char-
acteristic diagram of the model and the experiment 
is compared. If the correlation is not good, change 
the gate voltages VG, Nf and Dit until the correlation 

meets the requirements; then output Nf and Dit at this 
time. The specific process is shown in Figure 1[3–5].

Figure 1. Algorithm flow of fixed charge density Nf and inter-
face defect density Dit.

The calculation formula of interface potential ΨS 
is:

QG(ΨS) + Qf + Qit(ΨS) + QSi(acc)(ΨS) = 0                   (1)

In the formula, QG is the gate charge; Qf is the 
fixed charge of oxide layer; Qit is the fixed charge at 
the interface between oxide and silicon; QSi(acc) is the 
fixed charge of the silicon layer under standard con-
ditions.

According to the original experimental data of 
interface[6,7], the distribution of defect density can be 
obtained; the formula to calculate Dit can be obtained 
through the algorithm flow in Figure 1. Formula (2) 
can fit the discrete distribution data of defect density 
to form a curve.

       

(2)
In the formula, K is the equilibrium constant, 

generally taken as 1; E is the battery energy level; 
Ev and Ec are the upper and lower energy level limits 
of battery energy level respectively; Eg is the energy 
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level bandwidth of the battery, Eg = Ec – Ev; Eit is the 
energy level of crystalline silicon; Dit,m is the defect 
density at the energy level division; Dov and Doc are 
respectively defect density at energy levels Ev and 
Ec.

To establish a model to simulate the C-V charac-
teristic curve of the battery, it is necessary to further 
calculate other variables and finally integrate them 
into function of Nf and Dit. First, the total capacitance 
C of the battery MOS structure can be calculated by 
formula (3)[8]:

(3)

In the formula, COX is the electrical capacity per 
unit area on the dielectric.

COX can be figured out with formula (4):

(4)

In the formula, dOX is the thickness of the dielec-
tric; tOX is the thickness of the oxide layer Al2O3; A is 
the area of the MOS layer; Cacc is the test capacitance 
under standard conditions; ɛOX is the dielectric con-
stant per unit area of the dielectric.

In addition, CS is obtained on the high frequency 
C-V characteristic diagram, and its calculation for-
mula is:

(5)
In the formula, QS(majority, dopant) is the charge den-

sity of dopants and most carriers on the surface of 
semiconductor silicon; ɛSi and ɛo are the permittivity 
of silicon and dielectric respectively; k is Boltzmann 
constant; T is the thermodynamic temperature; q is 
the electric quantity per unit charge; ND is the electric 
ion concentration of dopant; n1 is the free electron 

density in doped crystalline silicon.
The charge distribution of the MOS structure is 

shown in Figure 2.

Figure 2. Charge distribution diagram of the MOS structure.

The formulas for calculating ΨS can be found in 
references[7,9], which can be calculated by formulas 
(6) to (14).

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)



26

In the formulas, ns and ps represent carrier densi-
ty of the silicon surface’s free charge under the struc-
ture of type n and type p; σn is the electron trapping 
interface of defects ON the surface; σp is the defect 
hole trapping interface on the surface; p1 is the hole 
density in the crystalline silicon after doping; ni is 
the intrinsic carrier concentration of semiconduc-
tor; Esi is the electric field strength of silicon layer; 
df is the thickness of oxide layer; fa(E) and fd(E) are 
respectively composite probability of acceptor and 
donor interface; Dit,a and Dit,d are respectively defect 
density of acceptor and donor interface; Ei and Et are 
respectively energy level midpoint and target energy 
level; QSi is the charge density of semiconductor sili-
con’s surface. 

The positive and negative of QSi is determined 
by the gate voltage VG and the flat band voltage VFB. 
When VG ≥ VFB, QSi is negative; when VG ≤ VFB, QSi is 
positive.

The flat band voltage VFB can be calculated by 
equation (15):

(15)

In the formula, ФMS is the metal effective func-
tion in the MOS structure, which is different from 
metal electron affinity and semiconductor Fermi 
level; dOX is the dielectric thickness; dit is the charge 
thickness of the contact surface between dielectric 
and silicon.

Figure 3. Fitting comparison between simulation curve and 
experimental data.

Figure 3 shows the final model effect, in which 
the black line is the fitting curve of the established 
MOS model to the experimental data, so as to ob-
serve whether the fitting effect meets the require-

ments.

3. Big data algorithm
The establishment of large database is based on 

the above model. When analyzing the passivation 
performance of on-site solar cells, it is mainly to 
calculate its fixed charge density Nf and interface 
defect density Dit. The passivation effect of this bat-
tery is analyzed through these two data[10]. Firstly, a 
function with good correlation is established through 
the model to fit the C-V characteristic diagram of the 
battery, and then the two parameters Nf and Dit are 
changed to establish a model about Nf and Dit. See 
equation (16):

(16)

Then, find multiple key points on the battery C-V 
characteristics, and their coordinates are (x1, y1), (x2, 
y2), (x3, y3), …, (xi, yi). Substitute these coordinates 
into the function group, so as to obtain a set of func-
tion sequence, as shown in equation (17):

(17)

Subtract the calculated function value from the 
coordinate value to obtain the error value ε of each 
coordinate point, and sum the absolute values of 
these error values to obtain formula (18):

(18) 
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In the formula,                          .
By evaluating the minimum value of equation 

(18), the function with the minimum error value f(Ni, 
Di) can be obtained. This function is the function 
curve that can be perfectly fitted with the battery. 
The fixed charge density and interface defect density 
in this function are the parameters of the actual bat-
tery, so that the passivation type and its proportion of 
the battery can be determined.

4. Analysis of the results
In this paper, we choose the PECVD method to 

make Al2O3 film as the passivation layer of solar cell. 
Firstly, the fixed parameters are modified according 
to the experimental data until the MOS model can 
completely simulate the C-V characteristic curve of 
the battery; Then, keep other parameters unchanged, 
change the two parameters of fixed charge density 
and defect density; as shown in Figure 3, set the 
fixed charge density as 2 × e16 m2, assign Dit 1 × 
e16–4 × e16 m2/V respectively, and bring 0.2 errors 
into the model formula each time to obtain 16 char-
acteristic curves shown in Figure 4.

Figure 4. C-V characteristics curve under different Dit.

In Figure 4, with the increase of defect density, 
the decline speed of the corresponding characteristic 
curve decreases and the inclination of the curve de-
creases, which also means that with the increase of 
defect density, the corresponding curve has a down-
ward trend.

Figure 5 shows that when the defect density 
is determined to be 2 × e16 m2/V, change the fixed 
charge density and assign it to 2 × e16–3.5 × e16 m2 
respectively, with 0.1 error each time; then bring 

it into the model to simulate 16 C-V characteristic 
curves in the figure, which can be included in the da-
tabase as data.

Figure 5. C-V characteristics curve under different Nf.

In Figure 5, with the increase of Nf, the curve is 
also moving upward, and the rising rate of the curve 
is also decreasing. This means that with the increase 
of Nf, the corresponding curve shows an upward 
trend, which is just opposite to the effect of defect 
density.

Figure 6 is a comprehensive diagram of the 
experimental data obtained from the characteristic 
measurement of the battery when the passivation 
times are 40, 80 and 200 respectively. Compare Fig-
ure 6 with Figures 4 and 5, and observe the change 
with the passivation times, what is the change of the 
parameters of Nf and Dit.

Figure 6. Characteristic curve under different passivation times.
By comparing Figure 4 to Figure 6, it can be 

found that the value of defect density decreases with 
the increase of passivation times. This is because 
with the increase of passivation times, the thickness 
of passivation medium is also increasing, the defects 
in the medium layer are also increasing, and the pas-
sivation effect is also decreasing; however, the corre-
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sponding is the fixed charge density, which increases 
with the increase of passivation times, which leads to 
the improvement of battery passivation effect. There-
fore, the passivation effect can be analyzed by the 
proportion of Nf and Dit in passivation performance.

5. Conclusions 
In this paper, a model to simulate the passiva-

tion effect of the MOS structure is built through the 
calculation equations of various parameters in the 
battery. The passivation effect of the passivation lay-
er is expressed by curves through the model, and the 
passivation curve library is established based on the 
model. The data analysis method is used to compare 
the passivation curve of the target battery with the 
curve in the database, and calculate the error value 
between the curves. The curve in the curve library 
corresponding to the minimum value is regarded as 
the simulation curve of the target battery, and the 
passivation parameters corresponding to the simu-
lation curve are regarded as the experimental data 
parameters, so as to analyze the passivation effect of 
the passivation layer.

The curves in the curve library are classified by 
two parameters. The change of passivation times can 
be known through curve comparison, which affects 
the change of passivation parameters in the curve 
library. In practical application, the target battery can 
be transformed through the corresponding change 
trend to meet the requirements. There are many pas-
sivation parameters of battery in practice. Other pa-
rameters are simplified in this paper, and the param-
eter of battery thickness is also simplified. However, 
in practice, the thickness of different batteries under 
the same conditions is also different. Therefore, if 
the battery is analyzed for extended passivation, the 
thickness of battery passivation layer is also a refer-
ence parameter that can be extended.
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