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Abstract: In this study, a method for optical simulation of external quantum efficiency (EQE) spectra of solar cells based on spec-
troscopy is proposed, which is based on the tested transmittance and reflectance spectra. First, to obtain a more accurate inform-
ation of refractive index and extinction coefficient values, we modified the reported optical constants from the measured reflect-
ance and transmittance spectra. The obtained optical constants of each layer were then collected to simulate the EQE spectra
of the device. This method provides a simple, accurate and versatile way to obtain the actual optical constants of different lay-
ers. The EQE simulation approach was applied to the flat and textured heterojunctions with intrinsic layers (HIT) solar cells, re-
spectively, which showed a perfect matching between the calculation results and the experimental data. Furthermore, the specif-

ic optical losses in different devices were analyzed.
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1. Introduction

Optical analysis from an EQE simulation features an expli-
cit understanding of the current loss mechanisms within a
PV device and gives practical guidelines for further device op-
timization!" 2. Among the various approaches that have been
proposed, the optical admittance methodB! has provided a
common basis for EQE simulations in a variety of applica-
tions, such as Culn;_,Ga,Se,, perovskitel], and c-Si hetero-
junction'®, This provides theoretical guidance for the design
and optimization of high-efficiency solar cells.

A crucial step in the EQE simulation is to obtain the refr-
active index n and extinction coefficient k (are termed as the
optical constants) of each layer of the solar cells. The meth-
ods that are commonly used to obtain such optical con-
stants include spectroscopic ellipsometry (SE) > 7. 8, hetero-
dyne interferometry!® 19, shift-coherent interferometryt!. 12],
spectroscopy!'3-17], etc. At present, SE is the most popular op-
tion because it can provide precise data of the tested materi-
als, but also involves a complex process and a considerable
equipment cost. Some commercial software packages, such
as Scout('® launched by WTheiss Hardware and Software Co.
Ltd., can obtain the actual n and k values according to the
measured transmittance and reflectance curves using appr-
opriate fitting modes. However, they have matching prob-
lems and cost issues.

In this study, we have established a method that obtains
the accurate optical constants of the tested layers simply by
modifying the reported standard data based on the measur-
ed reflectance and transmittance curves, from which the ob-
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tained n, k values are treated as the actual data in device and
then applied in the practical EQE simulation. This procedure
enables the EQE of solar cells to be obtained in a simple, accur-
ate, and computational cost-efficient way, which can provide
a reliable optical analysis for devices fabricated in different
specific experimental conditions. To further look into the
feasibility of this method, we simulated the EQE of the flat
and textured c-Si heterojunction with intrinsic layers (HIT)
solar cells using several techniques and our calculation res-
ults have provided a remarkable agreement with the experi-
mental data.

2. Experimental data

In this study, the EQE spectra of c-Si HIT solar cell"? has
been simulated and analyzed. Fig. 1 shows the structure of
the solar cells, including Fig. 1(a) flat HIT solar cell and
Fig. 1(b) textured HIT solar cell. The devices were fabricated
on 275-um thick, double-polished, (111) oriented, n-type float
zone wafers, in which textured substrates were made from a
hot potassium hydroxide solution. For the flat device fabrica-
tion process, 4-nm thick intrinsic a-Si:H (i-a-Si:H) and 20-nm
thick n-type a-Si:H(n-a-Si:H) layers were first deposited via
plasma-enhanced chemical vapor deposition (PECVD) on the
rear side of silicon wafers at substrate temperature values of
130 and 180 °C, respectively. Then, 4-nm thick i-a-Si:H and 8-
nm thick p-type a-Si:H (p-a-Si:H) layers were deposited on the
front side of the wafers at substrate temperature values of
130 and 180 °C, respectively. Then, 90-nm thick ITO layers
were deposited on the front side by thermal evaporation at
190 °C. Finally, the front silver (Ag) grid lines and rear alumin-
um (Al) electrodes were evaporated at room temperature.
Meanwhile, to obtain the actual optical constants of the films
in actual devices, each deposited film was prepared on the 1-
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Fig. 1. (Color online) Structures of (a) flat and (b) textured HIT solar cell in this study.

mm thick glass by the same process used in device fabrica-
tion, after which corresponding transmittance and reflect-
ance curves of each film was measured via UV-Vis-NIR sys-
tem. Furthermore, to get an accurate evaluation of our calcula-
tion method, a p-type a-SiO,:H (p-a-SiO,:H) layer and a Ag/Al
rear electrode layer were also deposited for the analysis
among different optical performances. For the textured
device process, all of the layers were the same with that of
the flat device except the emitter layer, which was 8-nm p-a-
SiO:H. The thickness of these films on the glass was meas-
ured by a step profiler. We assumed that the thickness of the
film used in the device was approximately equal to the value
obtained from the film deposited on the glass due to the
same process. Transmittance and reflectance curves were
measured by a UV-Vis-NIR system, and the bare glass is
served the baseline to directly measure the transmittance
and reflectance of the film for subsequent fitting.

3. Principle of EQE simulation

3.1. Optical constants obtained by spectroscopy

In this study, the optical constants of each film were ob-
tained by simply measured transmittance and reflectance
curves from UV-Vis—NIR spectroscopy. The procedure goes as
follows: first, some sets of optical constants among expected
wavelength range corresponding to different layers can be ac-
quired from public resources(20-231, which will be the stand-
ard reference values and serve as initial data; second, the thick-
ness, transmittance and reflectance curves of the deposited
films will be measured by step profiler and UV-Vis-NIR sys-
tem, respectively; and finally, the standard reference data is
simply modified until the calculated transmittance and reflect-
ance curves perfectly match the actual measured curves, the
calculated curves can then be treated as the actual data of
the deposited film, and the corresponding n, k values will
serve as the real optical constants of the actual layer.

The modification process is related to the conclusion that
nand k are wavelength-dependent functions, and every func-
tion of A may be expressed by means of an infinite power
series(20, followed by!2'!:

by, ¢
n()\)=an+7”+)\—'2‘+---, (1)

by ¢
k(/\)=ak+7k+)\—';+--~. 2)

Here, a,, by, ¢, aw by C. .. are constants.

According to Egs. (1) and (2), the difference between the
initial data n(A), k(A) and the modified data can be expressed
by

Ab, Ac
An(/\)=Aan+T”+/\—2”+---, (3)

Abk ACk
AI(()\)=AGK+T+)‘—2+'“7 (4)

where An(A) and Ak(A) represent the difference values and
the actual optical constants can then be expressed as n(A) +
An(A) and k(A) + Ak(A). The Aa,, Ab,, Ac, Aa,, Ab,, Ac... are
the main parameters and the main work is to find these para-
meters in Eq. (3) and Eqg. (4) to minimize the following func-
tions:

1
2
2 2
AF = Z (Rcalculated - Rmeasured) +(Tcalculated - Tmeasured) )
A

(®)

where Rpeasured @Nd Theasured are the measured reflectance
and transmittance in a proper wavelength range (such as
300-1200 nm), respectively, and the R.,icuiatedr Tcalculated F€PeES-
ent the corresponding calculated data. The numerical value
of the AF can give us an estimation on the fit of reflectance
and transmittance curves.

The method presented above is based on the Cauchy dis-
persion formula22! and it may be applied for films from relat-
ively transparent materials and with thicknesses greater than
0.2 mm[2', However, we aim to demonstrate the possibilities
of applying this method to other non-transparent materials
because the reported optical constants of these materials
already contained the original optical information.

We applied this method to ITO, p-a-Si:H, i-a-Si:H and n-a-
Si:H based on the reported optical constants of these
films!23: 241, Fig. 2 shows the fitting results between the meas-
ured transmittance and reflectance curves and the calcu-
lated curves. To reduce the test error, the thickness of a-Si:H
films on glass are thicker than that in the solar cell device. It
should be noted that the optical constants will be similar
since the thickness changes not so largel2* 25! (no more than
30 nm). As can be seen from the figures, the calculated
curves showed a good agreement with the measured data of
both reflectance and transmittance. The calculated optical con-

G L Chen et al.: Simulation and application of external quantum efficiency of solar cells based ......



(@) 100 0
80 r l 120
g | ITO (90 nm)/glass
Y 60t f 140
C
I |
£ a0} 160
g
= —— Measured transmittance
20 — - Calculated transmittance 80
—— Measured reflectance
==+ Calculated reflectance
ol : : : : 100
300 500 700 900 1100
Wavelength (nm)
(c) 100 0
i-a-Si:H (30 nm)/glass
. 80 —— Measured transmittance 120
S =+ Calculated transmittance
o —— Measured reflectance
v 60} 140
< —+ Calculated reflectance
£ a0} 160
c
o
[
20+ 180
100

0
300

700 900 1100
Wavelength (nm)

500

Reflectance (%)

Reflectance (%)

Journal of Semiconductors

doi: 10.1088/1674-4926/40/12/122701

3

(b)100 0
80 . 120
g p-a-Si:H (35 nm)/glass =
=
g 60} 140 ¢
© C
= s
E |9)
g 40 + 160 %
©
= —— Measured transmittance =
20 =+ Calculated transmittance 180
—— Measured reflectance
==+ Calculated reflectance
0 . . . L 100
300 500 700 900 1100
Wavelength (nm)
(d)100 0
n-a-Si:H (25 nm)/glass
80 | 120
g 60 | 140 g
© C
k=] S
§ a0t leo ©
= T
E * = Measured transmittance °3
d — - Calculated transmittance
20 7 —— Measured reflectance 180
==+ Calculated reflectance
100

0 1
300 500

700 900 1100
Wavelength (nm)

Fig. 2. (Color online) The fitting results of measured/calculated transmittance and reflectance curves of different layers. (a) ITO. (b) p-a-Si:H. (c) i-a-

SizH. (d) n-a-Si:H.
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Fig. 3. (Color online) The calculated results of optical constants of different layers. (a) ITO. (b) p-a-Si:H. (c) i-a-Si:H. (d) n-a-Si:H.

stants of each layer are shown in Fig. 3. According to the fig-
ures, the calculated optical constants had the same trends
compared with the reported optical constants, illustrating
that the calculated optical constants had the same disper-

sion model as the reported optical constants. Therefore, by

combining Fig. 2 and Fig. 3, we can see that the calculated
results of optical constants were considered as the actual con-

stants of these materials.
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Fig. 4. (Color online) Schematic optical model of (a) multi-layer system with all coherent layers and (b) multi-layer system with coherent and inco-

herent layers.

The obtained n, k values of these materials will serve as
the usable parameters in the following EQE calculation.

3.2. EQE calculation method

Most solar cells generally consist of transparent conduct-
ive oxide (TCO) layers, an active absorption layer and rear con-
tact materials. From an optical point of view, this device can
be considered as a multi-layer film system composed of ab-
sorption and non-absorption layers(26l, The optical admit-
tance method has been applied to establish an optical mod-
el of this multi-layer film system for EQE calculation[4-6l,
Fig. 4(a) shows the structure of this optical model. In this
model, it is assumed that there are a total of m layers in the
multi-layer film system, and the parameters of each film in-
clude thickness d; and complex refractive index N; (j = 1,
2, ..., m), and the complex refractive index of the substrate
N,. The complex refractive index N can be expressed as N =

- ik, where n and k represents the refractive index and the
extinction coefficient respectively. The optical admittance n
is expressed asl?7]

n =HJE, (6)

where H and E are the magnetic and electric fields, respect-
ively. The n can also be expressed as n = NYB!, where Y is
unity, n and N are numerically the same. The transmittance
and reflectance can be determined by solving the characterist-
ic matrix of the multilayer film system, which is expressed
by27]

m I .
2 s ] @
j1 | injsing;  cosé; s
Here, n; and n; are the optical admittance of the jth layer and
the substrate respectively. §; shows the phase thickness ex-
pressed as 61 = 271dej/)\, here, d; and A are the thickness of
the jth layer and wavelength, respectively.
The reflectance R can then be obtained by27]

|n0 - Yeff|2
R= 77—, (8)

2
|n0 + Vel

where n, is the refractive index of air, which equals to 1. Y

is the effective optical admittance Y. of the multi-layer film
system which can be expressed as Yo = (/B
The transmittance T can be obtained by

Re(N;)

T=0-Rzge

(9)
The absorptance A of the multi-layer film system can thus be
writtenas A=1-T-R.

However, this method can only be employed under an co-
herent condition. For most solar cells, the optical response
needs to be calculated under an incoherent condition. Fuji-
wara et al. have established an optical model in coherent and
incoherent multi-layer film systems(® (CPA method) by intro-
ducing the transfer matrix method into the optical admit-
tance model. According to this model (seen from Fig. 4(b)),
the &; should be expressed by!®!

(S]p —T+?TI'7 (10)
where tis the total number of assumed waves and pis the seri-
al number of each wave (p=0, 1, 2, ..., t- 1). Then the reflect-
ance Repp in this method can be expressed by!®

! |no = Yer(6,(p))]”
floen = f2|no+yeﬁ(6(p»|2'

Here, the Yeff(éj(p)) represents optical admittance of the over-
all multi-layer system in which the pth wave in the coherent
layer were concerned.

The transmittance Tcpa can be obtained using Eq. (8)

(11)

t-1

1 Re( )
Tcea = (1- Reea); X W

(12)
where the BC*(é‘j(p)) represents the calculated BC* of the over-
all multi-layer system in which the pth wave in the coherent
layer were concerned, which is shown in Fig. 4(b).

Finally, the absorptance can be determined as follows(®!

1< Re(N)
A=(1-Rem)|1-7) == (13)

= Re(BC*(64(p)))
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Fig. 5. (Color online) The fitting results of measured/calculated transmittance and reflectance curves on a modified c-Si thickness of 8000 nm

with (a) t=1in Eq. (10),and (b) t=10in Eq. (10).

Based on this method, the total absorptance of the flat sol-
ar cell can be calculated. When the carrier collection rate is
100%, EQE = A. However, in the actual process, due to the
parasitic absorption, carriers cannot be completely collected.
Therefore, for a flat solar cell containing an absorbing layer
and other functional layers, the EQE can be obtained by!28!

EQE =1-R- A} — A

p (14)

where Ajfront and A,Pak represent the parasitic absorption of
the front and the back layers of the solar cell which can be ob-
tained based on the above optical model, respectively. Since
most rear electrodes of the solar cell allow no transmission,
such as silver or aluminum, the total A of the device can be ex-
pressed as A =1 - R%, which includes A,front, A back and the
absorptance of the active layer, and the absorptance of the act-
ive layer is the EQE of the solar cell device.

For textured solar cells, Eq. (11) cannot be used because
the reflectance is significantly lower in visible light region
than that of flat solar cell®%, which is due to the antireflec-
tion effect of the textured surface, thus the reflectance of the
textured solar cell needs to be measured. The actual reflect-
ance of a textured solar cell can be measured as Rgps, the
total absorptance of the textured solar cell A, can then be ex-
pressed by

1 t-1
Atex = (1= Reps) 1—;;—‘ (15)

Re(N;)
Re(BC*(5i(p)))

Using the same method as the flat device, the EQE of tex-
tured solar cell can also be calculated.

4, Results

4.1. Simulation and analysis of flat HIT solar cell

The actual optical constants of each layer of the flat HIT
solar cell were obtained by the above method. For the case
of the bulk c-Si, air was used as the substrate. Unfortunately,
since 275-um thick c-Si is not comparable with other layers
in thickness value, the result of Y. will become very large,
which is quite difficult to calculate. Therefore, the thickness
of ¢-Si used for calculation must also be decreased to a range
that can be calculated by the computer. However, decreas-
ing the thickness will inevitably reduce the absorption of c-
SiB1. Therefore, in this study, the absorption coefficient a is in-

creased while decreasing the thickness of c¢-Si to ensure the
consistence between the calculated absorptance and the
actual absorptance of c-Si. Because the a of ¢-Si in the short
wavelength region is greater than that in the long
wavelength regionB32, combined with the Beer-Lambert's
law (I(x) = lyexp(—ax)), all of the short-wavelength light can
be absorbed within a short distance from the front surface of
the c-Si; however, the long-wavelength light requires a
longer distance to be absorbed?3l. Consequently, in this
study the thickness of ¢-Si is decreased to 8000 nm and the
k values were increased only in the long wavelength region
to increase the a(k=aA/4m) to match the actual ab-
sorptance of ¢-Si. Fig. 5 shows the fitting results of c-Si with
a manipulated thickness of 8000 nm. Fig. 5(a) shows the fit-
ting results with t=1in Eq. (10), where a quite sharp optical in-
terference can be seen in the long wavelength region (>
1000 nm). Fig. 5(b) corresponds to the results with t = 10 in
Eg. (10), in which the optical interference was visibly elim-
inated and quite smooth curves which matched well with
the experimental data were obtained, indicating that the
8000 nm ¢-Si could perform the same optical properties with
the original 275-um c¢-Si and ensure an effective foundation
for subsequent calculation. As for the Al film, the optical con-
stants were obtained by fitting the measured transmittance
and reflectance curves of Al/Glass through iterative calcula-
tion based on the reported datal34.

By applying the modified optical constants of these films
into Eq. (7), the characteristic matrix of the device can be ob-
tained, and finally the EQE can be calculated from Eq. (14).
Fig. 6(a) shows the comparison between the calculated EQE
and the measured EQE of the flat HIT solar cell. It can be seen
again that with t = 1 in Eqg. (10), the optical interference oc-
curred in the long wavelength region, which would be elimin-
ated in the case of t=10in Eq. (10), thus resulted in a remark-
able matching between the calculated curves and the experi-
mental data. The integrated current of the cell from the EQE
spectra was 35.2 mA/cm? (measured) and 34.3 mA/cm? (calcu-
lated), respectively. This difference was attributed to the optic-
al response in the short wavelength region, which can be ex-
plained by the difference between the thickness of the films
measured on glass and the thickness of each layer in the actu-
al device in the calculation process. Figs. 6(b) and 6(c) show
EQE spectra with different p-a-Si:H and i-a-Si:H thicknesses,
from which we can see that with the thickness of p-a-Si:H or
a-Si:H increasing, the EQE data showed distinctly different
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Fig. 6. (Color online) The calculation results of EQE simulation on the flat HIT solar cells. (a) The fitting results between the measured EQE and dif-
ferent calculated curves. (b) and (c) The EQE sensitivity on the thickness of p-a-Si:H and i-a-Si:H layers, respectively.
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curves in the short wavelength region!23l. The results show
that the optical response in short wavelength were very sensit-
ive to the thickness of a-Si layers, either in the doping p-a-
Si:H layer or intrinsic i-a-Si:H layer. This phenomenon
provided some accessorial proof to explain the mismatching
in the short wavelength of Fig. 6(a). Furthermore, the thick-
ness difference in the a-Si layers did not change the optical re-
sponse in the visible and infrared wavelength range, indicat-
ing no observable parasitic absorption of a-Si:H layers in
these wavelength ranges.

Based on an integral process, the optical contribution of
each layer of the flat HIT solar cell was further calculated, as
shown in Fig. 7. Furthermore, Fig. 7(a) gives an EQE analysis
on the device, with different color region corresponding to dif-
ferent optical loss (or gain) of each component layer, while

G L Chen et al.: Simulation and application of external quantum efficiency of solar cells based

Fig. 7(b) represents a clear numerical summary of the men-
tioned current contributions. In the short wavelength region,
the parasitic absorption of ITO and a-Si:H layers have taken
up most of the total absorption, which is an important limit-
ing factor on the short-circuit current density J;. of the HIT sol-
ar cells since the carrier collection here is almost 0124, As for
the long wavelength region (> 1000 nm), our results show
that the parasitic absorption of metal electrode (Al) was signi-
ficant, whereas the parasitic absorption from the ITO layer
was negligible in this simulation.

4.2, EQE calculation of HIT with p-a-SiO,:H

To increase the current from short wavelength, an emit-
ter layer of p-a-SiO,:H has been utilized to substitute p-a-Si:H,
due to its wider optical band gapB5-37l. Figs. 8(a) and
8(b) show the results corresponding to the flat HIT solar cell

......
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Fig. 9. (Color online) Calculation results of flat HIT solar cell with Ag/Al electrode as rear metal layer. (a) EQE calculation results. (b) The contribu-

tion of each layer on the current loss (or gain) in the device.

with p-a-SiO,:H as the doping layer, accordingly. We can see
that the current loss from p-a-SiO:H was 1.50%, which is
much less than the value of 3.00% from the case of utilizing
p-a-Si:H as the doping layer. That is to say, we could expect a
reduction of almost 50% in the parasitic absorption of p-a-
Si:H by replacing it with p-a-SiO,:H. It is noteworthy that the
overall current gains from such a replacement was about
0.2 mA/cm?, which was consistent with the reported resu-
Its(37: 381, These data give us a clear understanding of the expec-
ted performance from doped p-a-SiO,:H layers, and also indic-
ates the accuracy and feasibility of our calculation method.

4.3. EQE calculation of HIT with Ag/Al electrode as rear
metal layer

To further evaluate the current improvement in the long
wavelength region (> 1000 nm), we utilized Ag/Al to replace
Al as the rear metal layer in HIT solar cellsB9l. Figs. 9(a) and
9(b) demonstrate the calculation results with such a design,
from which we can see that with Ag/Al electrode, the rear met-
al layer only contributed 0.86% to the current loss in the
device EQE, which was much less than the value of 2.50% in
Fig. 7(b), indicating a significant reduction of the parasitic ab-
sorption of metal. The reason for this lies in the high back re-
flectance of Ag/Al electrodel35 39-41, evidence of which could
be also found in the increased contribution percentage of
both ¢-Si and the overall reflectance. To summarize, we can ex-
pect another reduction of > 60% in the parasitic absorption
of Al by replacing it with Ag/Al electrode, and the overall cur-
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rent improvement was about 0.2 mA/cm? in our experiment-
al condition.

4.4. EQE simulation and analysis of textured HIT solar
cell

This simulation method for the flat HIT solar cell can also
be applied to the textured HIT solar cells. The difference is
that the reflectance of the textured solar cell has to be actu-
ally measured since the anti-reflection effect of the textured
c-Si is difficult to calculate. Based on the Rgps, the EQE of the
textured HIT solar cell can be calculated from Eq. (15), corres-
ponding optical loss (gains) could be analyzed in the same
way as the case in the flat HIT solar cells. It should also be
noted that the top angle of pyramid-shaped texture is con-
firmed to be 80°M2 431 and the calculated refractive index of
ITO, p-a-Si:H, i-a-Si:H and c-Si are 1.93, 3.58, 3.65 and 3.54,
which results in transmission angles of Air/ITO, ITO/p-a-Si:H
and p-a-Si:H/i-a-Si:H, i-a-Si:H/c-Si of 24°, 13°, 13° and 13°, re-
spectively. Consequently, in the calculation process of tex-
tured solar cell, a normal incidence of light is assumed be-
cause the transmission angles are close to the normal to the
{111} texture-facet planel®!,

Fig. 10(a) shows the calculated result for a textured HIT sol-
ar cell. Again, the calculated curve shows a perfectly match-
ing with the measured data, and the integrated current of
the cell from the EQE spectra was 39.2 mA/cm?2 (measured) and
39.1 mA/cm? (calculated), respectively. Fig. 10(b) corres-
ponds to the calculated contribution of each layer on the cur-

......
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Fig. 10. (Color online) Optical analysis of the textured HIT solar cell. (a) Measured/calculated EQE calculation results. (b) The contribution of each

layer on the current loss (or gain) in the device.

rent loss (or gain) in the device. Compared with the calcu-
lated results of the flat solar cell in Fig. 8(b), the overall reflec-
tion of the device was decreased by ~70%, accompanied by a
preferable increase of ~20% in the absorption of the bulk c-
Si, as well as an unavoidable increase in the parasitic absorp-
tion of the rear Al layer due to more light trapping in the
device.

5. Conclusion

We established a spectroscopy-based method to obtain
the actual optical constants of the layers in a solar cell device
for the optical simulation of EQE. Combined with the meas-
ured transmittance and reflectance spectra from UV-Vis—NIR
system and some sets of public standard reference data, a
modification on optical constants was conducted via simple
computational calculation, from which corresponding n, k val-
ues can be obtained and served as the actual data in the
device. This approach enables us to develop an accurate EQE
simulation method. The calculation results show remarkable
agreements with the experimental data, both in flat and tex-
tured HIT applications. Furthermore, different contributions
of each layer on the overall current loss (or gain) have been
analyzed. In addition, different promising techniques related
to the considerations in different wavelength ranges have
been applied to our calculation method. The results show
that a doped p-a-SiO.H layer in the front side can repress
~50% of the parasitic absorption of p-a-Si:H in the short
wavelength, while we can expect another reduction of > 60%
of the parasitic absorption of Al electrode in the long
wavelength region by utilizing Ag/Al as rear metal layers.
These routines indicate the practical accuracy and versatility
of our EQE simulation approach. Finally, an ongoing study of
our calculation method in other photovoltaic devices has
been made and will be reported in the future.
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